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Abstract
In our companion paper, we described the theoretical basis for tissue lumping in whole-body physiologically based pharma-
cokinetic (WB-PBPK) models and found that Kdet, a coefficient for determining the number of tissue groups of distinct transit 
time in WB-PBPK models, was related to the fractional change in the terminal slope (FCT) when tissues were progressively 
lumped from the longest transit time to shorter ones. This study was conducted to identify the practical threshold of Kdet by 
applying the lumping theory to plasma/blood concentration-time relationships of 113 model compounds collected from the 
literature. We found that drugs having Kdet < 0.3 were associated with FCT < 0.1 even when all peripheral tissues were lumped, 
resulting in comparable plasma concentration-time profiles between one-tissue minimal PBPK (mPBPK) and WB-PBPK 
models. For drugs with Kdet ≥ 1, WB-PBPK profiles appeared similar with two-tissue mPBPK models by applying the rule 
of FCT < 0.1 for lumping slowly equilibrating tissues. The two-tissue mPBPK model also appeared appropriate in terms of 
concentration-time profiles for drugs with 0.3 ≤ Kdet < 1, although, some compounds (15.9% of the total cases), but not all, 
in this range showed a slight (maximum of 18.9% of the total AUC ) deviation from WB-PBPK models, indicating that the 
two-tissue model, with caution, could still be used for those cases. Comparison of kinetic parameters between traditional 
(model-fitting) and current (theoretical calculation) mPBPK analyses revealed their significant correlations. Collectively, 
these observations suggest that the number of tissue groups could be determined based on the Kdet/FCT criteria, and plasma 
concentration-time profiles from WB-PBPK could be calculated using equations significantly less complex.
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Introduction

The most accessible tissue sampled in pharmacokinetic stud-
ies is blood/plasma. Those blood/plasma concentration-time 
data are typically analyzed using either (i) simple kinetic 
models, such as compartment models [1, 2] and minimal 
physiologically based pharmacokinetic (mPBPK) models 
[3], or (ii) more complex whole-body physiologically based 
pharmacokinetic (WB-PBPK) models [4]. One of the most 
notable differences between the two approaches would be the 

mathematical description of the blood/plasma pharmacoki-
netics, viz., bi-/tri-exponential functions for the simple mod-
els versus functions consisting of many exponential terms 
(e.g., 10 terms for a 9-tissue model) for WB-PBPK mod-
els [4]. Since the concentration-time profiles from experi-
ments would graphically resemble the shape of only bi- or 
tri-exponential functions if drugs are given intravenously 
[5–7], some exponential terms in WB-PBPK models should 
be capable of being theoretically consolidated and simpli-
fied [8, 9] to mPBPK models [3], in light of the presence of 
similarity in kinetics of drug distribution to tissues. In our 
companion paper [10], we examined the theoretical basis 
for the consolidation and simplification of WB-PBPK to the 
minimal models. In particular, we found that drug-specific 
parameters, viz., tissue-to-plasma partition coefficient (Kp) 
and fractional distribution parameter (fd) of multiple tissues 
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in WB-PBPK could be symbolically consolidated into those 
parameters of the lumped tissue group (i.e., Kp,lum and fd,lum) 
by Eqs. 1a and 1b:

This principle implies the preservation of the total apparent 
volume of distribution and distributional clearance for the 
lumped tissue (i.e., ∑VT . Kp,lum and ∑QT . fd,lum) from those 
tissues before lumping (i.e., ∑VTKp and ∑QTfd). We also 
proposed that the appropriateness of tissue lumping could be 
appraised by evaluating the impact of the lumping procedure 
(UETSEG, a unitless error term for the construction of SEG) 
on the terminal phase slope (λter), expressed as the fractional 
change in λter (FCT) (Eq. 2) [10]:

We showed [10] that Kdet, a drug-specific parameter and 
a determining coefficient for the number of tissue groups, 
could be calculated as the ratio of MTTmax (i.e., the maxi-
mum MTT value among tissues in WB-PBPK) to MRTB (i.e., 
the mean residence time in the body).

In this study, we aimed to determine the threshold con-
dition of Kdet for the number of tissue groups when sim-
plifying a WB-PBPK model to a mPBPK model based on 
the lumping theory proposed in our companion study [10]. 
We collected plasma/blood concentration-time data of 113 
compounds after intravenous administration to rats from the 
literature and using in silico predictions based on a series 
of empirical correlations to calculate the Kp and fd values 
of those model compounds. We report that the systemic 
pharmacokinetics of drugs having Kdet less than 0.3 may 
be described by a one-tissue mPBPK model, while drugs 
having Kdet greater than or equal to 0.3 may be practically 
described by a two-tissue mPBPK model.

Methods

Collection of Concentration‑Time Data 
from the Literature

To study the adequacy of the theory of tissue lumping pro-
posed in our companion paper [10], we collected the plasma/
blood concentration-time information for 113 compounds after 

(1a)Kp,lum =

∑
VTKp∑
VT

(1b)fd,lum =

∑
QTfd∑
QT

(2)FCT =
�ter

� − �ter

�ter

≈ Kdet
2
⋅ UETSEG

intravenous administration to rats from the literature (Supple-
mentary Table SI). The model compounds encompassed 4 types 
of ionization (i.e., acid, base, neutral, and zwitterion). The 113 
compounds have systemic clearance (CLsys) values ranging from 
0.0303 to 292 mL/min/kg and steady-state volume of distribu-
tion (Vss) values ranging from 0.117 to 19.9 L/kg.

The concentration-time relationships from the litera-
ture were first digitized using GetData software (GetData 
Graph Digitizer version 2.26). Standard non-compartmen-
tal analyses, using WinNonlin  Professional® 5.0.1 software 
(Pharsight Corporation, Mountain View, CA), were then 
conducted using the digitized data to calculate model-inde-
pendent pharmacokinetic parameters. The digitization pro-
cess used in this study was assumed to be adequate when 
the fold-difference of crucial parameters (e.g., Vss and CLsys) 
were within a factor of 1.5 between the literature value and 
the current calculation. The adequate datasets were then 
used for the subsequent pharmacokinetic calculations.

Estimation of Biopharmaceutical Variables of Model 
Compounds for Use in WB‑PBPK Calculations

The physicochemical properties, including log P, log D, the 
number of hydrogen bond donor and acceptor (HD and HA; 
ACD/Labs Percepta Platform available from http:// www. 
chems pider. com/), pKa  [MarvinSketchTM software ver-
sion 15.1.11.0 (http:// www. chema xon. com)], and topologi-
cal polar surface area (TPSA; http://molinspiration.com/), 
of the 113 compounds were initially estimated from their 
chemical structure. To predict the free fraction in plasma 
(fup) of the rat, the human fup values were first calculated [11] 
by utilizing  Simcyp® Version 15 Release 1 (Simcyp Lim-
ited, Sheffield, UK) [12]. The rat free fraction is assumed to 
be identical to the human value [13]. Similarly, human Kb 
[Eq. 3a; i.e., the ratio of the drug concentration in red blood 
cells to that in plasma water (Crbc/Cu,plasma)] was assumed 
to be a reasonable estimate for rat values [14] and, thus, 
the blood-to-plasma partition coefficient (R) was calculated 
using the following equation (Eq. 3b) where Hct represents 
the hematocrit (i.e., 0.45) in rats:

To estimate the parallel artificial membrane permeabil-
ity assay (PAMPA) value (Papp,PAMPA) [15], the relationship 
(Eq. 4) between the permeability and physicochemical prop-
erties, such as log P, log D, pKa, molecular weight (MW), 
HD, HA, and TPSA (Supplementary Table SII) was deter-
mined using a similar approach to a previous report [16]:

(3a)logKb = 0.617 ⋅ log
[(
1 − fup

)
∕fup

]
+ 0.208

(3b)R =
(
Kb ⋅ fup − 1

)
⋅ Hct + 1
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From this empirical relationship (Supplementary Fig. S1), 
Papp,PAMPA values for the compounds were calculated and 
used for the estimation of fd in 11 major tissues of rats, 
depending on the tissue distribution Models 1 and 2 [10, 17].

Assuming symmetrical transport rates into and out of tis-
sues, Kp values for tissues were estimated in silico using 
the mechanistic prediction methods [18, 19] [i.e., Method 2 
in the  Simcyp® simulator [12]]. Then Vss for the 113 com-
pounds was then estimated using the following relationship 
(Eq. 5) [20]:

where Vp and Vrbc are the volume of plasma and red blood 
cells; and EP is the erythrocyte-to-plasma partition coef-
ficient (i.e., Kb⋅fup). For the elimination kinetics, CLsys, 
obtained from non-compartmental analyses from the digi-
tized data, was used in differential equations for the arterial 
blood (for Models A and B, Fig. 1) and the lumped blood 
pool (for Models C, D, and E, Fig. 1; see below for detailed 
descriptions of the model structures). The physiological 
variables, such as VT and QT, required in PBPK calcula-
tions, were obtained from the literature [12, 21] and summa-
rized in Table I. These values were essentially comparable to 
those used in the commercial software such as  Simcyp® Ver-
sion 15 Release 1. Numerical integration, using the fourth-
order Runge-Kutta method, was carried out with Berkeley 
 MadonnaTM software (version 8.3.18; University of Califor-
nia, Berkeley, CA, USA). When needed, the calculation of 
eigenvalues and eigenvectors of PBPK system matrices was 

(4)

logPapp,PAMPA = − 10.1039 + 0.1663 ⋅ logP − 0.2158 ⋅ |logP − logD|

+ 1.8332 ⋅ logMW + 0.3797HA + 0.0801HD2 − 0.0453 ⋅ TPSA

(5)Vss = Vp + Vrbc ⋅ EP +
∑

VT ,iKp,i

conducted using  PythonTM version 3.6.0. (www. python. org), 
based on the assumption of instantaneous drug distribution 
within the blood pool at time zero.

Tissue Lumping Process and Model Evaluation

Our strategy for tissue lumping in WB-PBPK model 
(Fig. 1a; Model A) could be summarized by 4 sequential 
steps: lumping of (i) the liver, gut, and spleen (i.e., splanch-
nic tissues) (Fig. 1b; Model B); (ii) the venous and arterial 
blood (i.e., the blood pool) (Fig. 1c; Model C, in a form of 
conventional multi-compartment mammillary model); (iii) 
the peripheral tissues segregated into SEG or REG using 

Fig. 1  Schematic representation of PBPK models considered in the 
tissue lumping procedure: WB-PBPK models a consisting of 11 tis-
sues (viz., adipose, bone, brain, gut, heart, kidney, liver, lung, muscle, 
skin, and spleen) (Model A), b  with a modification of Model A by 

lumping liver, gut, and spleen into a splanchnic compartment (Model 
B), c in a shape of mammillary compartment model with the splanch-
nic and blood pool compartments (Model C); and d  two-tissue and 
e one-tissue mPBPK model structures (Models D and E)

Table I  Summary of Physiological Input Parameters Used in WB-
PBPK Calculations in Rats for a Bottom-Up Approach of Tissue 
Lumping, Obtained from the Literature [12, 21]

Tissue volume (mL) Blood flow (mL/min)

Liver 8.57 19.4
Brain 1.24 1.12
Kidney 2.19 11.6
Heart 1.05 3.2
Lung 1.24 80
Spleen 0.57 0.88
Gut 6.19 8.08
Muscle 116 19
Adipose 16.7 4.72
Skin 39.4 4.08
Bone 15.7 8.08
Venous blood 10.2
Arterial blood 5.11
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Eqs. 1a, 1b, and 2 (Fig. 1d; Model D, model with two tissue 
groups); and (iv) all the peripheral tissues consolidated into 
a single distribution pool (Fig. 1e; Model E, model with one 
tissue group).

The adequacy of each step of lumping was evaluated 
for 113 model compounds by monitoring the following 
ancillary criteria: (i) the terminal phase slope (λter); (ii) the 
area under the curve of the pharmacokinetic profiles from 
time 0 to tlast (AUC last); and (iii) the root mean square of 
logarithmic difference (RMSLD) represented as:

where Cpred and Cobs are the predicted and observed plasma/
blood concentrations and n is the number of observed points. 
When necessary, we also calculated the difference in model 
predictions using the following equation:

where CWB − PBPK and Clumped are the results of model pre-
dictions from WB-PBPK and lumped models, and tlast is 
the last sampling time. With a dt value fixed to be 0.01 min 
in Eq. 7, the lumping process was assumed to be adequate 
when a fold-change of calculated criteria was within a 
factor of 2 between the simplified model and the WB-
PBPK model. When necessary, the FCT [ (λter

′ − λter)/λter, 
Eq. 2] and the ratio of slopes in the initial (λα/λ1) and 
distributional (λβ/λmajor) phases [10] were also monitored 
to determine the appropriateness of segregating peripheral 
tissues into SEG and REG in Model D. In addition, a unit-
less error term for the construction of REG, UETREG, was 
calculated to determine the adequacy of lumping of tissues 
into the REG as shown in our companion paper [10].

In this study, we were also interested in determining 
the appropriateness of the SEG construction based on 
the fold-difference in MTT values [22] as an ancillary 
method. Thus, a sequential lumping, based on Eqs. 1a 
and 1b, in the direction from the tissue having the 
longest MTT (MTTmax) to tissue(s) having the shorter 
MTT(s) was carried out. In addition, the similarity con-
dition of MTT (viz., MTT values that were considered 
kinetically “equivalent”) was investigated for various 
cases of each model compound. The three validation 
criteria (RMSLD, λter, and AUC last); calculated from 
1808 simulations after lumping [i.e., 113 compounds 
× 2 models (Models 1 and 2) × 8 combinations (with 
9 peripheral tissues)]; were compared with those from 
Model C (before lumping), depending on the ratio of 
the maximum to the minimum MTT (MTTmax/MTTmin) 

(6)RMSLD =

�∑�
logCpred − logCobs

�2

n

(7)
y =

∫ tlast
0

||||
log2

(
Clumped

CWB−PBPK

)||||
dt

tlast

for the tissues included in SEG. In this process, the 
model predictions were also assumed to be indistin-
guishable when a fold-change of the criteria between 
the models fell within a factor of 2.

Determination of Threshold Value of  Kdet for Use 
of One‑Tissue mPBPK

In this study, we determined the threshold condition 
between models having one tissue group and two tissue 
groups. As proposed in our companion paper [10], Kdet was 
regarded as a key determinant here. When necessary, we 
also considered the area ratio of Srec (i.e., area representing 
the distributional phase in rectangular coordinates, deter-
mined by three exponential curves from Model D) to AUC  
(i.e., area under the curve from time 0 to infinity) as a crite-
rion of the kinetic contribution of the distributional phase 
to the shape of a comprehensive pharmacokinetic profile 
[10]. In Model D (i.e., Cp(t) = C

�
e−�� t + C

�
e−�� t + C

�
e−�� t , 

under the condition λα > λβ > λγ), Srec could be calculated 
using the log-trapezoidal method (Eqs. 8a and b):

where three points T1
′(t1, Cp(t1)), T2

′(t2, Cp(t2)), and 
T3

′(t3, Cp(t3)) represented the intersection points deter-
mined by each pair of C

�
e−�� t and C

�
e−�� t , C

�
e−�� t and 

C
�
e−�� t , and C

�
e−�� t and C

�
e−�� t . Using the similar prin-

ciples to determine Slog [10], we examined the change in 
Srec/AUC  depending on Kdet for the 113 model compounds. 
If the contribution of Srec to AUC  is sufficiently small 
under a certain range of Kdet, Model D structures would 
essentially become consistent with Model E structures.

Reconciliation of mPBPK Models Between 
Bottom‑Up and Top‑Down Approaches

The simplified models used in this study, Models D and 
E, were virtually identical to mPBPK structures, except 
their kinetic parameters were determined by fitting (i.e., 
traditional mPBPK analyses) or calculation (i.e., the cur-
rent approach). Based on the lumping criteria proposed 
in this study (see the “Results” section), the current mod-
els (Model D/E) could be written in the format of these 
mPBPK models (Eqs. 9a and 9b) [3]:

(8a)

AUCti−tj
=

Cp

(
ti
)
− Cp

(
tj
)

ln
(
Cp

(
ti
))

− ln
(
Cp

(
tj
))

(
tj − ti

)
(i, j = 1, 2, 3 and i ≠ j)

(8b)Srec = AUCt1−t3
− AUCt1−t2

− AUCt2−t3
(for t > 0)

(9a)
VBR

dCp

dt
= Dose rate −

m∑

i=1

QT ,lum,i fd,lum,iR ⋅

(
Cp −

CT ,lum,i

Kp,lum,i

)
− CLsysCp
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For theoretical calculations of Kp,lum and fd,lum (i.e., bot-
tom-up), Eqs. 1a and 1b were applied using in silico pre-
dictions of Kp [18, 19] and model-dependent calculations 
of fd [17] for rat tissues in WB-PBPK.

To validate the current “bottom-up” approach of tissue 
lumping, the kinetic parameters from a series of in silico 
predictions were compared with those determined by the 
model fitting methods (i.e., top-down) in two ways. First, 
101 equally spaced concentration-time points from time 0 
to 5 times the terminal phase half-life were theoretically 
generated using the analytical solution of Model C (i.e., 
a 10-exponential function for bolus injection) for the 113 
model compounds. The number of tissue groups was deter-
mined using Kdet and the errorless datasets subjected to non-
linear regression analysis based on Eqs. 9a and 9b depending 
on their mPBPK models. Second, the experimental data for 
the 113 compounds were prescreened for which (i) the in sil-
ico prediction of Vss was within a factor of 2 and (ii) the ter-
minal phase in the simulated profile was apparently reached 
at the last sampling time observed in the literature. Based on 
the above screening method, 31 compounds were selected 
and their experimental concentration-time data fitted to the 
appropriate mPBPK models (Eqs. 9a and 9b). When fitting 
the errorless and experimental datasets to Eqs. 9a and 9b 
to determine fd,lum values (i.e., top-down), the calculated 
Kp,lum from Eq. 1a was used. The resulting top-down fd,lum 
values were then compared with the bottom-up fd,lum values 
(Eq. 1b). In addition, the three ancillary criteria (λter, AUC 
last, and RMSLD) were also compared between bottom-up 
and top-down approaches of mPBPK models.

Results

Calculation of Biopharmaceutical Variables 
for Model Compounds

The Kp values for 113 model compounds in 11 typical tis-
sues of WB-PBPK were calculated using their estimated fup, 
R, log P, and pKa values [18, 19] (see Supplementary Mate-
rial 1 for the preliminary calculation results). To examine the 
validity of in silico determined Kp values used in this study, 
Vss values for the 113 model compounds were then estimated 
using Eq. 5. Despite assuming a lack of species difference 
in blood partitioning between humans and rats (i.e., fup and 
R), Vss estimated from the predicted Kp values (Vss,pred) was 
significantly correlated with Vss calculated from standard 
moment analyses for the blood/plasma pharmacokinetics 
(Vss,obs) of the model compounds (Supplementary Fig. S2) 
(i.e., logVss,obs = 0.972+0.695·logVss,pred, n = 113, R2 = 

(9b)VT ,lum,i

dCT ,lum,i

dt
= QT ,lum,i fd,lum,iR ⋅

(
Cp −

CT ,lum,i

Kp,lum,i

)
(i = 1 or 2)

0.479; Pearson’s test for correlation, p < 0.001). We found 
that the number of Vss values within factors of 2 and 3 were 
59 and 85 out of 113 compounds (52.2% and 75.2%).

In this study, we also determined the validity of in silico 
predictions for fd values depending on distribution Models 
1 and 2. Since the inclusion of fd in WB-PBPK calculations 
improved the predictability of systemic pharmacokinetics 
[17], RMSLD (a predictability criterion) calculated using 
Model A was also evaluated. The number of compounds 
with RMSLD less than 0.301 and 0.477 (i.e., predictability 
within a factor of 2 and 3) was 39 and 68 (34.5% and 60.2%) 
for Model 1, and 43 and 73 (38.1% and 64.6%) for Model 2. 
Collectively, therefore, it was assumed that Kp and fd values 
generated by the current methods were practically useful, 
since the results was fairly reasonable with existing values of 
Kp [18, 19] and fd [17]. The computational Kp and fd values 
for the 113 model compounds were then used in subsequent 
calculations for blood/plasma pharmacokinetic profiles. We 
noted that some model compounds had relatively poor pre-
dictability for Kp and fd, thereby affecting the calculation 
of concentration-time relationship. However, the primary 
objective of this study was to compare theoretical pharma-
cokinetic profiles from Model C to those from Model D/E, 
rather than to compare actual experimental concentration-
time data with model predictions. Therefore, we were more 
focused on generating a realistic range of physicochemical/
biopharmaceutical parameters for the calculations. Those 
compounds associated with poor predictability for Kp and 
fd were, therefore, also included in pharmacokinetic cal-
culations. In the real application of the current theoretical 
approach, experimentally determined Kp and fd values for 
each compound would have been used resulting in more 
reasonable prediction of the concentration-time profiles of 
the compound.

Impact of Tissue Lumping on Shape 
of Concentration‑Time Relationships

Lumping of Splanchnic Tissues

We found that the splanchnic tissues (liver, gut, and spleen) 
may be mathematically combined, as shown in our compan-
ion paper [10], as if they were connected in parallel to the 
systemic circulation system (e.g., vein and artery). Apply-
ing our tissue lumping principle [10], it was evident that in 
drugs with perfusion-limited distribution to the liver (i.e., 
fd,LI → 1), distribution in the other splanchnic tissues (e.g., 
spleen and gut) would have negligible effects to the distri-
bution kinetics to the splanchnic compartment. At the other 
extreme, when the apparent PAMPA permeability coefficient 
was sufficiently small (i.e., fupP/R < 1×10-6 cm/s) [17], for 
the example when Kp values are comparable between the 
liver, gut, and spleen (Supplementary Fig. S3), reciprocal 
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MTT values for the modified tissues (i.e., 1/MTTSP
′ and 

1/MTTGU
′, both corrected by 1 − fd,LI) [10] would be compa-

rable to 1/MTTLI, regardless of the tissue distribution Models 
1 and 2. Even when Kp values for liver, gut, and spleen were 
significantly different from each other, a significant model 
deformation with respect to the plasma pharmacokinetics 
did not appear to occur (Supplementary Material 2; the ana-
lytical solutions indistinguishable between Models A and B), 
since the coefficients for the zero- and first-order expansion 
terms of fractions in the left-hand sides between Eqs. 11 and 
12 (see Appendix A) were retained in most of the tissues 
including liver, gut, and spleen (i.e., conservation of ∑VTKp 
and ∑QTfd) [10]. Thus, we found that these tissues could be 
practically lumped into the splanchnic compartment with-
out causing a significant deviation in the calculation of the 
concentration-time relationship of Model B from Model A.

Lumping of Blood Pool

After constructing the splanchnic compartment, we then 
attempted to combine venous and arterial blood into a sin-
gle blood pool. Calculated parameters, such as RMSLD, 
λter, and AUC last values (Supplementary Fig. S4), generated 
using the original Model A and the Model B with combined 
venous/arterial blood (i.e., Model C) revealed that the pre-
dictions were quite comparable between those models. As 
also shown in Supplementary Material 2, this observation 
indicates that the lumping of the venous and arterial blood 
into a single blood pool does not cause a significant devia-
tion in the calculation of the concentration-time relation-
ship except for the difference in the initial concentration 
(i.e., C0 = 0 for Model B; C0 ≠ 0 for Model C). In line with 
this, we also considered consolidating the blood pool and 
lung into a single “systemic circulation” group (i.e., vein-
lung-artery connection) by assessing how the inclusion of 
the lung in the blood pool impacted the calculation of the 
concentration-time relationship. While the lumping of lung 
into the blood pool would, in theory [23], affect all eigenval-
ues of the solution of Model C, it was found that the initial 
phase slope λ1 was mostly altered by a fold-change in MTTc 
(i.e., mean transit time through the central compartment) 
(Supplementary Fig. S5). Considering the alteration of λ1 by 
lumping of lung into the blood pool, therefore, we ultimately 
chose to utilize Model C, i.e., the blood pool consisting of 
arterial and venous blood while the lung was regarded as one 
of the peripheral tissues, as the reference model to compare 
with simplified model structures.

Lumping of SEG

In order to determine appropriate criteria for tissue lump-
ing, we considered segregating peripheral tissues into SEG 
or REG according to FCT. We used FCT as a determinant 

because the fractional change was a function of both the 
compound-specific Kdet and the lumping-dependent UETSEG 
(Eq. 2). Our premise was that peripheral tissues could be 
progressively lumped into the SEG from the tissue having 
the longest MTT to tissue(s) having shorter MTT(s) provided 
that λter does not change significantly. If the change in λter 
exceeded a certain threshold FCT value, then further lump-
ing of tissues into the SEG ceased and the remaining periph-
eral tissues could then be collectively lumped into the REG. 
As shown in Fig. 2, SEG/REG construction with the value 
of FCT up to 0.1 resulted in comparable concentration-time 
relationships calculated from Model C (without lumping of 
peripheral tissues) and those from Model D or E (with lump-
ing of peripheral tissues to SEG/REG) within a factor of 
two (Eq. 7). Therefore, it was proposed that the condition of 
FCT at 0.1 was a reasonable threshold for SEG construction.

Determination of the Number of Tissue Groups in Simplified 
PBPK Model Using  Kdet

Since Kdet, the determining coefficient for the number of 
tissue groups, has not been defined in current literature, the 
parameter was initially calculated for two compounds (e.g., 
caffeine and cefazolin) to show how Kdet could play a role 
in the lumping of peripheral tissues. As shown in Fig. 3a, 
when a drug had a very low value of Kdet (e.g., 0.0185 for 
caffeine), λter did not change significantly even when UET-
SEG value varied up to 15. In contrast, the λter of cefazolin 
with a Kdet value of approximately 4.97 was quite sensitive 
to changes to UETSEG. This indicated that a drug with a 
low Kdet value would have a robust λter which is less sensi-
tive to the change in UETSEG, a parameter that was gov-
erned by the lumping of the slow tissue group. The systemic 

Fig. 2  Discrimination of peripheral tissues into SEG or REG by uti-
lizing FCT as an index of tissue lumping. Segregation of tissues into 
SEG or REG was carried out by monitoring FCT from various lump-
ing cases generated for the 113 model compounds. Model difference 
(y-axis) was calculated as Eq. 7, and horizontal dashed line denoted 
the fold-difference in model predictions with a factor of 2
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pharmacokinetics of 4 additional compounds: artesunic acid, 
chlorzoxazone, cilostazol, and docetaxel in Model C (with 
regard to tissue distribution Model 1) were also shown in 
Fig. 3b. The data in Fig. 3b for these 6 compounds suggest 
that, when Kdet is sufficiently low, the contribution of the 
distributional area Srec to the total AUC  becomes kinetically 
insignificant so that all peripheral tissues could be combined 
(Model E). Therefore, we aimed to determine the number of 
tissue groups in the simplified PBPK model (Models D and 
E) based on Kdet.

When all the nine peripheral tissues were deliberately 
lumped into one tissue group (Model E), the data for the 113 
model compounds showed noticeable monotonic increase in 

FCT values along with their Kdet values (Fig. 4a) (e.g., an 
empirical correlation between FCT and Kdet up to the Kdet 
range of 10, logFCT = -0.433+1.14⋅logKdet, R2 = 0.946). 
However, the apparent linear relationship between FCT and 
Kdet slightly deviated for model compounds with Kdet values 
larger than 10. When we considered a threshold condition of 
Kdet < 0.3, all the compounds satisfying this condition [i.e., 
29 cases, ~12.8% of the total 226 cases (113 compounds 
in two distribution models)] showed FCT values less than 
0.1, suggesting that the change in λter remains insensitive 
even when all the peripheral tissues were lumped into one 
tissue group (i.e., Fig. 4a). Of note, 6 exceptions (cispl-
atin and indomethacin for Model 1; acyclovir, cisplatin, 

Fig. 3  a  Sensitivity of the terminal phase slope expressed as FCT 
[(λter

′ − λter)/λter] to the effect of SEG construction (UETSEG) (i.e., 
Kdet

2 to be the apparent slope of the plot). Six example compounds for 
a range of Kdet values were included (e.g., artesunic acid, cefazolin, 
docetaxel, cilostazol, chlorzoxazone, caffeine). b Graphical presenta-
tion of the contribution of distributional area (Srec) to AUC , depend-

ing on Kdet. Solid lines denote the systemic pharmacokinetics of the 
6 compounds Model C, while dashed lines represent the terminal 
( C10e

−�10t ) or initial exponential term ( C1e
−�1t ). The plasma concen-

trations were calculated up to the time at 5-fold of the terminal phase 
half-life (5 ln 2/λ10)
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erythromycin, and terazosin for Model 2) with Kdet ranging 
from 0.308 to 0.350 also exhibited FCT less than 0.1. Col-
lectively, this monotonic increase was consistent with the 
statement that a drug with a low Kdet value, e.g., below 0.3, 
would have a robust λter so that all peripheral tissues could 
be lumped into one tissue group.

On the other end, we also aimed to monitor the contri-
bution of the speculative area, Srec, to AUC  depending on 
Kdet for all 113 model compounds. For the purpose of this 
calculation, we intentionally divided peripheral tissues into 
two groups (i.e., two-tissue mPBPK models). To construct 
Model D from Model C using a method independent of Kdet 
values, we considered applying an alternative method for the 
construction of the SEG (i.e., peripheral tissues lumped into 
an SEG according to the rule of MTTmax/MTTmin < 2; Sup-
plementary Fig. S6) [22]. When the Srec/AUC  ratio (Eq. 8b) 
was plotted against Kdet (Fig. 4b), the kinetic contribution 
appeared to be negligible when Kdet < 0.3 (e.g., Srec/AUC  
< 1.35%; for colistin sulfate), supporting the adequacy of 
Model E in the range. We observed that some compounds 

with Kdet sufficiently larger than 5 (Fig. 4b) could be associ-
ated with a low Srec/AUC  ratio; this characteristic may not 
be interpreted as the evidence that an appropriate model for 
those compounds would be Model E (i.e., bi-exponential 
relationship) since a large value of Kdet, e.g., larger than 5, 
would indicate that any lumping of peripheral tissues drasti-
cally altered λter (Fig. 3a). Therefore, even with low Srec/AUC  
ratios, the systemic pharmacokinetics was more likely to be 
described by Model D for compounds with such high Kdet 
values.

Consideration for Lumping of REG

For compounds having Kdet ≥ 0.3, FCT was not likely to be 
sufficiently robust since, at a certain point of tissue lump-
ing, the terminal phase could be drastically affected. Thus, 
the construction of the REG became necessary. Initially, we 
found that the model predictions of Model D (i.e., blood pool 
plus 2 tissue groups with different equilibrating rates) and 
that of Model C (i.e., blood pool plus nine peripheral tissues) 
were almost always within a factor of two where FCT of 0.1 
was used as the threshold (Fig. 2). To further determine the 

Fig. 4  Impact of Kdet for 113 model compounds on a the FCT assum-
ing one-tissue mPBPK and b  the change in Srec/AUC  ratio assuming 
two-tissue mPBPK. Kdet < 0.3 resulted in the robust terminal phase 
(FCT < 0.1) and the Srec/AUC  ratio approximately less than 2% show-
ing the adequate use of one-tissue mPBPK (Model E). Open and 
closed circles denote simulation results from the tissue distribution 
Models 1 and 2

Fig. 5  Comparison between the distributional phase slope of Model 
D (λβ) and Model C (λmajor) as the ratio of λβ/λmajor, a depending on 
Kdet, and b predicted by UETREG for the Kdet range between 0.3 and 
1, after segregation of 9 peripheral tissues into SEG or REG based on 
the condition of FCT < 0.1

91      Page 8 of 15



The AAPS Journal (2022) 24: 91

1 3

adequacy of REG construction with this principle, we evalu-
ated whether λβ in Model D was comparable with λmajor in 
Model C [10] using the 113 model compounds. As shown 
in Fig. 5a, it was readily evident that λβ was comparable to 
λmajor for most compounds having Kdet > 1, indicating that 
FCT of 0.1 was a reasonable threshold for the segregation 
of SEG and REG for those compounds.

However, for the compounds having 0.3 ≤ Kdet < 1 [i.e., 
63 cases; 27.9% of the total of 226 (113 compounds in two 
distribution models)] some, but not all, compounds had 
a significant dissociation between λβ and λmajor (i.e., 36 
cases; 15.9% of the total) (Fig. 5a). Since some compounds 
in this range still had comparable λβ and λmajor values, the 
rule of FCT at 0.1 remains applicable when determining 
the appropriateness of the lumping of tissues. Even for 
those compounds having a significant difference between λβ 
and λmajor values, however, the calculation results between 
Models C and D remained fairly accurate (Fig. 2). Further-
more, the contribution of Srec to the total AUC  was only 
approximately 18.9% (i.e., Model 1 for tamoxifen; Fig. 4b) 

or less for those compounds, suggesting that its effects on 
the plasma concentration-time relationship is potentially 
minor. Therefore, for the sake of practicality we cautiously 
recommend to apply the threshold of FCT at 0.1 for the 
SEG construction even for those compounds in the range 
0.3 ≤ Kdet < 1, while the other remaining peripheral tissues 
can then be collectively lumped as the REG.

Reconciliation of mPBPK Models Between 
Bottom‑Up and Top‑Down Approaches

If the theoretical consideration was adequate, a statis-
tically acceptable correlation would be found between 
calculated vs. fitted parameters (i.e., bottom-up vs. 
top-down) for a given set of compounds. Here, such a 
reconciliatory study was first carried out using PBPK 
calculations for the 113 model compounds. When the 
errorless simulation data (i.e., 101 points generated from 
a 10-exponential function for Model C) were fitted to 
the mPBPK model structures (Model D for Kdet ≥ 0.3 and 
Model E for Kdet < 0.3), these top-down fd,lum values were 
consistent with bottom-up fd,lum values (Fig. 6a; see Sup-
plementary Table SIII for details). In this correlation, a 
few points did not fall within a factor of 2, which were the 
cases with Kdet values (for Models 1 and 2) between 0.3 
and 1 [e.g., indomethacin (0.339 and 0.322) and ochra-
toxin (0.402 and 0.376)] or less than 0.3 [e.g., tolbuta-
mide (0.0891 and 0.0863)]. Even for those 3 cases, how-
ever, RMSLD was found to be less than 0.0577, indicating 
that concentration-time profiles generated by bottom-up 
model predictions were fairly consistent with the corre-
sponding datasets. For 31 compounds with experimental 
data (Table II), bottom-up fd,lum values were significantly 
correlated with top-down fd,lum values (Fig. 6b), based on 
the Pearson’s correlation test (i.e., R2 = 0.367 and 0.379 
for Models 1 and 2; p < 0.0001 for both cases). The num-
ber of fd,lum values within factors of 2 and 3 were 50 and 
68 out of 100 points, while the three criteria (RMSLD, 
λter, and AUC last) were comparable between the two 
approaches (Supplementary Fig. S7). Collectively, model 
predictions from the current bottom-up method appeared 
comparable with those from the top-down approach for 
the 113 model compounds.

Discussion

Systemic pharmacokinetics is a manifestation of the intri-
cate operations of drug disposition kinetics (viz., WB-PBPK 
model) occurring within the body. Despite the theoretical 
complexity, however, plasma concentration-time data typi-
cally follow relatively simple bi- or tri-exponential decay 

Fig. 6  Relationship between the fractional distributional parameters, 
fd,lum, calculated by bottom-up and top-down approaches in mPBPK 
models. The fd,lum values calculated from bottom-up approach was 
plotted against top-down values fitted to: a  the errorless data from 
Model C for 113 model compounds and b the experimental observa-
tions for a subset of 31 compounds. Dashed lines represented the two-
fold difference between top-down and bottom-up approaches for the 
parameters. Open and closed circles denoted calculation results from 
Models 1 and 2
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functions [5–7] when drugs are given intravenously. As a 
result, simplified models (e.g., mPBPK and compartment 
models) were often sufficient for the descriptive analyses of 
plasma pharmacokinetics. Rationalization for the dissocia-
tion between the theoretical complexity in PBPK models 
and the relative simplicity in actual data has not been clearly 
delineated in the literature. Theoretical bases for the simpli-
fication of WB-PBPK models may ultimately provide the 
predictive capability of the intuitive calculations of kinetic 
parameters in the simplified models.

In this study, we found that the concentration-time rela-
tionship could be practically calculated by Model D, for the 
purpose of comparing the initial, distributive, and terminal 
phase slopes. In particular, we considered the version of 
Model D that assumes the blood pool and lung are com-
bined [ Cp(t) = C

�

�e−���t + C
�

�e−�� �t + C
�

�e−�� �t ] and the ver-
sion of Model D that assumes separate lung and blood pool 
[ Cp(t) = C

�
e−�� t + C

�
e−�� t + C

�
e−�� t ], based on the ancillary 

rule of lumping (MTT ratio of 2). In this comparison, we 
found that the fold-change in the initial slope (λα

′/λα) was 
directly proportional to the ratio of MTTc/MTTc

′ as shown 
in Supplementary Fig. S8. Furthermore, this relationship 
was obtained without significant alterations in the ratios of 
slopes for distributional (λβ

′/λβ) and terminal (λγ
′/λγ) phases. 

These observations indicate that the slope at time 0 (e.g., 
∑Ciλi/C0), which is mathematically associated with the 
change of MTTc [23], is mostly governed by the initial slope 
λα (see also x-intercept for the right-hand side of Eqs. 11 and 
12). Therefore, if a rapid decline of plasma concentration 
profiles in the initial phase is of great importance, it would 
be useful to monitor the change in MTTc that could lead to 
a significant alteration of the initial phase slope in model 
simulations when the lung and blood pool are being lumped 
as a single group. In the lumping of the lung into the blood 
pool of Model C, however, some drugs with extremely high 
permeability coefficients; e.g., colistin methanesulphonate, 
colistin sulfate, diltiazem, and epigallocatechin-3-gallate; 
showed deviations between λ1

′/λ1 and MTTc/MTTc
′ (Sup-

plementary Fig. S5). Therefore, we utilized Model C to 
compare with simplified model structures where the blood 
pool consisted of just artery and vein while the lung was 
regarded as one of the peripheral tissues in the subsequent 
calculations.

Kdet, a crucial factor governing the number of tissue 
groups, was theoretically defined in our companion paper 
[10] and its practical threshold was determined in this study. 
In particular, we studied the impact of the progressive lump-
ing of tissues in the direction from the tissue with the long-
est MTT (i.e., MTTmax) on FCT [i.e., (λter

′ − λter)/λter]. From 
Taylor series expansions of Eqs. 11 and 12 in the companion 
paper [10], it was found that FCT could be mathematically 
approximated as Kdet

2 ⋅UETSEG (Eq. 2). In practice, however, 
the relationship between FCT and Kdet

2 ⋅UETSEG could be Ta
bl
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much more complex; this is especially true when the dif-
ference between O((MTTλ)2) (i.e., the second-order error 
term by the lumping of SEG, when Eqs. 11 and 12 were 
expanded) and UETSEG became significant. In fact, the rela-
tionship between FCT and UETSEG (Fig. 3a) appeared to 
more closely follow an exponential relationship (Eq. 10), 
rather than a simple linear relationship:

We were not able to identify the mathematical basis for this 
apparent relationship, although the estimates of Kdet were 
quite consistent with the ratio of MTTmax and MRTB (Supple-
mentary Fig. S9) when the actual calculations from our liter-
ature examples were fitted to Eq. 10. For the purpose of this 
study, however, we were only interested in FCT values of 0.l 
or less and, thus, the error would be negligible even when 
FCT was assumed to be directly related to Kdet

2 ⋅UETSEG. 
The consideration of an exponential relationship between 
FCT and UETSEG (Eq. 10) may not be practically neces-
sary here. When the values of MTTmax (e.g., estimated value 
based on anatomical/physiological variables and predicted/
measured Kp, fd, and R) and MRTB (e.g., standard moment 
analysis) were evaluated, the robustness of FCT as a deter-
minant for the lumping of tissues into the SEG may be esti-
mated by the determination of Kdet. It should also be noted 
that, based on the apparent relationship shown in Eq. 10, a 
slight deviation of the fitted Kdet from MTTmax/MRTB (Sup-
plementary Fig. S9) could occur when the value exceeded 
10 (i.e., 16.4% of total points). However, the appropriateness 
of the relationship Kdet = MTTmax/MRTB as the determining 
coefficient for the number of tissue groups would still apply 
since, as described in Fig. 3a, this large value of Kdet, e.g. > 
10 would essentially lead to the marked change in FCT (i.e., 
sensitive to UETSEG) and thus the corollary use of another 
tissue group of different distribution rate, namely, the REG 
would be appropriate.

In this study, we proposed that the compounds having 
Kdet < 0.3 can be reasonably classified as representing a one-
tissue model. In the literature, Pilari and Huisinga [24] stud-
ied the pharmacokinetics of 25 compounds and determined 
that only 5 drugs were considered to follow the one-tissue 
model because of their relatively low MTTmax values. How-
ever, when the criterion of Kdet proposed here was applied 
to the same 25 compounds studied by Pilari and Huisinga, a 
total of 16 drugs may be categorized to follow the one-tissue 
model. This discrepancy may arise because the authors con-
sidered similarity in the concentration-time profiles of all tis-
sues, some of which may not significantly contribute to the 
systemic pharmacokinetics. The objective of our study was 
to provide a theoretical basis for the simplification of WB-
PBPK model (Model C) to reduced models (Model D/E) 

(10)FCT =
�ter

� − �ter

�ter

≅ eKdet
2
⋅UETSEG − 1

without affecting the plasma pharmacokinetic profiles, rather 
than reproduce all tissue concentration-time profiles, of the 
compound being studied.

While most compounds where FCT < 0.1 showed compa-
rable values between λβ and λmajor for Kdet > 1 (Supplemen-
tary Fig. S10a) calculated from all the possible combina-
tions of SEG and REG, we found that certain compounds 
with 0.3 ≤ Kdet < 1 (i.e., 301 out of 504 cases) had λβ/λmajor 
values exceeding a factor of 2 (Supplementary Fig. S10b). 
The dissociated λβ/λmajor factor for these compounds indi-
cates that the lumping of tissues into the REG may not be 
appropriate for these compounds. In this study, we did not 
directly examine the kinetic/biopharmaceutical reason(s) for 
the dissociation. However, it could be speculated that the 
presence of structural error, e.g., the presence of kinetically 
ambiguous tissue(s) and/or inadequacy of setting up a single 
“major” tissue representing λβ, might be involved in causing 
the discrepancy under this condition of 0.3 ≤ Kdet < 1. Unfor-
tunately, the rearrangement of the order of tissues rather than 
the descending order of MTT (e.g., based on the capabil-
ity of a candidate tissue for obtaining the minimal UETSEG 
value when lumping from the longest tissue) did not improve 
the dissociation between λβ and λmajor for these compounds. 
Despite this limitation, however, it would be noteworthy that 
the contribution of Srec to AUC  was found to be less than 
19% for drugs of 0.3 ≤ Kdet < 1 (Fig. 4b). Therefore, a signifi-
cant deformation between Models C and D and/or a signifi-
cant inadequacy of λmajor appeared less likely. For the sake 
of practicality, for those compounds of 0.3 ≤ Kdet < 1, it is 
possible that λβ may be slightly deviated from λmajor despite 
the fact that the contribution of the deviation could be minor 
to the overall AUC . If necessary, this deviation of λβ from 
λmajor could be estimated by the use of UETREG (Fig. 5b) 
[10]. When the pharmacokinetic profile in this phase is of 
great importance, the use of Model C may be appropriate.

Despite some of such potential deviations in the distribu-
tional-phase slopes during the lumping, a reasonable cor-
relation in fd,lum values between bottom-up calculations by 
Eq. 1b and top-down fitting of Eq. 9a and 9b to the errorless 
dataset (Fig. 6a) indicated the appropriateness of the cur-
rent lumping method. According to the currently available 
tissue lumping methods in the literature [22, 24–27], visual/
numerical assessments were often considered to evaluate 
the appropriateness of tissue lumping, as also shown in this 
study (Supplementary Material 2). In addition, statistical 
evaluation could be also useful for comparisons between 
WB-PBPK and lumped models [e.g., the prediction error 
PE = logCpred− logCobs [26]; analogous to Eqs. 6 and 7]. 
However, since our tissue lumping method was derived on 
the basis of a symbolic approach, the endpoint criterion 
for assessing the adequacy of tissue lumping could now 
be improved to include the simple comparisons of lumped 
PBPK model parameters, e.g., fd,lum in this study (Fig. 6a).
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Based on calculations for the 113 model compounds, it 
was readily apparent that the distributional phases in terms 
of plasma pharmacokinetics for the compounds of Kdet ≥ 5 
were clearly distinct as evidenced by tissue MTT values [e.g., 
for metformin, Kdet value was 7.10 for rats where MRTB, 
MTTSEG and MTTREG values were 23.1, 164, and 13.4 min in 
mPBPK models [28]]. In contrast, for compounds with lower 
Kdet values, e.g., 0.3 ≤ Kdet < 1, the distinction between MTT-
SEG and MTTREG was less apparent, indicating that certain 
tissue(s) may partially participate in both REG and SEG, 
as evidenced by some deviations between theoretical and 
fitted fd values for indomethacin and ochratoxin (Fig. 6a; 
Supplementary Table SIII).

In this study, the model difference calculated from Eq. 7 
was assumed to be practically acceptable under a factor 
of 2 (i.e., y < 1): Despite the fact that determination of an 
adequate acceptance level of model difference may be dif-
ficult to theoretically set, we found that the model differ-
ence y could be related as a function of FCT (Fig. 2) where 
the FCT less than 0.1 was associated with a 2-fold error 
(i.e., y < 1). Using perchloroethylene as an example, visual/
numerical inspections (Supplementary Material 2) showed 
indistinguishable profiles between Model D and WB-PBPK 
models, yet the model difference y was approximately 0.933, 
a value close to 1 (i.e., 2-fold error), supporting the practical 
utility of the current conditions (i.e., y < 1 and FCT < 0.1) 
of SEG lumping.

However, slight deviations between Models D and A/B/C 
(Supplementary Material 2) were noted in plasma pharma-
cokinetic profiles for some compounds (i.e., biochanin A, 
bisphenol A, genistein, glycyrrhetic acid, ipriflavone, pacli-
taxel, parathion, and propofol). Due to their Kdet values rang-
ing from 3.53 to 73.8, only one tissue (i.e., skin) was capable 
of being lumped into the SEG (Supplemental Table SIII) 
while the second-largest tissue (i.e., adipose) and the 
remaining ones were lumped into the REG (cf. MTTAD/MTT1 
ranging from 51.7 to 82.7 for the 8 compounds). Since such 
high Kdet values would lead to emergence of distinct distri-
butional/terminal phases in plasma profiles depending on 
the MTTs of WB-PBPK tissues (Supplementary Table SIV), 
more than 2 tissue groups (e.g., skin, adipose, and the REG) 
could have been utilized to reproduce all the exponential 
phases arising from divergent/distinct tissue transit times for 
those compounds, as evidenced by Supplementary Fig. S11. 
Despite the practical applicability of the general premise 
of this study (i.e., WB-PBPK models being represented as 
bi- or tri-exponential functions) wherein the current lump-
ing criteria (i.e., y < 1 and FCT < 0.1) were applied for the 
model compounds, cautions would be required especially 
when Model C could possibly be described by more than 3 
exponential terms (i.e., Kdet > 1).

In typical mammillary two-compartment models, the 
shape of the plasma concentration profile was reported to 

be dependent on the number of cycles around the central 
compartment (i.e., CLD/CLsys) [29]. When CLD < CLsys, 
the terminal phase kinetics was considered to be distri-
bution-limited. This concept of the ratio CLD/CLsys in the 
literature could be also applied to WB-PBPK. Equation 11 
showed that the theoretically possible maximum of λter 
would be 1/MTTmax. The CLD in the two-compartment 
model would be analogous to ∑QTfd in the WB-PBPK 
structure. Where CLD < CLsys, viz., Q9fd9 < CLsys here 
[30], it was observed that a sufficiently large systemic 
clearance could result in λter being approximated to be 
the reciprocal of the longest MTT tissue in WB-PBPK. In 
many typical pharmacokinetic studies, however, the kinet-
ics in the terminal phase may often remain unaccounted 
at the last sampling time, most likely due to limitations in 
the analytical quantification method. From our in silico 
calculation (e.g., wherein the limitation of sampling times 
was eliminated), we found that the tissue with the longest 
MTT was, in most cases (110 out of 113), the skin (excep-
tions, the brain for chlorzoxazone, muscle for colistin sul-
fate, and adipose for tamoxifen). The reciprocal of the 
maximum MTT value for 9 peripheral tissues was highly 
correlated with λter, the smallest eigenvalue of WB-PBPK 
(e.g., 68.1% and 71.7% within a factor of 2, for Models 
1 and 2) (Supplementary Fig. S12). Therefore, it may be 
worth attempting a priori calculation of MTT values for 
various tissues in order to ascertain the possibility of the 
existence of a kinetically deep tissue compartment (e.g., 
skin tissue) that could be overlooked in the systemic phar-
macokinetics [31].

Conclusions

In summary, we herein propose a biopharmaceutical con-
dition for determining the number of tissue groups in 
simplified forms of WB-PBPK models. For Kdet < 0.3, the 
use of Model E (i.e., blood pool plus one lumped periph-
eral tissue) could be adequate since the FCT would be 
less than 0.1 even with all peripheral tissues collectively 
lumped and the Srec/AUC  ratio would be less than approx-
imately 2%. For Kdet ≥ 1, the tissue with MTTmax could 
be progressively lumped with the shorter MTT tissue(s) 
into the SEG, provided that FCT was less than 0.1. The 
remaining tissues could then be lumped into the REG 
(Model D; blood pool plus two lumped tissue groups with 
different equilibrating rates). Our primary recommen-
dation for the cases of 0.3 ≤ Kdet < 1 was to cautiously 
apply the same rule of the case of Kdet ≥ 1 (i.e., Model D), 
considering the fact that the contribution of the distribu-
tional area Srec to the AUC  was less than approximately 
19%. Despite some of such potential deviations in the 
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distributional-phase slopes during the lumping, our tissue 
lumping method based on a symbolic approach allowed a 
simple comparison of lumped PBPK model parameters, 
e.g., fd,lum in this study, whereby a consistent correla-
tion indicated the appropriateness of the current lumping 
method. Collectively, by using the principles proposed 
in this study, WB-PBPK could be simplified to mPBPK 
models without significantly affecting plasma concen-
tration-time profiles. Furthermore, the current approach 
may enable theoretical calculation of key coefficients of 
mPBPK models using estimates from in silico/in vitro 
studies.

Appendix

By applying Gauss elimination of the system matrix A of 
PBPK Model C [10], 10 eigenvalues were readily deter-
mined using Eq. 11:

When the two-tissue mPBPK model (Model D) is appli-
cable, the eigenvalues (in terms of λ′; the roots corresponded 
to λα, λβ, and λγ) after tissue lumping could be determined 
by Eq. 12:
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