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Abstract

Purpose The tissue-to-plasma partition coefficient (K,,) describes the extent of tissue distribution in physiologically-based
pharmacokinetic (PBPK) models. Constant-rate infusion studies are common for experimental determination of the steady-
state K, . while the tissue-plasma concentration ratio (C;/C)) in the terminal phase after intravenous doses is often utilized.
The Chen and Gross (C&G) method converts a terminal slope C;/C), to K, ;, based on assumptions of perfusion-limited
distribution in tissue-plasma equilibration. However, considering blood flow (Qy) and apparent tissue permeability (f,,PS;,)
in the rate of tissue distribution, this report extends the C&G method by utilizing a fractional distribution parameter (f,).
Methods Relevant PBPK equations for non-eliminating and eliminating organs along with lung and liver were derived for the
conversion of C;/C,, values to K, ;. The relationships were demonstrated in rats with measured C;/C, and K, ; values and the
model-dependent f; for 8 compounds with a range of permeability coefficients. Several methods of assessing K, were compared.
Results Utilizing f, in an extended C&G method, our estimations of K, ;, from C/C,, were improved, particularly for lower
permeability compounds. However, four in silico methods for estimating K|, performed poorly across tissues in comparison
with measured K|, values. Mathematical relationships between K, and K, that are generally applicable for eliminating organs
with tissue permeability limitations necessitates inclusion of an extraction ratio (ER) and f;.

Conclusion Since many different types/sources of K, are present in the literature and used in PBPK models, these perspec-

tives and equations should provide better insights in measuring and interpreting K, values in PBPK.

Keywords Physiologically-based pharmacokinetic (PBPK) modeling - tissue-to-plasma partition coefficient - tissue
distribution rate - permeability coefficient

Introduction perfusion-limited and non-eliminating tissue based on the
well-stirred organ model is (4, 5):

Physiologically-based pharmacokinetics (PBPK) is a mod-

. . - ac C
eling approach that enables analysis and predictions of drug VT—T =Q;-R,- (C,, — _T> (1
concentrations over time in plasma/blood and peripheral dt K
tissues. Among the key factors utilized in PBPK models,
tissue-to-plasma partition coefficients (K),) determine the
extent of drug distribution to each tissue. The volume of
distribution at steady-state (V) is a function of K, values
for various organs (1-3). A typical PBPK equation for a

/4

where Crand C, are the drug concentrations in tissue and
arterial plasma (venous plasma for lung), V is the anatomi-
cal tissue volume, Q is the blood perfusion rate, and R,, is
the blood-to-plasma partition coefficient. In Eq. 1, C/K,
denotes the outflow plasma concentration from the tis-
sue (C,,,) after drug partitioning, since the ratio C;/C,,, is

out:
expressed as:
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Cur PS, -f permeability (f,,PS;,) in the rate of tissue distribution (22, 23),
K,= Cr = . _ T Jup @) the practical utility of the C&G method may be compromised

C .
Couz‘ £ P Sout ﬁtT
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where C,;and C,, are unbound drug concentrations in tis-
sue and plasma, f,rand f,, are corresponding free fractions
of drug, and PS,, and PS,,, are permeability-surface area
clearances of unbound compounds into and out of tissues.
Based on the free drug hypothesis (6, 7), in vitro binding
studies in plasma and tissue homogenates seeking f,, and
f.r with considerations of reliable dilution factors (8, 9) can
be utilized for predictions of K, and thus Vg (10). Many in
silico methods have been developed for predicting K, val-
ues in different tissues using physicochemical properties of
compounds such as log P and f,, (11-13) along with their
ionization status (pKa) (14-16) to estimate tissue binding
properties (f,7), though such methods show only approxi-
mate agreement with direct experimental measurements.
The main basis for these methods is that drug molecules are
reversibly distributed into tissue-specific constituent(s) (e.g.,
lipids and/or proteins) by passive diffusion (i.e., symmetrical
movement of unbound drugs across the tissue membrane;
PS;,=PS,,), such that the term K, in Eq. 2 is expressed
as the ratio f, /f,r. When active transport mechanisms (17,
18) are significant, the concentration ratio of tissue (Cy) to
plasma (C,,,) would theoretically deviate from f,/f,.

In practice, constant-rate drug infusion is necessary to reach
steady-state for experimental determination of K, values that
are applicable for PBPK equations (K), ;; typically using arte-
rial plasma), since the role of equilibration rate (e.g., OQr*R,
for perfusion-limited distribution) is factored out at steady-
state in Eq. 1. While the experimental K, , for non-eliminating
organs represents K, adopted in Egs. 1 and 2, the K, ; value
determined for eliminating organs needs to be corrected by the
extraction ratio (ER) to account for loss (19). For linear and
stationary pharmacokinetics based on n-compartment models,
n slopes (viz., n eigenvalues of the system matrix) are shared
across all the plasma and tissues (20), which means that tis-
sue concentration profiles in the terminal phase would decline
in parallel with plasma profiles in semi-log plots. Therefore,
tissue-to-plasma concentration ratios measured in this post-
distributive phase after intravenous (IV) bolus injection (viz.,
C4/C,) are also useful for estimating K),. This is especially so
for a compound that has a long half-life that inconveniently
requires a very long duration of infusion to reach steady-state
or for a drug candidate with insufficient drug amount available
in the early phase of drug development. To enhance the useful-
ness of measured C;/C,, for estimating the ‘PBPK-applicable’
Kp, the Chen and Gross (C&G) method (21), has been used for
theoretical conversion of a terminal slope C;/C,, to K), ; based
on the assumption of perfusion-limited distribution. However,
when considering both blood flow (Q;) and apparent tissue
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for compounds with low permeability.

Therefore, the primary objective of this report is to propose
extensions of the C&G method for determination of more
reliable K, estimates from IV bolus studies that are applicable
for PBPK models, considering both Q7 and f,,,PS;, in the rate
of tissue distribution. Previously, a fractional distributional
parameter f; was introduced to define the permeability limita-
tions in tissue distribution processes in minimal PBPK (24)
and whole-body PBPK models (22), where the product of
QO and f, denotes apparent distributional clearance (CL,,,) to

app
each tissue. An f; can be reasonably calculated using f, ), R,,

u,
and a permeability coefficient P obtained from a parallel artifi-
cial membrane permeability assay (PAMPA) (i.e., compound-
specific) along with Oy and the effective surface area across
the interface between the systemic circulation and tissues (Seﬁc)
of rats (i.e., system-specific). Utilizing f; in an extended C&G
method, we herein demonstrate the theoretical conversion of
the terminal C;/C), to K, ;, measured for 8 compounds with a
wide range of apparent PAMPA P coefficients. Since many
different types of K|, are present in the literature and used
in PBPK models, extended mathematical relationships were
developed between K, and K, ;, that are generally applicable
for eliminating organs with a tissue permeability limitation,
necessitating the use of ER and f;. These experimental K, .,
values are also compared with values obtained using four in
silico prediction methods (11-16).

Theoretical Considerations
Non-eliminating Organ

Kinetic assumptions applied for Eqs. 1 and 2 include (i)
instant drug binding to biological constituents in plasma
and tissues, (ii) rapid equilibrium between plasma and red
blood cells, and (iii) well-stirred tissue compartments with
no permeability limitation. Adding tissue permeability PS
into Eq. 1 based on the previous literature (22, 24), a dif-
ferential equation for non-eliminating organs utilizing f, is:

dc, Cy
VT7=QT'fd-Rb' Cp—fp 3)

where all symbols are consistent with Eq. 1 and f; incorpo-
rates PS as will be shown later. At steady-state, both sides
of Eq. 3 become 0, providing:

K K CT,ss
= s = 4
P 12 Cp,‘vs ( )
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where Cr and C,  denote tissue and plasma concentra-  CL, ;. f,r 1 1 10)
tions at steady-state. Since no elimination term is included = N

Y QdeRb Kp,ss Kp

in Eq. 3, the K, , for non-eliminating organs represents K,
the operative parameter in PBPK models. Based on linear
pharmacokinetics that leads to a parallel decline in the ter-
minal phase for tissue and plasma concentrations in semi-
log plots (20), the terminal phase concentrations after an IV
bolus administration are:

Cy=A-e (52)

Cr=B-e (5b)

where A and B are the y-intercepts extrapolated from the
terminal-phase concentration profiles in plasma and tissue,
and f is the terminal phase slope. Utilizing Egs. 5a and 5b,
Eq. 3 can be expressed as:

_ _u B-e”
VT-(—B-ﬂ-e ﬂl)=QT'fd'Rb' <A-e B _ - >
P

(6)

Since C;/C,=B/A, the rearrangement of Eq. 6 results in:
K, =K, = L

P Upss T [A VB @)
Cr  OnfuR,

Equation 7 indicates that K, ; (or K, for a non-eliminating
organ) can be converted from C;/C,,, with the anatomical/
physiological information (V- and Qy), in vivo (3 determined
from a series of blood samples after IV injection) and in vitro
observations (f; and R,). Assuming that R, and f; are 1 in Eq. 7
leads to the same relationship derived by Chen and Gross (21).

Eliminating Organ

Similar to Eq. 3, a differential equation for an eliminating
organ utilizing f; is:

dc,

C
7'7 = QT 'fd 'Rb ' <Cﬁ - %) - CLu,int “JuT * CT (8)

p

where CL, ;,, is the intrinsic clearance for unbound drug in
the eliminating organ (i.e., C,;y=f,r* Cp). At steady-state,
both sides of Eq. 8 become 0, and the rearranged equation is:

CT sSs 1
KP # Kp.ss = C =7 CLyinifur ©
D,SS — —_—
K, OrfaRy,

It should be noted that K, , is different from K, due to the
presence of the term CL,, ;. f,/(Qf,;R,;) in the denominator
of Eq. 9 which rearranges to:

Utilizing the same relationships of Eqs. 5a and 5b in Eq. 8
for eliminating organs, a differential equation for tissue dis-
tribution in the terminal phase slope is:

VT.(_B.ﬂ.e—ﬂt)=QT.fd.Rb.

A-e P BK”> — CLyyufur B e an
and
CGr_B__ L
G A T "

Melding Eq. 10 into Eq. 12 yields:

1
Kp;éKp,ss_ &_;’_ VB (13)

Cr  QrfuRy

In comparison of Egs. 7 and 13, K, ; could be converted
from C;/C, by the same mathematical relationship, regard-
less of the presence of tissue elimination. As shown in
Eq. 10, determinations of CL, ;. f,» O f and R, along
with the estimated K, ;; from Eq. 13 can lead to estima-
tion of K, from K, ; for eliminating organs. Analogously,
assuming R, and f; in Eq. 13 are equal to unity leads to the
same relationship derived by Chen and Gross (21) for an

eliminating organ.

Lung Tissue Case

The rates of drug distribution in the lung and arterial blood
are expressed (e.g., lung as a non-eliminating organ) as:

dC,y Cry
Vw7 = Oy farv Ry~ <Cvemp - K,.u (14a)
dc
Var " Ry - Ttp =0y Ry~ (COW,LU - Cl’) (140)

where LU, art, and p in the subscripts denote lung, arte-
rial blood, and arterial plasma. The blood perfusion rate to
lung is regarded as cardiac output (Q;,=Q¢¢). The C,,, ,
is the outflow plasma concentration from the venous blood
pool that takes a role of input concentration into lung tis-
sue. Stringently, therefore, PBPK-applicable K, ;;; denotes
the lung-to-‘venous’ plasma partition coefficient. Based
on Fick’s law of perfusion in Eq. 14a, C,,, ; ;» the outflow
plasma concentration from lung, is written as:
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Cry dCsy Cou
CourLv = Cven,p : (1 _fd,LU) + X faru (15) VGUT = Qv “Jacu Ry - Cp e (21b)
LU 1 ».GU
At steady-state, both sides of Eqs. 14a and 14b become 0 JC c
(i.e., €, s=Cou1U,5s= Cyenp,ss)> and rearrangement leads to: Vep _dfp =Qgpfusp Ry~ <C[, e S;) (21c)
s
K - K _ CLU,ss _ CLU,ss
pLU = BpLU,ss — Cp R - CvenpSS (16) where LI, GU, and SP in the subscripts denote liver, gut, and

In the terminal phase after an IV bolus injection with
the slope S, the division of both sides of Eq. 14a by C;;,
results in:

VLU : (_ﬂ) _ Cven,p _ 1
OrvfarvRy  Cry

17
K0 a7

Based on Fick’s law of perfusion, Eq. 14a after a bolus
injection can be also re-written using Eq. 15 as:

VLU (=B _ Cven,p - Cuut,LU

= (18)
Oy R, Cry

In addition, Eq. 14b can be expressed by rearrangements
as:

Vart . (—ﬁ) _ Cout,LU - Cp
QLU Cp

(19a)

Vo (=
are ﬁ)> (19b)

Cout,LU = Cp : <1 + Q
LU

From the mathematical relationships in Eqgs. 17 to 19,

K, yis:
1
K, =
PEo S (1) gt (L) (20)
Cy Oy QR \Jarw

The application of the perfusion-limited model in Eq. 20
(fzruy=1) leads to a mathematical relationship consistent
with the C&G method (21).

spleen. The C,, ;; is the plasma concentration entering the
liver, expressed as:

(QLI - Qs — Qgv) - C,+ Qsp Corsp + Qsu - Coucu
O

Cin,L[ =

(22)

where C,,; sp and C,; sy are the outflow plasma concen-
trations from spleen and gut. Since C;, sp=C;, 5y =C, as
shown in Egs. 21b and 21¢, C,; p and C,; gy can be writ-
ten, based on Fick’s law of perfusion in Egs. 21b and 21c, as:

_ Csp
Coursp =Cp - (1 —fasp) + X fasp (23a)
p,SP
_ Cou
Cougu=C, - (1= fagu) + S facu (23b)
p,GU

At steady-state, both sides of Egs. 21a to 21c are 0, which

leads to the relationship of C,,; sp o= Cour.Gu,ss= Cp.55 from
Eqgs. 23a and 23b, and thereby C;, ;,,=C, ;; in Eq. 22.

Therefore, the differential equation for the liver compart-
ment at steady-state can be rearranged as:

K # K _ CLI,ss _ 1
p.LI p.LlLss — Cp’m - + [T 24)

1
K, OQuifariRy

Utilizing drug concentrations in arterial plasma (C,), liver
(Cpp. spleen (Cgp), and gut (C;y) in the terminal phase (with
the same slope of f) after an IV bolus injection, the rear-
rangement of Eq. 21a with Eq. 24 yields:

C. C, G,
Vi -(=p)= {(Qu = Qsp — Qqu) + Qsp - ((1 —fusp) + s 1 fmp) + Qv - <(1 —fagu) + gU 71(1 f(L(;l/) } : *Cl Ry, furr — QufauRy X L (25)
P p.GU LI

C, Kosp

Liver Compartment Connected to Spleen and Gut

In the physiology of the body, the outflow blood from the
splanchnic tissues including gut and spleen enters the liver
via the hepatic portal vein while the remaining (circa 40%
for rat and 20% for man) liver blood flow (25) comes from
the hepatic artery. The equations for the rate of drug distri-
bution to the liver, gut, and spleen are defined in whole-body
PBPK as (22):

&=Q -f -R-<C» —i>—CL»- .C
LI dt LI "Jd,LlI b in, LI Kp,Ll u,int -~ Ju,Ll LI

(21a)
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From Eqgs. 21b and 21c, the equations for the spleen and
gut in the terminal phase after IV bolus injection are:

C 1
Ve - (=B) = Qsp - fusp - Ry, - <C_; e ) (262)

Vou - (=B) = Q¢u “facu Ry - (ZPU X GU) (26b)

Application of Eqs. 26a and 26b in Eq. 25 leads to:
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1
K =
p.LLss < (1 + VSPﬂ(csp/cp)+VGUﬁ(cGU/q,)> 4 ub
Cu OuR, QuifariRy
27

Plugging the value of 1 into R, and f; in Eq. 27 for the case
of K, ;/=fplf,.1s (Viz., symmetrical transport) in Eq. 24 leads
to the C&G equation (21).

Theoretical Conversion of K . to K, Using f
and Extraction Ratio (ER)

An estimated K,  as discussed above needs to be corrected to
the ‘true’ or operative K, that is applicable in PBPK equations
for eliminating organs. Based on Fick’s law of perfusion, Eq. 8
can be re-written by utilizing C;, and C,,, terms (with regard
to plasma concentration) as:

dc,

T? = QT : Rb : (Cin - Cout) - CLu,int % CT (28)

In the typical well-stirred model (26), elimination rate
is kinetically driven by C ,, where the elimination term in

out
Eq. 28 is replaced with CL,;,+f,,* C,,, under the assump-

u,int

both K, ; and C;/C,, in available tissues of rats were collected
for 8 compounds (cefazolin, cyclosporine, dexamethasone,
etoposide, furosemide, methotrexate, propranolol, and quini-
dine) as summarized in Tables I (for K, ;) and II (for C;/C)).
If numerical tissue distribution data were not directly avail-
able from the literature, plasma/blood and tissue concentration
profiles were digitized from published graphs using GetData
Graph Digitizer version 2.26 (http://getdata-graph-digitizer.
com/). The C;/C,, data for dexamethasone at 24 h after a sub-
cutaneous bolus administration were available from our recent
study (27). For etoposide, methotrexate, and propranolol, ter-
minal phase slopes were assumed to be the same between
plasma and all tissues. Concentration-time profiles of dexa-
methasone in plasma and various tissues (27) experimentally
showed parallel declines when plotted in semi-log graphs,
providing adequate justification of using the same slope for
different tissues. When terminal phase tissue slopes appear
to be different from plasma/blood (for furosemide, cefazolin,
cyclosporine, and quinidine), the assumption of linear phar-
macokinetics leads to adoption of the terminal phase slope of
tissue profiles (), where Eqs. 7 and 13 for typical tissues,
Eq. 20 for lung, and Eq. 27 for liver can be expressed as:

tion that f,,» C,,,= C,. However, the unbound concentrations 1
between plasma and tissue are not the same when PS;, #PS,,,.. Kpss = Gy Viby (3la)
Eqgs. 8 and 28 are thus based on considering C,; as the driv- Cr | OifR,
ing concentration for elimination in tissues. When Eq. 10 is 1
rearranged: Kp,LU = c, Vo Viohio 1 (31b)
R .C e (-gt) v ()
K = 1 _ Qde b “Tss
b S _ —CL”'if" ur QdeRb : Cp,ss - CLu,inzfuT ' CT,xs K Ilss = 1
Crys  OrfuR, PG (1 4 L Bsp(Csp/Cy)+Voubou(Cou/ Cp)> Vi
29 Cul LR, QufauiRy
At steady-state, both sides of Eq. 28 are zero, resulting in: (31c)
K = QdeRb : CT,SS _ CT,ss fd - K 1 (30)
P - ' Coms—Comss PSS 1 _ER/T,
QdeRb : Cp,ss - QT : Rb : (Cin,ss - Coul,xs) CI”SS fd - %Mu 1 ER/fd

where C;, ,=C, ;, and ER is the traditionally defined extrac-
tion ratio (4). Based on Eq. 30, for example in liver, the
relationship K, =K, «(1 —ER)=K,*Q,,/(Q1;+1,,CL, ;i
R,) (19) is only applicable for the well-stirred perfusion-

limited liver model (26) with f; ;,=1.

Methods

Application of the Extended Chen and Gross Method
for Eight Compounds in Rats

Rats are widely used for experimental determination of tis-
sue partitioning properties, e.g., K, ;. from infusion studies

and C;/C,, from an IV bolus injection. Measured data for

PSS

where S, B, Psp. Boy» and py; reflect the terminal phase
slopes in arterial plasma, lung, spleen, gut, and liver.
Eqgs. 31a to 31c are derived in the same manner as done for
Egs. 7, 13, 20, and 27, except that the tissue concentration at
the observed point (Eq. 5b) is replaced with the relationship
Cr = B - 71", It was assumed that elimination kinetics did
not take place in lung tissue for the 8 compounds assessed
(Kp,LU = Kp,LU,sx)'

Tissue partitioning properties were reported as tissue-to-
blood concentration ratio for dexamethasone (C;/Cp) and
cyclosporine (C/Cp and Cr/Cp () (27, 32, 34). Based on
the assumption of rapid equilibrium between plasma and
red blood cells, the C;/Cy at 24 h after a subcutaneous bolus
injection of dexamethasone was converted to C;/C, by mul-
tiplication of R, (0.725) and C;/Cy values. Since two R,
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Table| Literature Data for K

D.SS

After Constant Infusion of 8 Compounds to Rats

K, s Furosemide Cefazolin  Methotrexate Etoposide Dexametha- Cyclo- Cyclo- Propranolol Quinidine
sone sporine (low sporine
dose)? (high dose)?
Source  Kitani et al. Tsujietal. Yokooji Cércel-Trullols  Song et al. Bernareggi and Rowland Yata et al. (1990) (33)
(1988) (28) (1983) (29) etal. (2011) etal. (2004) (2020) (27) (1991) (32)
(30)° G1P
Adipose — - - - 0.16 13.9¢ 29.6° - -
Bone - 0.111 - - 0.19 2.45 3.44 - -
Brain 0.0115 - 0.00490 - 0.06 - 0.159 14.0 0.9
Gut 0.517 0.114 0.142¢ 5.98 0.82 5.51 7.70 6.6 10.1
Heart - 0.101 0.122 0.722 0.84 3.27 4.56 7.1 5.8
Kidney 1.36 0.867° 1.61 0.905 1.24 7.35 8.52 15.3 20.7
Liver 0.330 0.740° 0.915 1.43 5.06 12.4 11.6 2.63¢ 2.84¢
Lung - 0.154 0.145 0.89 0.50 5.71 7.11 54.2 43.0
Muscle 0.164 0.077 0.0349 0.715 0.49 1.31 2.44 4.3 43
Skin - 0.303 - - 0.30 3.88 3.00 - -
Spleen - - 0.0876 0.658 0.63 11.6 14.2 14.2 24.0

#The values for cyclosporine denote tissue-to-blood partition coefficient at steady-state, with the lower and higher dosages of 2.72 and 13.9 mg/

kg/day
The data were digitized from published graphs

“The adipose-to-blood concentration ratio at steady-state is the averaged values between dorsal and perirenal fat tissues

9The value for colon tissue
®Detailed calculations are described in the text

values were available for cyclosporine depending on the
infusion rate (e.g., 1.28 for lower dose and 1.18 for higher
dose) (32), the reported C;/Cp and Cy( /Cp . are used with-
out further correction with R, as noted in Tables I and II. In
this case, tissue-to-blood partition coefficients at steady-state

(K, 1,55 for typical tissues, lung, and liver are expressed as:

1
Kpwss = o7 v, (322)
CT Qde
K _ 1
PIBLU T ¢ (1 _ u) + Vb (; _ 1) (32b)
CLU QLU QLU fd,LU
K _ 1
pIB.LLss [ (1 + VS‘PﬂSP(CSP/CB)+VGUﬂGU(CGU/CB)) + Vi
CLI QLI QLIfd,LI
(32¢)

For cyclosporine, tissue-specific terminal phase slopes were
available in the literature (34) (Table II). If all terminal phase
slopes in blood and tissues could be assumed to be the same, then
Brus Bsp, B and By could be replaced with £ in Egs. 32a to 32c.

When necessary to calculate f, for various tissues, two
distribution models proposed in whole-body PBPK for rats
(Fig. 1) were used (22) with f; equations expressed as:
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_JupP-Segy
7Ry

fd,Modell =l-e (332)

f _ fup P Seﬂ
d.Model2 QT K Rb +fup .P. Seﬁ‘

(33b)

where distribution Model 1 is based on the capillary perme-
ability model (e.g., TUBE model) (38, 39) and the vascular
compartment of Model 2 (e.g., JAR model) is a well-stirred
compartment (23). The kinetics in the vascular compartment
of the JAR model (viz., V,,/Qy) is assumed to be negligible
to obtain Eq. 33b (22). From the derivation, it should be
noted that the product P« S, in Eqs. 33a and 33b denotes
the uptake clearance of unbound concentrations in plasma
(PS;,) (22). Input parameters specific for the 8 compounds
(9 cases with two dose levels for cyclosporine) are listed in
Table III. System-specific input parameters (V,,,, Vy, Op,
and S, for major tissues of rats with a typical body weight
of 250 g are summarized in Table IV. Experimental K,
values were compared with C;/C,, and those converted from
the C&G method (i.e., perfusion-limited distribution) and
Models 1 and 2. Since K|, ;, is theoretically equivalent with
AUC,/AUC, from a single dose study based on the assump-
tion of linear pharmacokinetics, tissue concentration data as
listed in Table II were also used for calculating AUC,/AUC
» where the initial concentration was set to be 0. Despite
the limited tissue concentrations in the literature (40), the
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Table Il Literature Data Values of C7/C, After Bolus Injections of 8 Compounds to Rats. Terminal Phase Slopes for Plasma/Blood () and/or
Tissues (f;) are Included. The Same Sources Listed in Table I were Used Unless Otherwise Noted

c;/C, Furosemide  Cefazolin®  Methotrexate®  Etoposide®  Dexamethasone®  Cyclosporine®™!  Propranolol®  Quinidine®®
las 8h 2h 0.5h 1h 24h 32h 2h 25h
Adipose - - - - 0.357 41.5 - 4.59
Bone - 0.125 - - 1.12 5.55 - -
Brain 0.0168° - - - 0.234 - 36.1 1.48
Gut 10.1 0.130 0.274f 16.8 2.70 10.1 12.0 26.3
Heart - 0.0940 0.282 0.792 1.89 8.55 8.66 16.1
Kidney 1.62 3.87 2.61 2.21 2.54 17.7 17.4 18.5
Liver 0.246 0.809 1.86 2.00 7.18 28.1 1.35¢ 41.7
Lung 0.203 0.0927 0.274 1.29 1.53 17.7 99.9" 70.8
Muscle 0.174 0.151 0.149 1.77 1.52 4.01 4.33 8.91
Skin - 0.510 - - 1.21 10.5 4.12 8.55
Spleen - - 0.122 0.892 1.63 17.6 24.7 48.5
BorB; (b7

Plasma  0.288 0.619 0.852! 2.08! - - 0.696' 0.762
Blood - - - - 0.3141 0.0753 - -
Adipose  — - - - - 0.0304 - 0.558
Bone - 0.497 - - - 0.0520 - -
Brain 0.207 - - - - - - 0.864
Gut 0.288 0.680 - - - 0.0512 - 0.126
Heart - 0.718 - - - 0.0392 - 0.552
Kidney 0.257 0.616 - - - 0.0348 - 0.768
Liver 0.275 0.925 - - - 0.0380 - 0.108
Lung 0.288 0.817 - - - 0.0444 - 0.426
Muscle 0.201 0.317 - - - 0.0347 - 0.558
Skin - 0.562 - - - 0.0263 - 0414
Spleen - - - - - 0.0529 - 0.270

*The data were digitized from the published graphs

5The data were obtained from different literature sources for methotrexate (35), cyclosporine (34), propranolol (36), and quinidine (37)

¢C4/C, was obtained from the multiplication of C;/Cg and R,, for dexamethasone

4The values for cyclosporine denote tissue-to-blood concentration ratios

°C4/C, determined at 7;,, = 6 h

"The value for large intestine

QLIRI;+v.&l»’ﬂ(C.SP/Cp)+V(jl/ﬂ(CGl/'/C[))+VS‘1‘ﬂ(C.ST /Cp)
QLIR):_VLI/}K[),I.I,\\

o C,
8ZL —
I _Kp,LI,x.v

,where K, ;, =K, ,»(1 —ER) and ER = 0.773 (see text for details). Based on Shibasaki

etal. (36), K, ;; was reported to be 5.45 and Cg/C), for stomach was calculated to be 6.37
"From Eq. 20 with Jarv=1, where K, ;,, was reported to be 100.1 in Shibasaki et al. (36)
{For etoposide, dexamethasone, and cyclosporine, = f; was assumed. Pgy for furosemide was not determined in the literature and assumed to

be the same as

data after an IV administration of propranolol at 1.5 mg/kg
(with the terminal phase slope of 0.66 h™!) were used for
calculating AUC/JAUC,,.

In addition, in silico K‘,7 values were estimated by uti-
lizing the physicochemical properties of the 8 compounds
(Table IIT) with 4 different methods [i.e., Poulin and Theil
(P&T) (11, 12), Berezhkovskiy (13), Rodgers and Rowland
(R&R) (14, 15), and Lukacova (16), available from Gas-
troPlus version 9.8.0002; Simulations Plus Inc., Lancaster,

CA]. The in silico K|, for gut tissue was calculated by Sim-
cyp Simulator (Version 20 Release 1; Certara Ltd., Shef-
field, UK), using Method 1 for P&T and Berezhkovskiy and
Method 2 for R&R and Lukacova. For fair comparisons of
K, ;s values in eliminating organs (e.g., liver and kidney), the
in silico-predicted K, values were corrected to K, ; consider-
ing the experimental ER (calculated from organ clearances
in Table IV) and the model-dependent f; (from Eqs. 33a and

33b), based on the Eq. 30.
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Model 1:

Cout

Model 2:
S, Voss Coas .
Cin 1 Cout
PSin : fup l PSout * fuT
VT' CT

Fig. 1 Structures of two distribution models used for calculation of f;
(22). Symbols for Models 1 and 2 are described in the text

Results
Refinement of Collected Data from the Literature

Tsuji et al. (1983) (29) reported K, values for cefazolin in
liver (0.788) and kidney (2.79) of rats that differ from K|,
where K, was already corrected using an ER in those
tissues. Since the steady-state arterial plasma concentra-
tion of cefazolin (i.e., free and bound) was 77.5 pg/mL,
the f,, at steady-state was expected to be 0.163 with a C,,
of 12.6 pg/mL based on its binding kinetics (i.e., binding
site concentration, [nP]=3.15 X 107* M, and association
constant, K, =2.98 x 10* M™!) (29). Hepatic elimination
of cefazolin was assumed to be mainly mediated by bil-
iary excretion with an unbound Michaelis-Menten constant
K, ,of 163.3 pg/mL (in terms of unbound concentration
in liver) and the maximum rate V,,,, of 238.8 pg/min,
which may reasonably lead to linear excretion kinetics
of cefazolin into bile. Therefore, CL, ;,, (viz., V,,../K,, )
for biliary excretion was estimated as 1.46 mL/min, and
the ER for the well-stirred perfusion-limited liver model
(26) calculated with hepatic plasma flow of 3.7 mL/min
adopted in Tsuji et al. (1983) (29) was 0.0605 and thus
the original K, ; ;; was estimated to be 0.740 (Table I).
Renal clearance (CLy) calculated as the slope of the plot
of urinary excretion rate versus unbound arterial plasma
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concentration of cefazolin divided by f,,, was 5.03 mL/min.
Similarly, the ER for the well-stirred kidney compartment
[viz., CLy/RPF, where renal plasma flow RPF = 7.3 mL/
min in Tsuji et al. (1983) (29)] led to back estimation of
K, ,, for rat kidney to be 0.867 (Table I).

For propranolol, K, values were reported in Shibasaki
et al. (36) after the correction of C;/C,, values obtained from
an IV injection using the traditional C&G method. Using
the reported values of R, (1.16), f,,,*CL, ;,, (97.3 mL/min)
and Q;; (24.7 mL/min) for liver of a 290-g rat, hepatic ER
is estimated as 0.773 (26). Considering the terminal phase
slope (0.696 h™!) along with Qr and V. values for a 290-g
rat, the original C;/C, data at 2 h after IV injection were
estimated (Table II). In addition, Yata et al. (33) reported
propranolol partitioning in liver as Cp; (JC,,, 1 = 11.6
(viz., C,, 115 the outflow plasma concentrations from liver,
measured from hepatic vein). However, K|, ; is defined as the
tissue-to-‘input’ plasma concentration ratio at steady-state
(Cr1ss/Cinprss in Eq. 24 for liver). We calculated K, ; by
multiplying Cy;,/C,,, s With 0.227 (i.e., 1 — ER) (Table I).
For calculating AUC,/AUC,, the tissue concentration profiles
of propranolol at 1.5 mg/kg (40) was used since the terminal
phase slope (0.66 h™!) was comparable with the literature
value (0.696 h™) at 10 mg/kg (36).

In addition, the steady-state liver-to-plasma concen-
tration ratio was reported for quinidine using the plasma
from hepatic portal vein (33). Since it could be assumed
that quinidine elimination in rats is mainly mediated by the
liver with hepatic blood clearance (CLy/R,) of 16.1 mL/min
(adjusted by body weight) (37, 48), the ER of quinidine was
calculated to be 0.830 (CLy/Q, ). Therefore, K, , was cal-
culated by multiplication of Cy; /C,,; 1 (16.5) and 1 — ER
(0.172) as noted in Table 1.

Correction of the Chen and Gross Method
Considering fy

Figures 2a and b exemplify our extension of the C&G
method for the theoretical conversion of C;/C,, to K, ; using
the concentration profiles of furosemide in rat plasma and
gut. Using the indicated tri-exponential profile fitted to the
observed plasma concentration-time data as a forcing func-
tion (i.e., nonlinear regression by the maximum likelihood
method in ADAPT 5) (49), tissue distribution parameters
(Coefficient of Variation, CV%) for gut were estimated by
Eq. 3 with system parameters in Table IV in terms of rate
[f,=0.00771 (16.2%)] and extent [K,, = 2.61 (22.0%)]. The
observed CTJCP was calculated as 10.1 (Table II), which is
much higher than the fitted K]J (i.e., model-simulated AUC
7/AUC)) due to the presence of delayed equilibrium in the
early time mediated by both Q7 and f,,PS,,. The calculated
[, values from Models 1 and 2 were 0.0130 and 0.0143, both
of which were comparable with the fitted f,; within a factor of
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Table lll Compound-Specific Input Parameters Used in the Calculations of f, for Various Tissues of Rats. Sources are Listed in Tables I and II

Furosemide Cefazolin Methotrexate Etoposide Dexamethasone Cyclo- Cyclosporine Propranolol Quinidine
sporine (low (high dose)®
dose)?
fip 0.13° 0.163 0.41° 0.27° 0.175 0.0602 0.0788 0.032 0.4
R, 0.956 0.55 0.83°¢ 1° 0.725 1.28 1.18 1.16 1.67¢
pef 0.013 0.05 0.037 0.33 0.41 2.16 2.16 12 4.2
JuPIR, f 0.00177 0.0148 0.0183 0.0891 0.102 0.0990 0.144 0.331 1.01
Type ¢ Acid Acid Zwitterion Acid Neutral Neutral Neutral Base Base
log P 2.03 0.3 -1.85 1.16 1.83 2.9 2.9 3.65 3.44
pKa, 425 23 3.41 (acid) 9.33 - - - 9.5 5.4
pKa, 9.83 - 2.81 (base) - - - - - 10
CL (mL/min)® 0.259 0.224 1.65 5.40 0.825 0.896 0.826 19.1 26.9
CLg (mL/min)*  0.132 0.820 1.23 0.890 - - - - -

*The values for cyclosporine denote tissue-to-blood partition coefficient at steady-state, with the lower and higher dosages of 2.72 and 13.9 mg/
kg/day

bfup was obtained for furosemide from Yang et al. (41), methotrexate from Berry et al. (42), and etoposide from Yang et al. (43)

°R, was obtained for methotrexate from Ueda et al. (44) and etoposide from Nishimura et al. (45)

4The data were digitized from the published graph

°In vitro PAMPA P coefficients from Kerns et al. (46) except for cefazolin (47)

fIn vitro PAMPA P and apparent PAMPA P coefficients are presented with units of (x10~° cm/s)

£Physicochemical properties (log P and pKa) from Jeong et al. (22) for furosemide, methotrexate, and etoposide, Song et al. (27) for dexametha-
sone, and Rodgers et al. (14, 15) for the others

"Hepatic and renal clearances (with regard to plasma concentration) were calculated from the reported values in the sources listed in Table II,
except for methotrexate (30) and etoposide (43)

Table IV System-Specific Input Parameters for 250 g Rat Used for the ~ become markedly divergent from the experimental observa-

Conversion of C/C, 0 K, " tions. This leads to deviations in K, estimation (e.g., 9.20
Vy(mL)  Qp (mL/min) S, yqen S oder2 for the C&G method and 7.46 for the case of 10 X f yo40115

(m¥g tis-  (mg tis- compared to the fitted K, of 2.61).
sue) sue) Based on the assumption of (i) the same terminal slope
Adipose 16.7 472 302 3.30 (B), (i1) gut tissue to be a non-eliminating organ, and (iii)
Bone 15.7 8.08 234 2.43 model-dependent f;, values, thqefqre, K, i was estimated
Brain 124 112 1.67 170 from C;/C, by Eq. 7, resulting in comparable values
Gut 6.19 8.08 16.1 17.9 (2.53 and 2.72 for Mf)dfals 1 and 2) with the fitted K, (i.e..,
Heart 1.05 32 18.1 19.0 K,=K, ,, for a non-eliminating organ). However, the experi-
Kidney 219 11.6 374 397 mentally measured K, ;c was 0.517, which is less than the
Liver 8.57 19.4 14.8 15.6 fitted K, (28). Since this K, ; was determined after bolus
Lung 104 30 14.4 14.4 injection of a 25-mg/kg dose followed by a 3-h infusion
Muscle 116 18.96 571 770 (11.5 mg/kg/h) and this infusion duration may not be suf-
Skin 394 4.08 0.843 0.902 ficient for the complete equilibrium between plasma and
Spleen 0.57 0.88 4.56 4.68 gut (Fig.. 2a),.0ne explanation fo.r (.1isc.repant I.(ms values
Arterial blood 5.1 between infusion (Cr,,/C, ;) and injection studies (model-

simulated AUC;/AUC,) could be that a steady-state with
2The values are cogsistent vyith those used in Jeong et'al. (22),. which regard to gut concentrations might not have been achieved
are adopted from Simcyp Simulator V15 Release 1 (Simcyp Limited, . e
Sheffield, UK) for furosemide by 3 h. Although a steady-state condition is

typically confirmed based on serial plasma concentrations,

the limited capability in analytical methodologies could
2. When f, was assumed to be 1 (i.e., the C&G method) and  have restricted the resolution of all components of drug
0.130 (e.g., 10-fold of f; 37,4.11) tissue concentration profiles  distribution Kinetics specific for those slowly equilibrating
projected from one-time tissue measurement at 8 h (Fig. 2b)  tissue(s).
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Fig.2 Concentration profiles of furosemide in rat plasma (closed circles)
and gut (open circles). (a) Solid lines show fittings to the concentration-
time data in the plasma (C, = 455.30¢7402411 287072421 ] 130¢~0-282°1)
and gut (f, and K, optimized by Eq. 3 with C, used as a forcing function;
see text). (b) For the case of one-time measurement of tissue concen-
tration at 8 h, dashed lines show tissue concentration profiles assumed

in determination of K, ., (or AUC,/AUC,) depending on f; values (e.g.,

0.0130 from Model 1 and 1 from the C&G method)

As shown in Fig. 3, tissue partition coefficients (CT/CP
and K,  from different approaches) collected for 8 com-
pounds in various tissues of rats ranged about 4 orders of
magnitude. When C;/C, is directly compared with K,
for the 8 compounds, 69 out of 74 points showed C;/C,
values larger than K, ;, supporting the contribution of an
equilibrium time between plasma and tissues emerging in
the terminal phase after bolus dosing (Fig. 3a). For furo-
semide having the lowest permeability coefficient amongst
our assessed compounds, K, . for gut was obviously dif-
ferent than C;/C, (19.5-fold). For quinidine, the highest
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permeability drug, K, , for liver was different from C;/C,
(14.7-fold). As shown in Fig. 3b, however, the Kp’m esti-
mated with the C&G method employing the same terminal
slope (#) and R, = 1 appears to have comparable values
with the uncorrected C;/C,,. Since the C&G method does
not consider a tissue permeability term f,,PS,,, the K,
estimation based on the traditional method is expected
to be problematic for drugs having lower permeability
coefficients.

In our extensions of the C&G approach, a compound-
specific R, was utilized (Table III), and tissue-specific slopes
were considered where the tissue kinetic profiles were found
for furosemide, cefazolin, cyclosporine, and quinidine as
listed in Table II. Otherwise, all the profiles in tissues and
plasma/blood were assumed to decline in parallel, using
Egs. 7, 13, 20 and 27. However, Fig. S1 shows that consid-
eration of different slopes (f;) for the 4 drugs in the calcula-
tion of K, ; from C;/C, was not significantly different than
using the same slope (). When f;, values for Models 1 and 2
(Figs. 3c and d) were calculated for the 8 compounds in the
major tissues of rats, our estimations of K, . were improved
particularly for the lower permeability compound, viz., furo-
semide. The coefficients of determination (R?) for Fig. 3a to
d for the 4 different methods are very close: 0.9104 (C T/Cp),
0.9102 (C&G), 0.9184 (Model 1), and 0.9173 (Model 2).

As shown in Fig. 4, the predicted Kp’m (i.e., 4 in sil-
ico approaches plus 4 different experimentally-based
approaches) and in vivo K, ; values are plotted in terms
of fold-differences (K,  ,,.a/K,, ). In agreement with the
regressions shown in Fig. 3, the four versions of the C&G
calculations produce K, ratios near unity (Fig. S2) and the
acceptable predictability was shown with Models 1 and 2
(i.e., the fold-differences closer to 1). While the improve-
ments of K, ; predictions in many different types of tissues
for furosemide (gut), cefazolin (kidney and skin), etopo-
side (gut, muscle, and spleen), and propranolol (brain and
lung) supports the usefulness of the extended C&G method,
some overpredictions in K,  ,,./K,, ;, remained unimproved
despite the current f; considerations. There appeared to be
no consistency when comparing specific tissues. Very strik-
ing in Fig. 4 are the disparate K, ratios observed with the
four in silico estimation methods. Of note, the experimen-
tal ER values calculated as the ratios of CL5/(Q;;R;) and
CLR/(QkR,,) are less than the model-dependent f; values, or
comparable with f; (within a factor of 2). When ER > f, the
in silico K, was not further converted to K,  for furosemide
and methotrexate (liver and kidney), cefazolin (kidney), and
propranolol (liver). In general, these in silico methods for
the 8 compounds assessed function poorly for predicting
K, ,; (Fig. 4), compared to the experimental AUC,/AUC, or
C,/C, values (i.e., K, i/ K, ;s closer to 1). The greatest
mis-predictions occurred with the liver, especially for high
ER drugs, viz., propranolol and quinidine.
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Discussion

The classic drug-specific components of PBPK models are
the clearance (e.g., CL, ;,,) and the operative tissue-partition
(K,) parameters that, along with system components such
as Qrand Vy, serve in the simplest of PBPK models. The
gold-standard approach to assessing both clearances and
K, values is a steady-state infusion study. The second-most
common method is to enact single-dose studies to assess
(systemic) clearance from Dose/AUC and KP from AUC
7AUC,,. The limitation of this method, even by perform-
ing computational fitting, is that an IV bolus study often
assumes an initial condition C,(0) of Dose/Vy or DoselV,
which may not be supported by sufficient early blood sam-
ples. All experimental methods have concerns when metabo-
lism, permeability, or transporters affect the measured tissue
drug concentration. The terminal phase in a pharmacoki-
netic profile, if not limited by assay sensitivity, often has the
richest data and can be visualized with both plasma (blood)
and tissue measurements, which prompted the derivation of
the C&G method for calculating K,. This method has been
widely used with 166 citations based on a Google Scholar
search (last accessed 28 Jan 2022).

In line with Eq. 1, a typical PBPK equation for a per-
fusion-limited tissue compartment (eliminating organ) is
written as:

dcC C C
VTd_tT = QT : Rb : (Cp - FT> - CLu,im Jup ® K_T (34)
P P

where C//K,, denotes C,,, under the assumption of sym-
metrical transport. Therefore, when the perfusion-limited
model is assumed for non-eliminating (Eq. 1) and eliminat-
ing organs (Eq. 34) with PS,,=PS,,,. a ‘PBPK-applicable’
K, (viz., f,,/f,r in this case) could be obtained from the direct
measurement of C,/C,,,, as attempted for propranolol and
quinidine in rat liver (33). However, since measurement of
C,,, from general tissues is experimentally difficult, investi-
gators mostly take advantage of using C;, (e.g., arterial con-
centration), which is widely used to determine K, , in exper-
imental animal species. However, if significant elimination
occurs in particular tissues, C,,, will be smaller than C;,,
and ER determined by the organ clearance divided by blood
flow (e.g., CL,/Q;,) can be used for the conversion of K,
to K,,. Based on perfusion-limited distribution kinetics, ER
could be calculated in another way by using CL, ;,, and Oy,
depending on the clearance models. Recently, we reviewed
the usefulness of classical hepatic clearance models such as
well-stirred model (WSM), parallel tube model (PTM), and
dispersion model (DM) (50), which have different kinetic
characteristics in terms of elimination clearance leading to
the model-dependent estimates of CL,, ;,, to achieve the same
systemic exposure. These clearance models are based on

the same unbound concentration between plasma and liver
(e.g., C, 1;=C,p=14pCoyu for WSM), which is the driving
concentration of hepatic elimination. Therefore, it is worth
noting that, since the total liver concentration is instanta-
neously equilibrated with plasma (e.g., C;,=K, ;,C,,, for
WSM), all these models assume well-mixed kinetics with
regard to drug distribution to liver (i.e., no diffusion barrier).
Accordingly, the relationship of K,=C;/C,,, in traditional
clearance models is useful for eliminating organs (Eq. 34) as
applied for non-eliminating organs (Eq. 1), but only for com-
pounds following perfusion-limited distribution kinetics. As
noted in the previous literature (19) regarding elimination
in peripheral tissues without a permeability limitation, the
conversion of K, ; to K, by the C&G method is based on the
well-stirred and perfusion-limited distribution model (21).

However, the following conditions violate Eq. 34: First,
asymmetric transport (i.e., PS;, # PS,,,). Active transport
mediated by membrane transporters (17) and/or electrogenic
transport driven by membrane potential (51) could lead to
different unbound concentrations between plasma and tissue
cells. In this case, C,, would not be adequate for describing
the driving force concentration in tissue, since C,, which
would be effectively acting upon the metabolism / excretion
by enzymes / transporters inside the cells, is now different
from Cup. For asymmetric transport, therefore, Eq. 28 should
be considered. If the use of Eq. 34 is still applicable even
when asymmetric transport between plasma and tissue cells
is involved with the eliminating organ, employing C,, as
the driving force concentration in such conditions should be
discussed and rationalized.

Secondly, a limitation in tissue permeability (i.e.,
JupPSin/ Ry K Q7) necessitates the use of Eq. 8. For a non-
eliminating organ, the steady-state condition leads to the
relationship of K, =K, . regardless of whether f, is con-
sidered in Eq. 1 or not. For an eliminating organ, however,
Eq. 8 shows that the term f; needs to be present in the math-
ematical relationship between K, and K, ;, at steady-state.
Eq. 30 was derived showing that traditional conversion of
K, ;s to K, (19) would not be valid for the case of f,# 1. For
imipramine, propranolol, and quinidine, the concentration
ratio between liver and plasma in the hepatic vein (Cy;/C
out,ss) Observed in the literature (33) was reported as K, prob-
ably based on perfusion-limited distribution kinetics. For
propranolol, the model-dependent f;, for liver was calculated
to be 0.728 and 0.578 for Models 1 and 2, which are com-
parable with the ER (0.773), suggesting that PS, <K CL,
(see Eq. A4 in the APPENDIX). For quinidine, f, values for
liver in Models 1 and 2 were estimated as 0.981 and 0.807,
also suggesting sufficient tissue permeability. However, if a
significant limitation in tissue permeability is evident (i.e.,
JupPSid/ Ry L Qr or f; K1), Cpy i /C would not represent

K,

out,ss
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Fig.3 Estimation of K, ;, (a)
from direct comparison with
CAC, (Table II), converted from
(b) traditional Chen and Gross
(C&G) method (i.e., R,=1 and
the same terminal slope), and
revised methods with (¢) Model
1 and (d) Model 2. Solid line
has a slope of 1.0, and dashed
lines show 3-fold differences
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calculated from (iii) the Chen and Gross method (C&G), (iv) Model 1, and

(v) Model 2, for 8 compounds assessed. The in silico calculations employed the Poulin and Theil (P&T) (11, 12), Berezhkovskiy (13), Rodgers

and Rowland (R&R) (14, 15), and Lukacova (16) methods. The Y-axis denotes the predictability of each method (K,
connected to visualize the specific tissues
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In addition, Eq. A4 derived for ER is consistent with the
extended clearance model that factors membrane transport
into the elimination kinetics (18, 52). Thus, kinetic inter-
pretation of ER determined by (C;,—C,,,)/C;, would be rea-
sonable with Eq. A4 when membrane transport takes part
in the elimination process. In terms of distribution kinet-
ics, however, Eq. 30 shows that the traditional relationship
[i.e., K, =K,*(1—ER)] (19) is not always the case. When
Eq. A2 is derived based on distribution Model 2, this tra-
ditional relationship would operate properly only when
PS,,.» CL, .. For the case of PS, ,KCL, ;. ER deter-
mined by using C;, and C,,, from an isolated liver perfu-
sion study would appear to be representative of, or limited
by, f,; (Eq. A4). Since furosemide is a substrate of organic
anion transporting polypeptide 2B1 (OATP2B1) (53) and
organ anion transporters (OATs) (54-56) and cefazolin is
a substrate of OAT3 (57), the inclusions of these active
uptake kinetics in PS;, of Eqs. 33a and 33b for liver and/
or kidney would lead to improved predictions of f, and thus
the relationship ER <f;. Of note, the previous review of the
extended clearance concept (18) reported the general K,
equation as f,, . PS, /(f,(PS,,+ CL,,)), which seems to sat-
isfy the traditional relationship (19). However, the ‘true’ Kp
that is applicable for PBPK equations should be expressed in
accordance with Eq. 2, which is independent of the elimina-
tion kinetic variable, CL,, ;.

Collectively, therefore, the traditional C&G method that
facilitates conversion of C;/C, from a bolus injection to
the PBPK-applicable K, appears problematic when f, <1
in terms of two aspects: f, involvements (i) from C;/C, to
K, s (Egs. 7 and 13), and (ii) from K, ; to K, for elimi-
nating organs (Eq. 30). Compared to the traditional C&G
method, our extension considering f; shows considerable
improvement when K,  was estimated from C;/C,, particu-
larly for furosemide (Figs. 3¢ and d), the compound with
the lowest apparent PAMPA P coefficient (Table III). We
also included the blood partitioning property (R,) in the
original C&G relationship, as expanded in Shibasaki et al.
(36). Tissue concentration-time profiles were available for
furosemide (28), cefazolin (29), cyclosporine (34), and qui-
nidine (37), showing that the terminal phase slope could be
different depending on tissues. When linear pharmacokinet-
ics applies, terminal phase slopes for all biological tissue
matrices should become the same (20), which is the major
kinetic basis considered in the C&G method. However, if
terminal phases are evidently different and a limitation in
analytical methodology hinders the determination of lower
concentrations sufficient to experimentally prove the parallel
decline, Eqs. 31a to 31c could be useful for K, ; estimation.

The parameter K, denotes the lung-to-‘venous’
plasma partition coefficient, and Eq. 20 enables the theo-
retical estimation of K, ;, from bolus dose studies when

arterial C, is determined instead of C,,, ,, which should

be the theoretically complete mixture of outflow concen-
trations from various tissues and would be experimentally
difficult to measure. Levitt (58) provided site-dependent
plasma concentration-time profiles for ethanol, thiopental,
Tc-99 m-diethylene triamine pentaacetate, and ketamine,
dosed in humans (e.g., blood collected from antecubital
vein and artery). For these drugs, arterial concentrations
were higher than venous concentrations especially in the
early phase after drug administration, both of which became
comparable later in time. In a poly-exponential disposition
curve, the apparent slope could be expressed as /(). Since
Papp(D) 1n lung and arterial plasma (i.e., for short term infu-
sion, an upcurve resulting from negative coefficient) would
be mainly governed by steeper slopes (or larger positive
eigenvalues) in the early phase after drug dosing, the appli-
cation of f,,.(¢) in the term f of left-hand sides of Eqs. 18
and 19a would result in the early-phase discrepancy between
Cyenp and C,,, 1, (normalized by C; ) and between C,,, ;/
and C,, (normalized by C,) where C, > C,,, ,. With the pas-
sage of time, however, a more shallow slope emerging with
transit times such as V, /0O, (e.g., 0.0155 min for rat, and
1170/5600=0.209 min for man) and V,,/Q,, (0.0639 min
for rat and 1730/5600=0.310 min for man) (25) leads to
insignificant differences between C,,, , and C,, as observed
with the 4 drugs above.

The physical meaning of Eqs. 7 and 13 for typical tissues
is that an instantaneous equilibrium between Cand C, may
not be physically possible due to the presence of a distri-
bution rate process such as Qr and f,,,PS,,, and thus C;/C,
could be significantly larger than K, ; (Fig. 3a). The relative
error of C;/C,, for estimation of K, ; can be calculated by
rearrangement of Eqgs. 7 and 13 as:

5§

Cr/ Cp =Ky Vi Gy
Kp,ss QTf de Cp

(35)

Therefore, the direct consideration of CTJC[,, which is fre-
quently reported as the apparent tissue-to-plasma partition
coefficient, as K, ;, may be less problematic for the cases
(i) with a sufficiently long half-life, (ii) high tissue perme-
ability coefficient (higher f;), (iii) highly perfused organs
(low V4/Qy), and (iv) low CT/CP value itself. Theoretically,
steady-state K, ;; can be determined by measurements of
Cr,s and C, , after infusion as well as AUCand AUC, after
a bolus injection. Thus, when early-time tissue data are not
sufficient to adequately determine K, ;, =AUC/AUC,, our
theoretical relationships would be also useful for K,  esti-
mation from even a one-time observation of C;/C,.

Linear pharmacokinetic theories feature the same eigen-
values (or slopes) for disposition functions regardless of
route of administration (e.g., oral, subcutaneous, intramus-
cular, etc.). However, slow absorption rates lead to addi-

tion of a late exponential phase with the slope representing
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the absorption rate constant k, (i.e., first-order absorption
under linear kinetics). For the case of k, faster than 3, Egs. 7,
13, 20, and 27 would be still applicable. For flip-flop kinet-
ics (k, < f3), post-distributive concentration profiles would
decline in parallel with the slope of k, that takes the role of
terminal phase slope f in the above four equations.

While the derived extensions of the C&G method proved
advantageous for only 1 of 8 compounds where K, was
measured by several methods in rats, our methodology pro-
vides new insights into the role of tissue permeability in
PBPK models and has the potential to be relevant to numer-
ous additional drugs. For example, most of the compounds
(22 out of 24) administered to rats assessed in Jeong et al.
(22) are expected to have permeability-limited distribution
kinetics whose contribution appears in the plasma concen-
tration profiles (i.e., f,,PS;, < 1.0 X 1076 cm/s). When Benet
(59) examined 698 drugs on the market and 28,912 new
molecular entities (NMEs), 27% of the marketed drugs and
28% of NMEs fall into the BDDCS low-permeability cat-
egories 3 and 4. Since the contribution of active transport
mechanisms to the overall permeability across the biological
membranes of tissues could become dominant for such low
permeability compounds (60), caution is needed in assuming
perfusion-limited distribution and trusting in silico methods
of estimating K|, values for such cases when performing top-
down PBPK modeling.

The current approach and applications extending the
C&G method have some limitations. Firstly, only 8 com-
pounds were assessed owing to the few drugs studied where
tissue distribution data were available from both steady-state
infusions and single-dose bolus studies in rats. Non-linear
pharmacokinetics could result in potential discrepancies.
From the literature (37), nonlinear binding of quinidine in rat
blood was observed, and f,,, and R, (Table III) reflect a satu-
rable plasma concentration at 6 pg/mL with an f, P/R), value
of 1.01 x 107° cm/s. However, a lower plasma concentration
(0.455 pg/mL) of quinidine with different values of £, (0.25)
and R, (1.1) had af, ,P/R;, value of 0.955 X 107 cm/s. More
dramatic differences in f,, depending on the concentration
were observed for furosemide from 0.00716 to 0.0224 (10
to 250 pg/mL) (28), which could be variable up to 0.13 (at
10 pg/mL) (41). If a concentration decay leads to f,,P/R,
changing from above to below the threshold condition of
JupPIR, =1X% 107% cm/s proposed for perfusion-limited dis-
tribution kinetics (22), the whole-body PBPK model struc-
ture should be able to operate with the perfusion-limited
kinetics in the initial phase with higher concentrations, fol-
lowed by permeability-limited kinetics in the later phase
with lower concentrations. Nevertheless, the considera-
tion of a potentially saturable f,, for furosemide was use-
ful for reasonable correction of C;/C,, to K, ; (Figs. 3¢ and
d). Kitani et al. (28) showed furosemide concentrations in
gut (Cgyy) that were consistently around 100 pg/mL when
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plotted against free concentrations in plasma (C,,) from 0.1
to 10 pg/mL, suggesting a possibility of saturated binding
properties in the C,, range ([nP] KC,,). However, this inter-
pretation would need further refinement since instantaneous
equilibrium between C,, and C,; may not be achieved for
furosemide due to its low permeability. For methotrexate,
non-linear distribution to liver, kidney, and bone marrow
of rats was evident with increased C;/C, over time (61).
Quinidine was suggested to be distributed into rat liver in a
concentration-dependent manner, resulting in a liver-specific
B (37). When non-linear kinetics is evident, however, the
application of ;;in Eq. 31c may be problematic. For quini-
dine, Eq. 31c was not sufficient for more reliable estimation
of K, ;, compared to the C&G method since the perfusion-
limited liver model would be applicable based on f; values
close to 1 (e.g., 0.981 and 0.807 for Models 1 and 2).

In line with this, the majority of the data points with
C;/C, values larger than K,  found in Fig. 3a supports the
contribution of an equilibrium process between plasma and
tissues after bolus dosing, while many of the points remain
under the unity line in Figs. 3¢ and d even with our consid-
eration of f; in the C&G method. When the plasma (blood
for dexamethasone and cyclosporine) concentrations (pg/
mL) measured for the calculations of C//C, and K,, ;; are
collected for furosemide (11.7 and 111), cefazolin (84.5
and 77.5), methotrexate (3.11 and 11.1), etoposide (1.3 and
15.9), dexamethasone (0.00145 and 0.355), cyclosporine
(0.2 and 0.49/2.7), propranolol (0.501 and 0.830), and qui-
nidine (0.763 and 0.843), the values from bolus studies are
smaller than, or comparable, with steady-state values. If
non-linear kinetics are involved with tissue binding and/or
uptake processes (e.g., driven by plasma concentration), then
lower plasma concentrations after bolus injections may lead
to C;/C,-derived estimates that are generally higher than
K, ;- In addition, the 7,,, for determining C;/C, would need
to be long enough to ensure the parallel decline between
plasma and tissues. In rats, the terminal phase half-life of
etoposide at #,,, = 1 h was 20 min (31) whereas the half-life
at 1;,, = 8 h was 110 min (62). Thus, determination of C;/C,
for etoposide at a later phase would reflect more complete
achievement of equilibrium between plasma and tissues. For
compounds having time-dependent (rather than rapid) distri-
bution into red blood cells as shown for tacrolimus (63) and
metformin (64), it would be necessary to use the equilibrated
R, value in Egs. 7, 13, 20, and 27 derived in this study.

Conclusions

Over time, many complexities have been encountered
in pharmacokinetics and application of PBPK models.
These include the involvement of plasma and tissue drug
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binding, red blood cell distribution, permeability-limited c - Cry OrfaRpK,
tissue uptake, transporters, alternative organ models, and = (Alb)

others (50). Since determinations of tissue concentrations
at different times are labor-intensive and time-consuming
when assessing many different tissues, the C&G method
was derived to enhance the practical utility of a one-time
measurement of C;/C, » in the terminal phase. However, it is
evident that the perfusion-limited distribution is not always
the case in PBPK models (22) and thus this report primarily
addresses our extension of the C&G method for the extent
of tissue distribution (e.g., C;/C, and K, ) that are theoreti-
cally associated with the distribution rates (e.g., Qrand f,,P-
S;,). We herein included the fractional distribution parameter
[,;» which readily enables considerations of membrane per-
meability limitations in the rate of tissue distribution, into
the traditional C&G concept. The theoretical relationship
between C,/C,, and K, ;; was derived for typical non-elimi-
nating (Eq. 3), eliminating tissues (Eq. 4), lung (Eq. 20), and
liver (Eq. 27). When different terminal slopes are obtained,
a tissue-specific f; can be applied based on a linear kinetic
assumption. We demonstrated the theoretical conversion
of C4/C, to K, , measured for 8 compounds with a wide
range of apparent PAMPA P coefficients. For conversion
of K, ; to the PBPK-applicable K, for eliminating organs,
we showed that the traditional correction method utilizing
ER would not be valid when f,<< 1. When more realistic f;
values are considered along with the inclusions of a passive
component of tissue permeability, the current extension of
the C&G method should increase the utility of interpreting
tissue-plasma concentration ratios in PBPK. Lastly, while
the use of 8 compounds represents a limited database, it is
noteworthy that none of the four in silico methods performed
well with a considerable spread of K, ratios among the up
to 11 tissue types. It should be kept in mind that published
graphs showing concordance of calculated versus measured
K, values feature data from diverse drugs and tissues in log-
log plots where discrepancies are obscured by such a wide
scaling of data. Predictability should be considered as only
approximate with limited confirmation possible by calcula-
tion of in vivo Vg values.

Appendix

Eq. 8, which is another expression of Eq. 28, can be re-
written for a steady-state condition by considering C, as the
input concentration as:

CTss/Cin Ss
R, . [1 - =27
OrfaRy, < X

D

mn,ss

CT,ss
> - CLu,intfuT : C =0 (Ala)

PSS Cin,ss QdeRb + CLu,inzfuTKP

In addition, Model 2 is structurally the same with the
extended clearance model for membrane-limited transport
(18, 52). Substitution of Eq. 33b into Eq. A1b leads to:

K _ P Sout . QTRb K
p’S‘Y - > CLI(.[V!I p
PS(;ut + CLu,ml QTRb +f;lpPSin . —PS(M_'.CL’A -
(A2)

From Eq. 28, a steady-state condition leads to the follow-
ing relationship for a traditional organ extraction ratio (ER):
Cipe—C

in,ss out,ss _ CLu,inxfuT . CT,ss _ CLu,inzfuT
Cin,xs B QTRb Cin,xs B QTRh b
(A3)
Expanding Eq. A3 for Model 2 with Eq. A2 can be con-
sidered as:

ER =

CLM.HII
ER fupPSin PS,,+CL, ., fupPSin f
= < _
CLyyjny R, +f PS. d,Model2
QTRb +f;¢pPSin " PS +CL QT b fup in

out w,int

(A4)

which is consistent with the previous literature (18, 52) for
hepatic clearance as the product of the plasma flow (Q;R,)
and ER in Eq. A4.
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