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INTRODUCTION

Pharmacokinetic (PK) parameters are often derived from 
models in which drug disposition is represented as trans-
fer across different compartments. These compartments 
can be mathematical or physiological and drug transfer 
can represent distribution as well as elimination. Drug 

transfer rates are routinely represented by first order rate 
constants (units of time−1) times the drug amount or by 
clearance (units of volume/time) times drug concentra-
tion. In this tutorial, we use a simple method described 
by Cleland for enzyme kinetics,1 and apply it to the deri-
vation of net clearance (CLnet) terms for use in PK models. 
Possibly the most well-known example of a CLnet in PKs 
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Abstract
Partition analysis has been described previously by W.W. Cleland to derive net 
rate constants and simplify the derivation of enzyme kinetic equations. Here, 
we show that partition analysis can be used to derive elimination and transfer 
(distribution) net clearances for use in pharmacokinetic models. For elimina-
tion clearances, the net clearance approach is exemplified with a mammillary 
two-compartment model with peripheral elimination, and the established well-
stirred and full hepatic clearance models. The intrinsic hepatic clearance associ-
ated with an observed average hepatic clearance can be easily calculated with net 
clearances. Expressions for net transfer clearances are easily derived, including 
models with explicit membranes (e.g., monolayer permeability and blood–brain 
barrier models). Together, these approaches can be used to derive equations for 
physiologically based and hybrid compartmental/ physiologically based models. 
This tutorial describes how net clearances can be used to derive relationships for 
simple models as well as increasingly complex models, such as inclusion of active 
transport and target mediated processes.
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is the hepatic clearance equation based on the well-stirred 
model. This equation can be derived with simple mass 
balance considerations and algebra. The more complex 
full clearance equation can be derived with determinants. 
This tutorial uses an alternative approach—partition anal-
ysis—to derive in a more straightforward manner, CLnet as 
described below.

Net clearances can be used to combine clearance terms 
and eliminate compartments to simplify a model. If a 
compartment or compartments do not significantly con-
tribute to drug disposition, compartments can be removed 
(i.e., mathematically ignored) and CLnet can be used to 
represent the clearance (or flow) through these compart-
ments. These clearances, whether they are transfer clear-
ances, elimination clearances, or systemic clearances, can 
be used in PK equations. The clearances alone may not 
be particularly useful, but can be used to build compart-
mental, physiologically-based pharmacokinetic (PBPK), 
or hybrid compartmental-PBPK models. These PK models 
are usually solved directly from their ordinary differential 
equations (ODEs) using numerical methods.

With regard to notations and assumptions in PKs, we 
note that throughout this paper, the term “clearance” is 
used to denote volume flow per unit time, and a “clear-
ance” term can be a transfer rate for drug elimination or 
drug distribution. In the discussion below, several clear-
ances are defined for specific physiological processes (e.g., 

clearances for diffusion, transport, metabolism, etc.) as 
well as the systemic clearance (CLs) which is a primary 
PK parameter. CLs is defined as the volume of blood or 
plasma cleared of drug per unit time. It is calculated as 
the rate of drug elimination (dX/dt) divided by the con-
centration in the reference fluid. The reference fluid is as-
sumed to be in the central compartment (sampling site). 
The importance of clearly defining the reference fluid is 
discussed later in the context of average clearances as well 
as distribution volumes when elimination occurs from the 
peripheral compartment. Although the discussion below 
uses clearance to derive relationships, as with all PK mod-
els, these relationships can also be derived with rate con-
stants and relevant volumes.

PARTITION ANALYSIS

In 1975, Cleland published a method to derive steady-state 
rate equations for enzymes using partition analysis.1 This 
method uses net rate constants to greatly simplify complex 
kinetic schemes. Basically, the Cleland method calculates 
a net rate constant based on partition analysis. The net rate 
constant through a species is the rate constant to the spe-
cies times the fraction of that species that moves forward. 
An example of the use of partition analysis to simplify an 
enzyme kinetic scheme is shown in Figure 1. In Figure 1, 

F I G U R E  1   Simple enzyme kinetic scheme. Net rate constants k3′ and k1′ are used to simplify the kinetic scheme resulting in a net rate 
constant from (E1) to P. E1, E2, and E3, enzyme species; S, substrate; P, product.
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the net rate constant for E2 to P, k3′, is the rate constant 
from E2 to E3, k3, times the fraction of E3 that moves on 
to P, k5/(k4 + k5). The net rate constant from E1 to P, k1′, 
can then be calculated in the same way using k3′. Cleland 
provides the methods and rationale to calculate net rate 
constants for complex systems, including branched and 
alternate pathways, and uses these net rate constants to 
easily derive equations for maximum value (Vmax) and ki-
netic metabolite (Km; denoted as V and K by Cleland). This 
method is substantially simpler than using determinants 
or graphical methods, such as the King-Altman method.

We have been using net rate constants to simplify en-
zyme kinetic analyses for drug metabolism. For example, 
we have used net rate constants to calculate inactivation 
rate constants for mechanism-based inactivation of the 
cytochrome P450s.2–5 The kinetic schemes for these pro-
cesses can be very complicated with sequential steps and 
branched pathways. Calculating a net rate constant for 
inactivation allows the standard equations to be used to 
predict drug–drug interactions. As can be seen below, par-
tition analysis can also be used to easily derive equations 
for organ (e.g., hepatic) clearances, transport, and tissue 
partitioning, in order to build compartmental and physio-
logical PK models. Examples of the use of this technique 
with specific models are presented below.

Using partition analysis to derive PK clearances is 
simpler than deriving rate equations for enzymes. For 
enzymes, there is a limited total concentration of enzyme 
(Et), and the concentration of the various forms of the en-
zyme must be considered when deriving rate equations. In 
PK models, drug distributes into different compartments 
instead of from different enzyme species. When calculat-
ing CLnet, we do not “use up” compartmental space. This is 
similar to Vmax/Km kinetics for an enzyme, when substrate 
concentrations are very low. For the scheme in Figure 1, 
only the net rate constants that contain S will contribute to 
Vmax/Km, at low substrate concentrations. Therefore, the 
first order rate constant (Vmax/Km) is k1′/S (see Cleland1 
for a detailed discussion). When calculating CLnet for com-
partmental models, only the CLnet of the reference com-
partment (i.e., the one by which we will be multiplying the 
drug concentration) is used.

Another obvious difference between in vitro enzyme 
kinetics and cell or whole-body PKs involves volumes of 
distribution. Specifically, whereas all enzyme and sub-
strate species in an in vitro assay are present in a single 
volume, we must consider rate and extent of drug distri-
bution across multiple compartments in cell/body drug 
disposition. Distribution is discussed in detail in a subse-
quent section below.

Consider the model in Figure 2, where a drug must tra-
verse three compartments (2, 3, and 4) to move from com-
partment one to compartment five. This could represent 

a model where the plasma is compartment one and the 
drug is irreversibly eliminated from compartment four. 
The simplest method to calculate the CLnet for a drug 
moving from compartment one to compartment five, 
is to begin at the irreversible step, CL45, and work from 
right to left (from 5 → 1, Figure 2a and b). We first cal-
culate the CLnet from three to five: CLnet3,5 is CL34 times 
the fraction moving from four to five (i.e., CLnet3,5 = CL34 
CL45/(CL43 + CL45). We then calculate the net clearance 
from two to five: CLnet2,5 = CL2,3 CLnet3,5/(CL3,2 + CLnet3,5). 
Finally, we calculate the net clearance from one to five: 
CL12 CLnet2,5/(CL21 + CLnet2,5).

A certain direction or order of the derivation is 
not required. Calculating in the direction from 1  →  5 
(Figure 2c), we first calculate the net clearance from one 
to three, CLnet1,3. However, we also need to calculate the 
net clearance from three to one, CLnet3,1, to calculate the 
net clearance from one to four, CLnet1,4. Likewise, we need 
to use CLnet4,1 when calculating CLnet1,5. The final equa-
tions for CLnet1,5 requires five net clearances in the 1 → 5 
direction (see Figure 2b) compared to three in the 5 → 1 
direction (see Figure 2c).

One could also calculate three net clearances, CLnet1,3, 
CLnet3,1, and CLnet3,5, and then calculate CLnet1,5 as CLnet1,3 
CLnet3,5/(CLnet3,1 + CLnet3,5). The same equation for CLnet1,5 
will be obtained using all three methods. However, for 
more complicated models, some approaches are much 
simpler than others (see examples below). It should be 
noted that all the above methods calculate a net clearance 
(CLnet1,5) with the concentration in compartment one as 
the driving concentration.

Calculating a net clearance removes a compartment 
from the model. For example, calculating CLnet1,3 in 
Figure 2 removes compartment two. This is equivalent to 
the system in Figure 2 at the limit of V2 → 0, or when com-
partment two is at steady-state (i.e., rate into compartment 
2 = rate out of compartment 2 and drug concentration in 
compartment 2 is constant). Cleland discusses a net rate 
constant as a “conductance” through an enzyme species, 
and it is tempting to think of the compartments as a series 
of resistances. Resistances are additive, and the usual defi-
nition of conductance as the inverse of resistance would 
suggest that the net conductance for a drug moving from 
one to three in Figure  2 would be 1/(1/CL12 + 1/CL23). 
The result, CL12 CL23/(CL12+ CL23) is only true when 
CL12 = CL21. For passive diffusion across a barrier, this may 
be the case, but it is not always true (see discussion below).

ELIMINATION

The simplest PK model with kinetically distinct compart-
ments is the mammillary two-compartment model. If 
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elimination occurs from the central compartment, CLs 
will be constant. Figure  3a shows a mammillary two-
compartment model with elimination from the peripheral 
compartment. Because the model eliminates drug from the 
peripheral compartment (see Figure 3a), the systemic clear-
ance changes with time until distribution equilibrium is 
achieved, and then plateaus to a constant value. The CLnet 
derived below is therefore an exposure-averaged clearance, 
which is also the clearance at steady-state.6–8 Partition anal-
ysis can be used to calculate the CLnet from compartment 
one (central) to compartment three (elimination). The 
CLnet is the systemic clearance CLs, and can be derived as 
the clearance from compartment one to compartment two 
(CLd) times the fraction in compartment two that is elimi-
nated (CLint/(CLd + CLint), or CLs = CLd CLint/(CLd + CLint). 
This concept is further detailed in Figure  3b and c. An 
instantaneous i.v. bolus dose or dosing to steady-state 
(Figure 3b) can be considered. Upon an i.v. bolus injection 
at time t = 0, there is no drug concentration in the eliminat-
ing peripheral compartment, a maximum concentration in 
the central compartment, and CLH = 0. With time, CLH will 
achieve a constant value above CLH,av (Figure 3b, middle). 
In addition, upon an i.v. infusion to steady-state, the steady-
state clearance is the same as the average clearance. It is im-
portant to note that dosing and sampling are assumed to be 
from the central compartment (reference fluid). Figure 3c 
shows the same model (Figure  3a) now with decreasing 

peripheral volume V2 (i.e., to the limit of V2 → 0). As V2 → 0, 
the concentration–time profile approaches monophasic ki-
netics, and the clearance becomes constant with time. For 
all i.v. bolus models with peripheral elimination, CLav will 
equal dose/area under the curve (AUC).

Figure  4a shows the liver as a well-stirred model for 
consideration of hepatic clearance9,10 where QH is liver 
blood flow and fub CLint,H is the unbound intrinsic clear-
ance of the liver. This model assumes rapid equilibration 
in the liver. We can easily see that the net hepatic clearance 
from blood, CLH, is simply the liver blood flow, QH, times 
the fraction moving forward, fub CLint,H/(QH + fub CLint,H).

The full model for hepatic clearance11–15 that includes 
membrane diffusion (CLdif) and transporter-mediated uptake 
(CLup) and efflux (CLeff) in and out of the liver (Figure 4b), 
can be similarly derived easily. First, the blood to elimination 
CLnet is calculated as the clearance into the liver (fub CLdif + fub 
CLup) times the fraction that is eliminated (CLeff + CLmet)/ 
(CLdif + CLeff + CLmet). This simplifies the model to one anal-
ogous to the model in Figure 4a, where the net elimination 
clearance CLnet1,3 is used instead of CLint,H. These relation-
ships are not new. These CLnets have been described previ-
ously by Gillette and Pang as apparent clearances11 and by 
Yamazaki et al. as CLint,all.

12 Using partition analysis, these 
and more complex equations can be rapidly derived.

It should be noted that transfer clearances (in-
volved only in distribution) that are not in the path 

F I G U R E  2   Calculating net clearances for a drug that moves from compartment 1–5. (a) Model for collapsing a 5-compartment model. 
(b) Net CL equations calculated from compartment 5 to 1. (c) Net CL equations calculated from compartment 1 to 5. All CL terms are as 
defined in the Glossary. V1–V5: compartment volumes. CL, clearance.
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of elimination will not impact CLs (Dose/AUC). The 
model in Figure  4c includes an explicit membrane 
compartment into which hydrophobic drugs can par-
tition. Membrane partitioning is modeled with using 
clearance in and out terms, CLi and CLo, respectively. 
This model is similar to any physiologically based liver 
model that is both perfusion and permeability limited. 
Although only a phospholipid compartment is shown in 
Figure 4c, any number or type of intracellular distribu-
tion compartments could be added (e.g., neutral lipids, 
lysosomes, etc.).16–20 Although partitioning into an in-
tracellular compartment can affect the rate and extent 

of distribution (see distribution below), it will not affect 
the average elimination clearances. This can be easily 
understood at steady-state when there is no net move-
ment of drug into distribution-only compartments. 
Because the liver compartment in Figure 4c is modeled 
with a distribution volume, the liver becomes kinetically 
distinct from the blood compartment, and the CLnet ob-
tained is an exposure-averaged hepatic clearance, CLH,av 
(Figure 3d). In the absence of any other organ clearance, 
CLH,av  =  CLs  =  Dose/AUC. This is the average organ 
clearance because elimination occurs from a peripheral 
compartment made kinetically distinct from the central 

F I G U R E  3   A two-compartment model with peripheral elimination. (a) Two-compartment mammillary model with elimination from 
the peripheral compartment. Dosing and sampling are from the central compartment. All parameters for the simulation are listed along 
with the expression for net clearance. (b) (top) Simulated concentration–time profiles in compartments one and two upon an i.v. bolus dose. 
(middle) Clearance as a function of time for an i.v. bolus. The exposure-averaged clearance is shown with the horizontal dashed line. The 
vertical dashed line indicates the time at which the peripheral compartment is at steady-state and the clearance is the average clearance. 
(bottom) Simulated concentration–time profile in compartment 1 upon an i.v. infusion dosed to steady-state. (c) (top) C1 and (middle) C2 
concentration–time profiles upon an i.v. bolus as V2 approaches zero. (bottom) Clearance as a function of time an i.v. bolus as V2 approaches 
zero. CLav, average clearance; CLdif, passive diffusional clearance across a membrane; CLint, intrinsic clearance; CLs, systemic clearance; 
CLss, clearance at steady-state.
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compartment by, for example, limited permeability or 
high partitioning.

Net clearances are applicable for the schemes in 
Figures  4a and b, because QH is either part of a blood 
compartment or connected to a central compartment. 
However, in the kinetic scheme for Figure 4a, the liver has 
no explicit volume and CLH is the steady-state clearance. 

Similarly for the scheme in Figure 4b, equilibrium is es-
sentially instantaneous and clearance varies minimally 
with time. For Figure 4c, partitioning into the phospho-
lipid compartment delays distribution equilibrium, and 
the hepatic clearance is an average hepatic clearance. For 
this system, the smaller the value of CLdif and the greater 
the partitioning into the phospholipid compartment, the 

F I G U R E  4   Well-stirred models for hepatic clearance. Equations show how the intrinsic clearance can be calculated from a known 
systemic clearance. (a) Simple liver model. QH, liver blood flow; CLint,H, hepatic intrinsic clearance; fuB, fraction unbound in blood; CLH, 
hepatic clearance. (b) Full clearance model. CLdif, diffusional clearance through a membrane; CLup, uptake transporter clearance into the 
liver; CLbile, efflux transporter clearance into the bile; CLmet, hepatic metabolic clearance. (c) Liver model with a phospholipid distribution 
compartment. (d) Simulation of clearance (CL) as a function of time for an i.v. bolus dose of verapamil (a high Papp, high Kp drug) with the 
standard Rodgers and Rowland PBPK model, assuming fe = 0. The horizontal dashed line is the CLH,av = dose/AUC.
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greater the variability of clearance with respect to time 
(as seen in the simulation in Figure  4d). If the average 
systemic clearance is known, CLnets can be used to easily 
solve for the required CLint,H. For the model in Figure 4c, 
first the CLnet from blood (CLnet1,2) is calculated, then the 
expression CLH = QH CLnet1,2/(QH + CLnet1,2) is solved for 
CLint,H. If hepatic clearance is the only clearance mecha-
nism, the calculated CLint,H value will reproduce systemic 
clearance in a complete PK model (dose/AUC).

As expected, tissue volumes and partition coefficients 
(CLi/CLo) will not affect the average systemic clearance 
because clearance and volume (V) are independent.21 In 
Figure 4c, CLdif, CLup, Cli, CLo, and QH all affect distribu-
tion, although CLdif, CLup, and QH can also affect CLh,av. 
Factors that impact both CLs and V in no way undermine 
the independence of these parameters. This is revisited in 
the discussion of Equation 1 below.

DISTRIBUTION

Net transfer clearances can be useful to simplify PK mod-
els in order to focus on compartments that contribute to 
drug distribution. For example, a drug’s physicochemical 
properties and transporter phenotype may either neces-
sitate or obviate the need to model drug partitioning into 
and permeability across an explicit membrane compart-
ment. We will begin the discussion of clearances in drug 
distribution (i.e., transfer across compartments) using 
a model for membrane partitioning and permeability.22 
Figure 5 shows a model for membrane permeability either 
(a) with or (b) without an explicit membrane compart-
ment. In Figure 5a, a molecule that enters the membrane 
compartment can either move forward or backward, both 
with clearances CLo. Therefore, intuitively and by calcu-
lating the CLnet, CLdif across a membrane is CLi/2. This 
is also the relationship that is obtained for a mathemati-
cal model for Figure 5a as the limit of Vmem → 0. For the 

explicit membrane model (see Figure 5a), the distribution 
volume that the membrane compartment adds to the sys-
tem is Vmem Kp,mem or Vmem (CLi/CLo). For the model in 
Figure 5b, there is no membrane volume.

When considering drug distribution, removal of a 
compartment with CLnets is appropriate only when the 
volume being removed does not contribute significantly 
to the drug’s volume of distribution. For most physiologi-
cal organ models, the plasma membrane only constitutes 
1% of total cell membranes (based on a 25 μm cell and 7% 
phospholipid content23) and can be removed without im-
pacting the volume of distribution. As discussed below, 
explicit membrane compartments will also be required 
when the drug concentration in a membrane drives spe-
cific processes (e.g., efflux transport from the membrane).

Apparent permeability (Papp) is usually measured 
for a cell monolayer at steady-state and sink conditions. 
Under these conditions, for every molecule that enters 
the cell from the exposed plasma membrane, a molecule 
exits into the receiver compartment. Therefore, we can 
easily use CLnet to derive the relationships among Papp, 
membrane permeability, and membrane partitioning 
(Figure 6). Calculating the CLnet across the cell, crossing 
two membranes (in the absence of transporter activity; see 
Figure 6), gives Papp S = CLi/4, where S is the surface area 
of the monolayer, and CLi = 4 Papp S. If Kp,mem is the parti-
tion coefficient for phospholipid partitioning, CLo = 4 Papp  
S/Kp,mem. It is interesting to consider that there may be 
more than two mandatory membranes for transcellu-
lar permeability. If three membranes must be crossed, 
CLi = 6 Papp S, and for four membranes, CLi = 8 Papp S. 
We can use these relationships to include any number of 
explicit membrane compartments in a model.

For most models, explicit plasma membrane compart-
ments are not necessary if intracellular partitioning is 
modeled with other compartments.14,17–20,24–26 The actual 
volume of the plasma membrane is very small compared 
to the other phospholipid volumes in the cell.23 However, 

F I G U R E  5   Collapse of a 
3-compartment membrane model 
to a diffusional clearance, CLdif. (a) 
Three-compartment model. (b) Two-
compartment model. CLi - clearance into 
a membrane; CLo - clearance out of a 
membrane. “Aqueous” compartments can 
denote any compartment on either side of 
the membrane (e.g., cytosol, ISF, lumen). 
“Mem” compartment denotes membrane. 
CL, clearance; ISF, interstitial fluid.
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the apical efflux transporter P-gp effluxes drugs directly 
from the apical membrane.27 This necessitates the inclu-
sion of an explicit apical membrane compartment when 
modeling P-gp (and probably BCRP) mediated efflux when 
the drug enters the cell from the apical membrane.23,28 For 
the gut or the blood–brain barrier, efflux transport by P-gp 
should be modeled from the apical membrane and not the 
cytosol, because the transporter prevents substrates from 
reaching the cytosol. For the liver, exposure is from the 

basolateral membrane and apical efflux modeled from the 
cytosol or apical membrane will provide similar results.28

We can use models for apical efflux at the blood–brain 
barrier to show how CLnets can be used to simplify distri-
bution models. Figure  7a is a model for distribution of 
drug from the blood to the brain interstitial fluid (ISF). 
An explicit apical membrane is included and active apical 
efflux (CLeff, e.g., by P-gp) is modeled from that compart-
ment. We want to include a basolateral membrane as well, 

F I G U R E  6   Sequentially removing 
compartments (4 to 2) for a monolayer 
permeability model. (a) Five compartment 
model. (b) Removal of compartment 4. 
(c) Removal of compartments 3 and 4. (d) 
Removal of compartments 2, 3, and 4. CL, 
clearance.

F I G U R E  7   Blood to brain interstitial fluid (ISF) models with explicit apical membrane compartments. (a) Four compartments of a brain 
model. (b) Removal of the endothelial cell cytosol compartment. S, brain capillary surface area; fub, fraction unbound in blood; fui, fraction 
unbound in the ISF; Kp,mem, membrane partition coefficient; CLeff, Apical efflux clearance.
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because a drug must cross both membranes to reach the 
brain ISF. The endothelial cell cytosol is included, and ba-
solateral diffusion is modeled as CLdif, without an explicit 
membrane compartment. We can simplify the model by 
removing the endothelial cell cytosol compartment and 
using a net clearance from the apical membrane to the ISF 
(see Figure 7b). This will provide identical clearances to 
the model in Figure 7a, but the endothelial cell cytosol vol-
ume is now zero. A model can be simplified by removing 
the compartments only when the distribution character-
istics of the compartment being removed can be ignored.

USE OF NET CLEARANCES IN THE 
CONSTRUCTION OF COMPLEX 
MODELS

PK models can be constructed with varying levels of com-
plexity. Compartmental models are simple and have the 
advantage of more accurately describing concentration–
time profiles than PBPK models.25,29 However, compart-
mental models have the disadvantage that compartments 
and distribution rates have no physiological meaning.6 
PBPK models are more complex and are useful for mod-
eling complexities, such as special population predic-
tions. Although a compartmental model is empirical, 
it can usually recapitulate observed rate of distribution 
very well, whereas rate of distribution is often poorly pre-
dicted especially with perfusion-limited PBPK models. 
One may want to construct complex models that include 
compartmental models along with physiological models 
for specific organs. For example, we may want to predict 
intracellular liver concentrations when drug diffusion is 
slow and/or if transporters are involved.30 Hybrid models 
can be constructed in which a physiological organ model 
is combined with a compartmental model (Figure  8a). 
In this model, a liver is constructed with compartments 
for liver blood, cytosol, and lipids. If the drug partitions 
significantly into membranes, the distribution volume of 
the liver will be determined by the lipid compartment (V6) 
and the blood and cytosol compartments can be removed 
using net clearances (Figure 8b, c). In Figure 8b, we have 
removed the blood compartment with CLnets allowing us 
to model cytosolic concentrations and liver distribution. 
If we want to focus on characterizing the distribution into 
the liver, we can further simplify the model with elimina-
tion from the central compartment, as shown in Figure 8c.

For these models, the systemic clearance is simply 
the CLnet from the central compartment to elimina-
tion (CLnet1,0). Volume of distribution is a little more 
complicated when elimination occurs from a periph-
eral compartment.31 When this occurs, the elimination 

pathway must be considered when calculating the ap-
parent volume of the peripheral compartment, because 
the elimination changes the drug concentration in that 
compartment. Again, consideration of the reference fluid 
compartment relative to the compartment of interest is 
important. Exact volumes of distribution cannot be cal-
culated from plasma concentration data when elimina-
tion occurs from a peripheral compartment,31 but if the 
liver is considered a well-stirred compartment, and is 
the major eliminating organ, the errors will be small.32 
However, if active uptake increases intracellular liver 
concentrations (e.g., see Figure  8), greater differences 
will be observed.

For a mammillary model with elimination from a pe-
ripheral compartment (p), the distribution volume of the 
peripheral compartment can be calculated as7:

where Vp,app is the distribution volume of the peripheral com-
partment with reference fluid in the central compartment, 
Vp is the distribution volume of the peripheral compart-
ment if the reference fluid were in the peripheral compart-
ment, CLcp, CLpc, and CLe are clearances to and from the 
central compartment and elimination from the peripheral 
compartment, respectively. Equation 1 shows the relation-
ship between Vp,app and Vp (i.e., the intrinsic clearance out 
of a peripheral compartment will result in a decrease in the 
drug’s mean residence time in that compartment), and a 
central compartment reference fluid will calculate a lower 
peripheral distribution volume (Vp,app) compared to the true 
Vp. It is useful to realize that while this peripheral intrinsic 
clearance will impact both the systemic clearance and the 
Vss of a drug, the two primary PK parameters remain inde-
pendent of one another.21

In Figure 8c, we have removed the volumes of the liver 
blood and cytosol leaving partitioning into the liver lipid 
as the only contribution to distribution. Using net clear-
ances in Figure  8, the distribution volume of V6 (V6,app) 
will be:

There are two ways to simplify Figure 8a–c. In Figure 8 
and the equations therein, we first remove V4, using the 
net clearances CLnet1,5 and CLnet5,1. Next, we remove V5 
using the net clearances CLnet1,6 and CLnet6,1. This is the 
simpler approach to calculate V6,app using Equation 2. A 
second method is to first eliminate V5 using CLnet4,6 and 
CLnet6,4 and then eliminating V4. However, this requires 

(1)Vp,app =
Vp CLcp

CLpc + CLe

(2)V6,app =
V6 CLnet1,6

CLnet6,1 + CLnet6,0
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calculating the CLnet from V4 to elimination (CLnet4,0) to 
account for all the drug that moves from V4 to V5:

Again, V6,app can be calculated using Equation  2. 
Equations  5 and 7 will be identical to the equations in 
Figure 8, but the derivation removing V5 first is more dif-
ficult than removing V4 first.

UTILITIES AND LIMITATIONS

CLnets can be used to derive transfer and elimination 
clearance equations for use in PK models. In the ac-
companying paper, the use of this technique is exempli-
fied with the development of a new PBPK framework. 

(3)CLnet4,6=

(

fuB CLdif+ fuB CLup
)

CLi

CLi+CLdif+CLint,H

(4)CLnet4,0=

(

fuB CLdif+ fuB CLup
)

CLint,H

CLi+CLdif+CLint,H

(5)CLnet1,6 =
Q CLnet4,6

Q + CLnet4,6 + CLnet4,0

(6)
CLnet6,4 =

CLo CLdif
CLi + CLdif + CLint,H

(7)CLnet6,1 =
Q CLnet6,4

Q + CLnet4,6 + CLnet4,0

F I G U R E  8   Hybrid compartmental 
model with a well-stirred physiological 
liver. (a) Complete model. (b) Using net 
clearances to eliminate V4. (c) Using net 
clearances to eliminate V4 and V5. CL, 
clearance.
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Specifically, (1) the equations in Figure 4 are used to 
calculate the required hepatic intrinsic clearances, (2) 
the relationships in Figure  6 allow use of Papp values 
as experimental inputs to model membrane partition-
ing and permeability, and (3) the relationships derived 
in Figure 7 are used to model brain distribution. The 
partition analysis technique makes derivation of re-
lationships within the overall model facile. Although 
computational power is no longer an issue with com-
plex modeling, we find this technique very useful in 
deriving meaningful relationships that may be intui-
tive and therefore helpful to scientists in the field.

The overall method is broadly applicable in simplify-
ing the derivation of complex PK models. Most current 
models (e.g., PBPK, PK/pharmacodynamic [PD], etc.) use 
differential equations and numerical methods to directly 
model PK processes. The clearance terms in these models 
can be simplified with CLnets when either volumes can be 
ignored, equilibration is fast, or if steady-state parameters 
are desired. For example, CLnets can be used to convert a 
hybrid model (Figure 8a) to a three-compartment model 
with elimination from the central compartment, while 
maintaining distribution into liver lipids (see Figure 8c). 
Although the examples in this tutorial use first-order pro-
cesses, saturable processes, such as metabolism, transport, 
and PD response, can easily be included.33,34 For example, 
metabolism can be modeled as a first-order process using 
Vmax/Km, or as a saturable process using Vmax/(Km + C). 
The appropriate relationships can be included in the der-
ivation of a CLnet relationship, keeping in mind that the 
compartment driving the saturable process cannot be re-
moved from the overall model. Given the emerging impor-
tance of more complex models, such as target-mediated 
drug disposition of biologics, PK/PD models, systems biol-
ogy, etc., using net clearances to simplify complex models 
can be useful.

The examples above use clearances to model drug 
transfer and elimination. All models can be similarly con-
structed using first order rate constants (k) instead of clear-
ances. The resulting net rate constants (knet) will be equal 
to the net clearance divided by the volume of the driving 
compartment. This net rate constant will be multiplied by 
the amount of drug in the driving compartment to obtain 
the rate of drug transfer. When mathematically convert-
ing net rate constants to net clearances, all volumes will 
cancel except for the volume of the driving compartment.

As with any model, it should be noted that limitations 
of the derived equations will depend on the validity of un-
derlying assumptions. Thus, for example, reversible trans-
fer rates cannot be correctly modeled if a unidirectional 
irreversible process is assumed. Similarly, a saturable pro-
cess or a second-order process should be modeled as such 

instead of assuming linear first-order reactions. In addi-
tion, the quality of the experimental input will dictate the 
overall model performance, as discussed in detail in the 
accompanying paper.

CONCLUSIONS

This tutorial by no means provides new approaches to PK 
modeling. It simply uses the partition analysis method 
described previously by Cleland to derive PK equations 
easily.1 Today’s PK models are becoming more complex. 
However, the complexity of a model should be deter-
mined by the questions being asked, the mechanistic 
knowledge of the modeled processes, and the experimen-
tal data available for these processes. We should observe 
“the law of parsimony or Occam’s razor” that states that 
models should be as simple as possible.35 If the goal is 
to model elimination clearances, all volumes can be ig-
nored, and CLnets can be used to easily derive the correct 
relationships. The elimination clearance models devel-
oped previously by Wilkinson and Shand,9 Pang and 
Rowland,10 Gillette and Pang,11 and Yamazaki et al.12 
have been a cornerstone for PK modeling. If we need 
to understand intracellular concentrations for specific 
organs, easily calculating elimination clearances and 
distribution characteristics may be useful. As we transi-
tion to more complex models with additional clearances 
(e.g., additional transport processes, target mediated 
distribution, etc.), CLnets can simplify the derivation of 
these relationships. The last two sentences of Cleland’s 
paper1 state: “In this laboratory this technique has be-
come the method of choice for routine derivations where 
it is desired to determine quickly the result of expanding 
a mechanism by adding extra steps with extra rate con-
stants associated with them, and an immense amount of 
time has been saved thereby. Hopefully this paper will 
serve to make the method equally available to others 
with an interest in enzyme kinetics.” Hopefully this tuto-
rial will be useful to others with an interest in deriving 
PK relationships.
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