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Mean Residence Time of Oral Drugs Undergoing First-Pass
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Equations for the mean residence times in the body (MRT) and AUMC/AUC of a drug and its
metabolite have been derived for an oral drug undergoing first-pass and linear reversible metabolism.
The mean residence times of the drug or interconversion metabolite in the body after oral drug are
described by equations which include the mean absorption time (MAT), the mean residence times of
the drug or metabolite in the body after intravenous administration of the drug, the fractions of the
dose entering the systemic circulation as the parent drug and metabolite, and the systemically available
fractions of the drug (FE) or metabolite (F%,). Similarly, the AUMC/AUC of the drug and metabolite
after oral drug can be related to the MAT, ratios of the fraction of the dose entering the systemic
circulation to the systemically available fraction, the first-time fractional conversion of each com-
pound, and AUMC/AUC ratios after separate intravenous administration of each compound. The F§
and F%, values, in turn, are related to the first-pass availabilities of both drug and metabolite and the
first-time fractional conversion fractions. The application of these equations to a dual reversible
two-compartment model is illustrated by computer simulations.

KEY WORDS: oral administration; mean residence time; reversible metabolism; first-pass metabo-

lism; pharmacokinetics.

INTRODUCTION

Reversible metabolism complicates pharmacokinetic
analysis and caution must be exercised in estimating phar-
macokinetic parameters such as clearances (1-4), bioavail-
ability (5,6), steady-state volumes of distribution (7), and
mean residence times (8,9). Although many methods for ob-
taining pharmacokinetic parameters for drugs undergoing re-
versible metabolism have been presented (1-12), except for
the approaches of Hwang et al. (5,6) and Nagamine et al.
(10), they have been limited to the consideration of intrave-
nous drugs. This report presents methods for calculating the
mean residence time (MRT) and the ratio of the first to the
zeroth moments of the plasma concentration-time curve
(AUMC/AUC) parameters for an oral drug undergoing linear
reversible metabolism.

THEORETICAL

For a drug (p) and its interconversion metabolite (m),
both following a two-compartment model with central (V)
and peripheral (V1) compartment volumes (Fig. 1), the rate
of change of the amount at the absorption site [A(f)] and the
rates of change of drug and metabolite plasma concentra-
tions [CE'P°(r) and CEP°(s)] and tissue concentrations
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[CBPo(1) and CEE°(#)] following an oral dose (DP°) of the
drug can be described by the following equations:
dA@/dt = —k, - A(D) )
Vrp - dCYE(0/dt = ~ksy  Vp - CRE(D)
+ ki3 Vep Cg’po(t) Q)

Vep - dCRP(dt = ky - f7 - AWD) + ki - Vrp - CR°(D)

— ki - Ve - CBP(1)

+ kyy + Vem - CEPD) 3)
Vem = dCRPOWlde = ky - fF, - AW) + kiz - Ve - CPP°(1)

— ky + Ven - CEPOD)

+ kay * Vim - CRR°(0) @)
Vim + dCRRO(D/dt = kg + Ve - CRPO()
— ksp * Vrm - CRR() 5)

with initial conditions of A(0) = DP?° and CPP°(0) =
C%?°(0) = 0, and where the superscripts denote the dosed
compound and the route of administration, po refers to oral
administration, the subscripts represent the measured com-
pound, k, is the first-order rate constant for loss of drug from
the absorption site, f§ and f}, are the fractions of the dose
entering the central compartment intact as the parent drug
and metabolite following oral administration of the drug, and
the summary rate constants are k, = ko + k,, + k53 and k,
= kyy + ky, + k5. The other symbols are depicted and
defined in Fig. 1. This model and equations assume entirely
linear conditions and that first-pass effects on drug or me-
tabolite are instantaneous and do not entail an intermediary
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Fig. 1. Two-compartment models of reversible drug metabolism
based on metabolic (thick arrows; CL;) and distribution (thin ar-
rows; CL,) clearances (top) or rate constants for metabolism and
distribution (bottom), where k; (i = 1,2,3,0r4;j =0,1,2,3, or
4) are the first-order rate constants. Vc,, Vc,, VT, and V1, are the
apparent volumes of distribution of the central (c) and tissue (T)
compartments of the drug (p) and its metabolite (m).

hepatic compartment between the absorption site and the
systemic circulation. From Egs. (1)-(5) the following equa-
tions for the parameters of the area under the plasma con-
centration—time curve (AUC) can be derived:

AUCPP® = DPPO - (fb - CLyp + fr, - CLay) ©
p CLy; - CLyp — CLy; - CLy

AUCPPO — Drpe - (fp CLp; + fp CL1) )
m CL,; - CLy; — CLy; - CLy

with clearances as depicted in Fig. 1 and summary clear-
ances of

CL,, =CL,, + CL,, and CL, = CL,, + CL,,

®)
The following equations have previously (9) been derived

following an intravenous (iv) bolus dose of the parent drug
(Dp,iV):

AUCEY = Do Clay ©)
P CL;; - CLy — CLy2 - CLy
» DPY - CLyp
PV = 10
AUCq CLj; - CLy — CLy; - CLyy 10
) D™ . CL,,

m,v _ 11
AUG CLy - Cly — CLyz - CLyg 1y
D™ - CL
AUCT" = 1 (12)
CLy; - CLy — CLy2 - CLyg

9

Combining Eqs. (6) and (9) as well as Eqs. (7) and (12) sep-
arately yields

AUCEP° - pPi¥

AUCE™ - Dpoo = fb+ fh - CLu/CLy = f} + fh * fim
(13a, b)
AUCEP - D™
AUC™Y . pppo = fh + f5 - CLp/CLyy = f§, + f3 " fip
i (14a, b)
where fi,, = CL,,/CL,, and f;, = CL,,/CL,;, which repre-

sent the fractions of first-time conversion of metabolite to
drug, and vice versa, following intravenous dosages of each
(7). By definition, the systemically available fractions of the
drug (FF) and the metabolite (F},)) can be calculated as fol-
lows:

AUCE®® - P

P = ;

Fr AUCE"Y - DPpe 15
, _ AUCRP® - D™V

P = AUCRY - DPPe (16)

Combining Egs. (13) and (15) as well as Eqs. (14) and (16)
separately yields:

> AUCPP? - DY L
FPZW:fP+fm'f‘lm (17a, b)
P
. AUCRPo . pmiv o )
Fo = xucev pom =S T f5 S (182,D)
m

In addition, the following equations can be derived from
Egs. (1)-(5) (see Appendix):

MRTEP® = 1/k, + F§ - MRTE™/(fS + fB)  (19)

MRTEP® = Uk, + F2 - MRTRV/(f2 + fP)  (20)
AUMCEP/AUCE™ = 1/k, + (f}/FF) - AUMCE™/AUCE"

+ fim - (FB/FD) - AUMCRY/AUCEY

2y

AUMCEP/AUCPP® = 1/k, + (fR/F2) - AUMCRY/AUCTY
+ fip - (FRIFE) - AUMCRMAUCKY

(22)

where MRTEP® and MRTEP® are the mean residence times
(MRT) of the drug and metabolite in the body after oral
administration of the drug, MRTE" and MRT"™ are the
MRT of the drug and metabolite after their intravenous ad-
ministration, and AUMC is the area under the first moment
curve. From Egs. (19)-(22), we derive the following.

(i) When f§ < 1 and f§, = 0 (no first-pass metabolism),

MRTS® = 1/k, + MRTS" 23)
MRTPP® = 1/k, + MRTE (24
AUMCRP | AUMC"
AUCE™ k| AUCE™ @
AUMCEP® | AUMCRY
AUCE™ ~ k" AUCEY 26)
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Subtracting Eq. (25) from Eq. (26) yields
(AUMCEPY/AUCEFP?) — (AUMCEPY/AUCE??) =

(AUMCEM/AUCEY) — (AUMCg'i"/AUCI‘,’"") 27
Here we define this relationship as A(GAUMC/AUC)P°
AAUMC/AUC)P® =

(AUMCE;P/AUCEP?) — (AUMCEP/AUCEP?)  (28)

Combining Eq. (27) with Egs. (9), (10), (A19), (A20), and (28)
yields

A(AUMC/AUC)Y® = VWCL,, 29)
From Eq. (29) it can readily be shown that
A(AUMC/AUC)*® = MRT™/EE (30)

where EE is the exposure enhancement parameter, which is
defined as (7)

EE =1+ Cliz - Clon 31
h CL]O - CLy + CLy - CLj3 + CLjp - CLy G
(i) When f& = 0 and f&, <1,
MRTE® = 1/k, + MRTp (32)
MRTEP® = 1/k, + MRTR" 33)
AUMCE™ 1 AUMCR"
AUcPr T L T TAucmy (34
AUCP™ — k, ' AUCP
AUMCEP® | AUMCRY
AUeEo kT TAtemi (35
AUCEP ~ k,  AUC™
Combining Egs. (28), (34), and (35) yields
A(AUMC/AUCY® = ' .
(AUMCR/AUCE™) — (AUMCT-V/AUC™™)  (36)

EXPERIMENTAL

The evaluation of the proposed relationships was illus-
trated with simulated plasma data of a hypothetical drug and
its interconversion metabolite resulting from separate iv
doses of the drug and its metabolite and oral administration
of the drug. The iv data have previously (9) been generated
from a dual two-compartment model with the following pa-
rameters: D> = 5 mg, D™V = 5 mg, Vc, = 73.4 liters,
Ve, = 39.0liters, k;o = 0.817hr =%, kyy = 0246 hr !, k), =
0.188 hr™ %, ky; = 0.385hr™ Y, ki3 = 0.123 hr ™1, &y, = 0.300
hr~1, ky, = 0.103 hr ~*, and k,, = 0.400 hr ~'. The oral data
were generated with the above disposition parameters and
the following parameters: DPP° = Smg, k, = 1.0hr~ ‘,fg =
0.6, and fF, = 0.4.

The values of AUC, AUMC, AUMCEP/AUCEP°, and
AUMCE;P°/AUCE;P° were calculated using the LAGRAN
program (15). Values of MRTE?°, MRTEP°, AUMCE P/
AUCE??, and AUMCE;P°/AUCK;P° were also calculated us-
ing Egs. (19)-(22)]

RESULTS

The simulated plasma concentration versus time pro-
files from the oral dose of parent drug and the calculated
pharmacokinetic parameters are presented in Fig. 2 and Ta-
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Fig. 2. Simulated concentration-time profiles for the two-
compartment model of reversible drug metabolism following an oral
dose of parent drug. Parameter values are listed under Experimen-
tal. Profiles of parent drug (—) and metabolite (---).

ble 1. As shown in Fig. 2, the drug given by oral administra-
tion shows an absorption/distribution profile, while its inter-
conversion metabolite shows an absorption/formation/
distribution phases. Both curves attain a maximum
concentration followed by a multiexponential decline. As
expected for a linear, equilibrium system, the two curves
eventually attain a terminal phase with parallel slopes. These
slopes (\ = 0.10 hr ™ !) are identical to those found previ-
ously when simulating iv dose disposition.

Table I lists values of the AUMC/AUC and mean resi-
dence times. Values of MRT,'?° and MRTE;P® are 2.33 and
2.15 hr. Corresponding values of AUMCEP°/AUCE*® and
AUMCE;P°/AUCE:®° calculated from Egs. (21) and (22) are
longer, 3.41 and 3.74 hr. These calculated values are identi-
cal to those obtained by numerical integration using the
LAGRAN program. In comparing the oral and iv dose AUC
ratios [Eqgs. (15) and (16)], the calculated value of F§ = 0.84,
while FE, = 0.51. These results agree well with values ob-
tained from the composite functions [Eqs. (17b) and (18b)].

DISCUSSION

Equations for the MRT and AUMC/AUC parameters of
an oral drug obeying a two-compartment model and subject
to linear reversible metabolism have been derived. Accord-
ing to Eq. (19), the MRTP*° is a function of the mean ab-
sorption time (1/k,), MRTE", f%, f7, and systemically avail-
able fraction of the drug. Similarly, as shown in Eq. (20), the
MRT?;P° is determined by analogous factors for the metab-
olite. When there is no first-pass metabolism (i.e., f5 < 1 and
fE = 0), Egs. (19) and (20) degenerate to Egs. (23) and (24).
Conversely, when all the drug is converted to its metabolite
after first pass (i.e., f§ = 0 and f§, < 1), Eqs. (19) and (20)
simplify to Egs. (32) and (33). In all of these instances, it is

Table I. Estimates of Mean Residence Times and AUMC/AUC for
a Two-Compartment System

Parameter
(units) Eq. no. Value
MRTEP° (hr) 19 2.33
MRTE;P° (hr) 20 2.15
AUMCE*°/AUCE P (hr) 21 3.41
AUMCEP/AUCE;P® (hr) 22 3.74
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noteworthy that the MRT for the measured compound can
be generalized as

MRT,P® = MAT +

(‘“fraction available™) - MRT,V/(f5 + f%) (37

where MAT is the mean absorption time. This requires that
drug and metabolite be administered iv for calculation of
MRT, ™.

According to Egs. (21) and (22), the AUMCEP°/
AUCEP® and AUMCE;P/AUCE;P are functions of the mean
absorption time, several fraction values, and first moment/
area ratios. They are contributed by two routes of input: (i)
absorbed drug or metabolite that enters the systemic circu-
lation and (ii) drug or metabolite formed by reversible
biotransformation. The overall oral dose AUMC/AUC ratios
are the sums of these two routes of input with respect to their
weights of contribution, as reflected in the fractions of f}/Fp
or fim, - (f5/F%) proceeding the AUMC/AUC values in Eq.
(21). Obviously, these moment area ratios are not equal to
the true MRT values. Thus, the common approach for cal-
culating MRT of oral drugs using moment analysis is not
valid when first-pass reversible metabolism occurs. How-
ever, the AUMC/AUC parameter remains of analytical value
owing to its ease of computation and the ability to relate it to
the MAT. According to Eq. (21), MAT can be calculated
from the AUMC/AUC ratios, f,,, and three available frac-
tions. f;,, and one of these fractions, F}, can be obtained
from dose-normalized AUC ratios. The other two fractions,
f? and f%,, can be calculated from the following equations

6):

, _ (AUCBP - AUCRY — AUCE™ - AUC™") - D7

P (AUCEY - AUCDY — AUCEY™ - AUCTY) - DPP°
(38)

, _ (AUCEP - AUCE" — AUCR™ - AUCE™) - D™V

™ (AUCEY - AUCRY — AUCE™ - AUC") - DP#°
(39)

Similarly, MAT can also be obtained from Eq. (22). Thus, it
is feasible to employ Eq. (21) or (22) to generate the value of
MAT.

When there is no first-pass metabolism, Egs. (21) and
(22) degenerate to Eqs. (25) and (26). Conversely, when all
the drug is converted to its metabolite after first pass, Eqs.
(21) and (22) simplify to Eqs. (34) and (35). When the
biotransformation of the drug is irreversible (i.e., CL,, = 0,
fim = 0), Eq. (21) degenerates to Eq. (25) and the oral dose
AUMC/AUC is simply a function of MAT and the iv dose
AUMC/AUC ratio. However, under this condition, Eq. (22)
remains the same. Thus, Eq. (22) is also meaningful for oral
drugs not undergoing reversible metabolism. Similarly, ac-
cording to moment theory, Eq. (25) is also valid for oral
drugs not undergoing reversible metabolism (16-18). More-
over, for such drugs, the validity of Eq. (25) is not limited to
the case of no first-pass metabolism. In essence, the AUMC/
AUC ratio for the metabolite reflects a catenary sum of the
MAT and fraction ratio-weighted AUMC/AUC values for
metabolite following iv administration of drug and metabo-
lite. However, first-pass metabolism complicates the addi-
tive properties of moment theory described in Eq. (25).
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Recently, the effects of first-pass metabolism on the de-
termination of metabolite mean residence time after oral ad-
ministration of parent drug not undergoing reversible metab-
olism were examined by Chan and Gibaldi (19). As pointed
out by them, for drugs not undergoing reversible metabolism
and significant first-pass metabolism, A(AUMC/AUC)?° (or
delta MRT in Ref. 19) equals MRTm’i". However, as shown
in Eq. (30), for drugs undergoing reversible metabolism,
A(AUMC/AUC)P® does not equal MRT™; instead, it
equals MRT™'/EE. Thus, in addition to complicating the
meaning of the MRTg’i" calculated from the moment theory
(8.,9), reversible metabolism also confounds the meaning of
the MRT™" calculated from A(AUMC/AUC)P°.

According to Eq. (36), if AUMC®"/AUC™"" is smaller
than AUMC;“""/AUC;‘"", A(AUMC/AUC)P° will be nega-
tive. This negative value of A(AUMC/AUC)?° indicates the
occurrence of first-pass metabolism. However, a positive
value of A(GAUMC/AUC)?° does not reflect the absence of
first-pass metabolism. Similar indications have also been re-
ported recently by Chan and Gibaldi (19) for drugs not un-
dergoing reversible metabolism.

Finally, although the equations derived in this work
have been based only on the two-compartment model, the
above discussion and these equations are valid for an oral
drug and its interconversion metabolite obeying any multi-
peripheral compartment model with elimination from the
central compartment. Also, the term MAT can be used in
place of 1/k,, providing that the absorption kinetics of the
drug do not affect the first-pass availabilities of drug and
metabolite.

APPENDIX

The coefficients of Egs. (1)=(5) may be written as one
matrix B:

—ka 0 0 0 0

0 ~kyy ki3 O 0
B=|fp ki ki —ki kn O (AD)
fhka O kiy  —ky ko
0 0 0 k24 —k42
The determinant of B, B, can be obtained from B as
B =k, ks kyy o (kyy kyy — Koyt k)
=k," k31 “kay (A2a, b)

where k, = k|, - k», — ky, * k;;,. The negative of the in-
verted matrix, —B™!, is

-By/B —By/B —By/B —By/B —Bsi/B
—B;)/)B —By/B —Bup/B —Bp/B —Bsy/B
—-B™!=| —Bj3JB —Bn/B —-Bwu/B —Bu/B —BsiB
—By/B —Bu/B —B3/B —By/B —Bsi/B
—Bis/B —Bys/B —B:s/B —Bys/B —Bss/B
(A3)

where B; (i,j = 1-5) are the adjoints of the minor matrix for
row { and column j of B. It can readily be shown that
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By = —ky ki - kap - ko

By = —kiy - ko - kaz - (Ff - k2 + f1, -
By = —k3y - ko~ ka2 () - ka2 + £y
Biy = —k3i - ka - kqp - (fp - ki + £y
Bis = k31 ko kpa - (Y- k2 + fT,

According to the stochastic approach (13,14),
and MRTE;P° can be calculated as follows:

MRTE™ =
MRTEP =

k2y)
k21)
k1)
k1)

—(Bn/B) — (Biz + Biy)/[(fy + f) - Bl
—(By/B) — (Bus + Bis)/[(f} + f1) - Bl

(A4)
(AS)
(A6)
(A7)
(A8)

the MRTEP°

(A9)
(Al0)

Substituting Eqs. (A2b) and (A4)-(AS8) into Eqs. (A9) and

(A10) yields

MRTE™ = 1/k, + (% - kn + £ - kyy)
[+ a3ksDVIG G + fR)
Vky + (f3 - k2 + fo, - ki)
1+ (kadkaVI(fp + fr)

MRTEP =

The traditional equations for V%, and V{, are

VE =1 + (kislksp] - Vep
Va = [1 + Uaslkad)] - Ve

Also, the mean residence times of the drug (MRTS"") and of

- k)

" k)

(All)

(A12)

(Al13)
(Al14)

its interconversion metabolite (MRTT") after their separate
iv administration can be calculated as follows (9):

MRTE"Y = VP - CLyp/(CLy; - CLy; — CLyz - CLy) (A1)
MRT™" = V™ . CL;;/(CL; - CLy — CLy; - CLy)  (A16)

Combining Egs. (A11), (A13), (A15), and (17) as well as Eqs.
(A12), (A14), (A16), and (18) separately yields Egs. (19) and

(20).
The following equations can also be derived from Egs.
(1=(5):
AUMCEP®
AUCRP "~ k,

fB (VB - CLy? + Vi - CLy; - CLay)

+
(CLj1 - CLy — CLyy - CLyy) - (ff - CLyp + f§, - CLay)
fgl . (VspS . CL21 . CL22 + Vg; . CL2| - CL1y)

+
(CLyy - CLy, — CLyz - CLyy) - (fp - CLyp + f7, - CLy)

(A17)
AUMCEP |
AUCPP® ~ k,
N fp - CLi2 - (Vi - CLy + V5 - CLyy)
(CLy; - CLy; — CLyy - CLyy) - (fp - CLiz + 1, - CLn)
N fB - (V& - CLjz - CLy + Vi - CLy?)
(CLy; - CLyy — CLyy - CLyy) - (fp - CLyz + f4, - CLyp)
(A18)
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The following equations have been derived previously (9):

DPiv . (Vgs . CL222 ¥ V;T; - CLy; - CLyy)

D,iv
AUMC] (CL;; - CLy — CLy; - CLy))?
(A19)
Aumced = 22 Cliz - (VG CLay + V55 - CLy)
" (CLy; - CLy; = CLy3 - CL21)2
(A20)
AUMCH = D™V - CLy - (Vi - CLy + Vi3 - CLyy)
P (CLy; - CLyp — CLy; - CLyy)?
(A21)
AUMC™Y = D™V - (VE - CLy3 - CLy; + Vi - CLy?)
miv -

(CLy; - CLy, — CLj; - CLyy)?
(A22)

Thus, combining Eqgs. (9), (11), (17), (18), (A17), (A19), and
(A21) as well as Eqs. (10), (12), (17), (18), (A18), (A20), and
(A22) separately yields Eqgs. (21) and (22) for the AUMC/

AUC ratios.

NOMENCLATURE

A Amount of compound in absorption site at
time ¢

AUC Area under the concentration—-time curve

AUMC Area under the first moment curve (integral of
tC(t) versus f)

CL,, Conversion clearance of parent drug to
metabolite

CL,, Conversion clearance of metabolite to parent
drug

CL,, Sum of all irreversible elimination clearance
processes operating on parent drug

CL,, Sum of all irreversible elimination clearance
processes operating on metabolite

CL,, Sum of conversion (CL,,) and all irreversible
elimination (CL,,) processes operating on
parent drug

CL,, Sum of conversion (CL,,) and all irreversible
elimination (CL,,) processes operating on
metabolite

CL,, Distribution clearance of parent drug

CL,,, Distribution clearance of metabolite

C, Plasma concentration of parent drug at time ¢

Cn Plasma concentration of metabolite at time ¢

Crp Tissue concentration of parent drug at time ¢

Crm Tissue concentration of metabolite at time ¢

D Administered dose

EE Exposure enhancement parameter

5 Fraction of the oral dose entering the central
compartment intact as parent drug

r Fraction of the oral dose entering the central
compartment as metabolite

Fp Systemically available fraction of drug

F?, Systemically available fraction of metabolite

fip Fractional.ﬁrst-time conversion of drug to
metabolite (iv dose)

Im Fractional first-time conversion of metabolite
to drug (iv dose)

k First-order rate constant for parent drug and

metabolite loss from the absorption site
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ko First-order elimination rate constant of parent
drug

ks First-order elimination rate constant of
metabolite

ky» First-order conversion rate constant of parent
drug to metabolite

ks, First-order conversion rate constant of
metabolite to parent drug

ki3 First-order rate constant for drug distribution
from central to tissue compartment

ks, First-order rate constant for drug distribution
from tissue to central compartment

kyy First-order rate constant for metabolite
distribution from central to tissue
compartment

ks First-order rate constant for metabolite
distribution from tissue to central
compartment

MAT Mean absorption time of compound

MRT Mean residence time of compound in body

Ve, Central volume of parent drug

Vem Central volume of metabolite

Ve Apparent tissue volume of parent drug

Vim Apparent tissue volume of metabolite

Ve, Steady-state volume of distribution, parent
drug

Va Steady-state volume of distribution, metabolite

Superscripts

porm Administered parent drug (p) or metabolite (m)

po Oral administration of indicated compound

iv Intravenous administration of indicated
compound

Subscripts

porm Measured parent drug or metabolite
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