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Metabolite Formation Pharmacokinetics: Rate and Extent
of Metabolite Formation Determined by Deconvolution
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A two-step analytic procedure to determine the rate and extent of metabolite production following
administration of the parent compound is described. The procedure provides the rate and extent of
metabolite production as a function of time by application of the general model independent approach
of deconvolution. The metabolite unit impulse response function is obtained by implicit deconvolution
of the metabolite data with a truncated constant-rate metabolite input function. Then the obtained unit
impulse response function is used in an analytic deconvolution with metabolite data following admin-
istration of the parent compound to obtain the rate and extent of metabolite production. The input
function is also deconvolved with metabolite data to obtain the unit impulse response function appro-
priate for prediction of metabolite levels given a selected input of parent compound. The expected
profile following administration of the consecutive infusions of parent drug is shown for both parent
and metabolite. The rationale for selection of deconvolution methods is discussed. The approach is
applied to data for procainamide and N-acetylprocainamide from three human subjects. The results
indicate that from 27 to 39% of the procainamide was converted to N-acetylprocainamide in these
subjects.
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INTRODUCTION

The pharmacokinetics of metabolite production influ-
ence therapy in primarily two ways. First, since metabolism
serves as a route of elimination, the concentration profile of
the parent compound is affected by the metabolic process
(1). Second, the metabolite may have activity. Sutfin and
Jusko published an extensive review discussing 41 com-
pounds which have active metabolites (2). In cases such as
the conversion of acetylmethadol to noracetylmethadol the
metabolite has greater activity.

Metabolite formation may not necessarily be describ-
able by a simple first-order rate constant. More complex
mechanisms may be involved. For example, in the produc-
tion of oxazepan from diazepam, one of two intermediary
compounds is produced, either N-desmethyldiazepam or
oxydiazepam (2).

We present 2 method of examining the process of me-
tabolite formation based solely on the qualities of linearity
and time invariance. In contrast to traditional techniques,
the rate and extent of metabolite production are determined
as a function of time (1). Whereas previous methods give a
final value, such as 28% metabolized, this approach pro-
vides an equation from which a plot of both the rate and the
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extent of metabolite production can be made. For example,
such an analysis might indicate that at 2 hr 8% of the parent
drug had been converted to metabolite, at 3 hr, 13%, and so
on. One could also determine that point at which metabolite
formation was at its peak rate by examining the rate plot or,
more directly, by setting the first derivative of the rate func-
tion to zero and solving for time. This approach does not
require complex compartmental models. The approach
makes no assumptions with regard to the nature of the me-
tabolite formation kinetics, only that the kinetics of the me-
tabolite itself be linear and time invariant. It does not require
that the site of elimination of the metabolite be the site of
sampling. This is to say that it does not require that clear-
ance be constant. It is assumed that the rate of metabolite
delivery to the site of sampling is, for all practical purposes,
the rate of metabolite production. In other words, the rate of
transfer of the metabolite from the site where it is produced
to the site of sampling is a relatively fast, non-rate-limiting
step (3).

The second goal of this communication is to show that
the same basic qualities of linearity and time invariance can
be used to obtain a function useful in the prediction of me-
tabolite concentrations which would result from some se-
lected administration profile of the parent compound. For
the previous objective no assumptions were needed re-
garding the nature of metabolic conversion. This goal, how-
ever, requires that the conversion be such that the relation-
ship between the administered parent compound and the re-
sulting metabolite be linear and time invariant.

347 0724-8741/88/0600-0347806.00/0 © 1988 Plenum Publishing Corporation



348

THEORETICAL BACKGROUND

In the most general sense, a system may be defined as
an input—response pair. Typically, in pharmacokinetic appli-
cations, the input into the system is the rate of drug absorp-
tion or infusion, and the response is the resulting drug
plasma or serum concentrations.

The relationship of an input to a response for a linear,
time-invariant system is described by the convolution inte-
gral (4-6)

h(t) = f AD gt — T)dT M)
(i)

which may be stated in the following shorthand notation (6):
ny = R * g ¥

where A(f) denotes the response—time function, f{¢) denotes
the input—time function, g(¢) denotes the unit impulse re-
sponse (also known as the weighting function), and * de-
notes convolution.

In the context of pharmacokinetics, Eq. 2 may be stat-
ed as

c(t) = f1) * c5(2) 3)

where f{#) denotes the rate of drug input at any point in time,
¢(?) denotes the resulting concentration vs time profile (the
response), and c(¢) denotes the unit impulse response.

Solving for the function on the left side of the equation
is referred to as convolution. Finding either element on the
right is deconvolution. The typical procedure is as follows.

Drug is administered with a known rate of input, usually
as a bolus or iv infusion. Thus, the input function f{(¢) is
known. The resulting drug concentration is measured, con-
stituting the function c¢(¢). Given f{t) and c(?), the third func-
tion of the expression, c(¢) is determined by deconvolution.
Once cg(t) is known, the system is completely characterized
with regard to the input—response pair. For any known input
the response may be determined. Conversely, for any mea-
sured response, the input needed to produce that response
may be determined. An example of the latter is the determi-
nation of bioavailability profiles where the rate and extent of
absorption are given as a function of time (8).

The input—response pair may be defined in other ways
for other purposes. In this work, two different input-—re-
sponse pairs were used, defining two ‘‘systems.”’ Each
system was defined with different objectives in mind and the
results require different assumptions for interpretation. The
first system was defined as the input of metabolite (NAPA)
paired with a resulting plasma metabolite (NAPA) concen-
tration. With the system defined in this way, any production
of metabolite is a system input. Thus, once the unit impulse
response for the metabolite [c4(f)y] is known, deconvolution
may be applied to determine the rate and extent of metabo-
lite production following administration of the parent com-
pound. Rate and extent are given not only as final values but
as a profile across time. The only requirement for the tech-
nique to be valid is that the pharmacokinetics of the metabo-
lite be linear and time invariant. No assumptions need to be
made with regard to the pharmacokinetics of the parent
compound. Since the input into a system is external and not
part of the system, no assumptions are needed with regard
to the nature of the metabolic process. Thus, even if the
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metabolite was produced by Michaelis—Menton kinetics,
the approach would still be valid. It is assumed that the pro-
duced metabolite is returned to the systemic circulation. If a
sequential first-pass effect occurs, metabolite produced and
eliminated before being returned to the systemic circulation
would not be included as part of the metabolite produced
o).

The second system addressed in this work relates the
administration of parent compound (procainamide) (input)
to the resulting plasma concentration of metabolite (NAPA)
(response). By defining a system in this way the expected
metabolite concentration profile resulting from any given
parent compound administration may be predicted without
the necessity of complex modeling. The only assumption is
that the relationship between parent compound administra-
tion and metabolite be linear and time invariant.

Deconvolution is accomplished by one of three basic
means. They are analytic, numeric, and implicit. The analyt-
ical method provides an ‘‘algebraic’’ solution to the decon-
volution problem. Examples of the analytic approach in-
clude the programs DECONYV (8) and DCON (7). These pro-
grams contain within them a numeric root-finding algorithm,
however. To use these programs, the functions to be decon-
volved must be presented in the form of a sum of exponen-
tials. The result is returned as a sum of exponentials.

Numeric methods include the point—point and the
point—area algorithms (10,11). These techniques operate on
actual data in a stepwise fashion starting with the first point.
They require either equally spaced data or interpolation and
perform best when data collection is dense.

The third technique is implicit deconvolution. For pur-
poses of discussion, assume that the goal of this particular
deconvolution is to find the unit impulse response function
cs(?) in the expression

c(r) = cg(t) * f1) O]

The input function f{z) is known and a functional form for
cs(2) is assumed. The function c4(¢) is analytically convolved
with f{7) to generate the expected form of the response func-
tion c(#). This function will have parameters from only two
sources, c;(z) and f{r). The parameters from f{f) are known.
Therefore, all of the unknown parameters of c(z) are the de-
sired parameters of ¢;(f). By fitting ¢(¢?) to the data, the pa-
rameters of c;(f) are determined implicitly.

PHARMACOKINETIC ANALYSIS

The primary objectives of this work are (i) to demon-
strate a method of determining the rate and extent of pro-
duction of a metabolite as a function of time given the ad-
ministration of a parent compound and (ii) to present a tech-
nique of predicting expected metabolite levels resulting from
an input of parent compound. No assumptions are made
with regard to the process of metabolic conversion for the
first objective. The only requirement for objective two is
that there be a linear relationship between the input of
parent compound and the metabolite concentration. For this
objective, administration of the metabolite is not necessary.

For demonstration purposes, procainamide and N-ace-
tylprocainamide data were chosen. For objective one, the
first step is to define the appropriate system. In this case the
input is the rate of appearance of metabolite (NAPA) and the
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response is metabolite concentration. This system is defined
mathematically by the convolution expression

c(Dnp = c(On * Anp )

where f{t)yp is the rate of input of metabolite. In this case the
metabolite is coming from the parent compound. C(f)yp is
the concentration-time profile of metabolite resulting from
that input. c(f)y is the unit impulse response which interre-
lates any input of the metabolite to a resulting concentra-
tion. To determine fr)yp from c(f)yp data, cz(¢)y must be
known. c4(f)y may be determined from metabolite adminis-
tration since the unit impulse response function of Eq. (5) is
the same function as in Eq. (6) below.

Oy = c5(On * flDn ©)

where c(f)y is the concentration profile of NAPA resulting
from NAPA administration, and f{t)y is the NAPA input
function. To apply Eq. (6) to the task of determining c4(f)y,
NAPA must be administered at a known rate f{t)y and NAPA
plasma levels are measured. By deconvolution, c5(f)y is de-
termined.

To select the appropriate deconvolution technique, the
input function and the nature of the available data must be
considered. For purposes of demonstration, the procain-
amide—NAPA data of Dutcher et al. (12) were selected. In
their study, NAPA was administered by means of a short-
term constant-rate infusion. Thus,

=0 for t>T O

where Ry, is the rate of NAPA input and T is the time where
the input is terminated. This immediately rules out use of the
analytic deconvolution program DECONYV for two reasons.
First, there is no way to present a discontinuous function to
DECONYV. Second, DECONYV requires all functions to be
represented as a sum of exponentials. A constant-rate input
represented as a sum of exponentials is

f) = Ke™* @®

At one point of the DECONYV program coefficients are di-
vided by the time coefficients. Presentation of Eq. (8) to
DECONY produces a ‘‘divide by zero’’ error.

Numerical procedures, such as the point-point or
point—area algorithms present different problems. The
NAPA profile was generated by a short-term infusion. Be-
cause all the input is completed before the first sample, the
algorithms consider the input to be a bolus. This becomes
apparent upon examination of the equation for the first point
of the point—area deconvolution,

) = —T_
d
| i ©
_«n
D (10)

The denominator is the amount administered from ¢ = O to ¢
= T,, where T, is the time of the first data point. Since the
measured concentrations after termination of the infusion
are greater than those expected from a bolus of equal dose,
the calculated values for cz(¥) would contain within them a
systematic error. In particular, they would be an underesti-
mate of the true values. An analogous problem arises in the
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point—point algorithm. A second consideration is that it pro-
vides a numerical solution. This implies that the data re-
lating to Eq. (6) must be collected at the same times as the
data for Eq. (5); otherwise interpolation is necessary.

Implicit deconvolution does not impose a systematic
error and provides a solution as a function. It does require
that the functional form of Cy(f)y be selected, however. In
light of the fact that the analytic method could not solve this
particular deconvolution and that the numerical approaches
systematically bias the results, the implicit approach was
taken. The unit impulse response function Cg(f)y was as-
sumed to be adequately approximated by a sum of exponen-
tials.

Ci(n = Z A 11

=1

Given the input function fir)y of Eq. (7) and Cg(f)y of Eq.
(11), Eq. (6) was solved to provide an appropriate functional
form for c(?)y.

COn = Z i

i=1 i

where t — T), =0fort — T<0,t — Tfort — T=0.
Equation (12) was fitted by means of nonlinear regression
(FUNFIT) to the NAPA data resulting from NAPA adminis-
tration (13). Since the parameters of Eq. (11), A; and «;, are
contained within Eq. (12), the process of curve fitting im-
plicitly performs deconvolution giving cz(f).

The second step is to do the deconvolution implied by
Eq. (5) to obtain the function f{t)yp. To do this, a sum of
exponentials was fitted to the data to obtain a functional
form c(f)np- Since both c(f)yp and c5(f)y are represented by a
sum of exponentials, deconvolution was done analytically
by the routine DECONV.

The second objective was to provide a function which
would predict the concentration vs time profile of the metab-
olite given a dosing scheme of the parent compound. The
necessary assumptions for this objective differ from that for
objective one. In this case the only assumption is that the
relationship between the administration of parent compound
and the metabolite be linear and time invariant. To achieve
that objective the input function of parent compound f{7),
must be deconvolved with the concentration profile of
NAPA resulting from procainamide administration c(f)yp
That is to say that the expression

c(Dnp = cs(hnp* f2),

must be solved for cy(f)np

For reasons discussed for objective one, analytic and
numerical methods of deconvolution were excluded. cg(t)np
was assumed to be adequately described by the sum of ex-
ponentials.

feretoDe — ey (12)

(13)

CS(I)NP = Z B‘_e"Bi(l—tLM;) (14)

i=1
for t = tyog and cg(f)nyp = 0 for 1 < #p 5. As in the case of
NAPA administration, procainamide was administered as a
constant-rate short-term infusion. Convolution of Eq. (14)
with this input function gives c(f)xp:

C(t)NP = i BLBJ {e—B:(I—T—lLAG)+ —_ e‘Bi("‘LAG)} (15)

i=1 i
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for t = t 5 Where R, is the rate of procainamide infusion
c(Dnp = 0for t < 1y 6. By fitting Eq. (15) to the NAPA data
resulting from procainamide administration, the desired
function is implicitly obtained.

To demonstrate the utility of Eq. (14), the expected pro-
file of metabolite following the administration of consecutive
intermittent constant-rate infusions was determined and
plotted (Fig. 2). This was based on the linear, time-invariant
relationship described by

c(Onps = Ce(Onp * fl)ps (16)
where f(t)ps is the input rate of procainamide which was se-
lected and c(f)nps is the NAPA response function predicted
to occur from the selected procainamide input. In the most
general case, a series of consecutive intermediate constant-
rate infusions f{f)ps is described by

Riws = S £) (17)
j=1

where

0 for0=¢<T,
=RiforT, =t<T,
0 for Tp <t <

iAU)

T; and T, are the starting and ending times of the jth con-
stant-rate infusion, respectively, and v is the number of infu-
sions. Convolution of Eq. (17) with Eq. (14) as indicated by
Eq. (16) gives

m v

C(yps = Z Z

i=1j=1

BR,
B:

{e —Blt—Tp—1aG)+ — e‘Bn(" 7}1“'LAG)+}
(13)

the equation used to generate the NAPA profile in Fig. 2.
The procainamide profile in Fig. 2 was generated by first
fitting an equation of the form of Eq. (12) to procainamide
data to obtain c4(t),. This was convolved with f{f)ps [Eq.
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Fig. 2. Expected procainamide and NAPA levels resulting from
three 10-min procainamide infusions. Dashed lines show expected
profile if second and third infusions were not given.

(17)] to give a prediction equation of the form of Eq. (18). In
the case of procainamide, #; o is zero, however.

RESULTS AND DISCUSSION

Equation (12) was fitted by means of the nonlinear re-
gression program FUNFIT to the NAPA data resulting from
NAPA administration (11). This provided the unit impulse
response function cg(f)y. Correlation coefficients for the
three subjects were 0.9994, 0.9998, and 0.9999, respectively.
A simple sum of exponentials was fitted to the NAPA data
resulting from procainamide administration (correlation co-
efficients 0.9043, 0.9635, 0.9558). Deconvolution of c(f)n
with this sum of exponentials via the routine DECONYV [so-
lution of Eq. (5)] gave the rate of NAPA formation profiles
shown in Fig. 1. The inset in Fig. 1 shows the rate of forma-
tion as units of millimoles per hour of NAPA for the three
subjects up to 4 hr.
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Fig. 1. Rate and extent of NAPA production. Inset: Rate of NAPA production up to 4 hr.



Metabolite Formation Pharmacokinetics

The larger plot in Fig. 1 shows the same information
with the time start extended to 60 hr. Superimposed on this
plot are three profiles showing the extent of conversion of
procainamide to NAPA. This is stated in terms of the frac-
tion of administered procainamide which is converted to
NAPA. The functional forms of the rate and extent profiles
are given in Veng-Pedersen’s publication on DECONYV (his
equations 23 and 22, respectively) and are restated here for
convenience of the readers (8).

D L
F@t) = — U= V)e~Vit—tLag)+ 19
® = Jog 2, UL-Voe (19)
L
PCT(t) = U, + E Ue=Vi-mag)+ (20)

i=1

F(1) is the rate of conversion and PCT(¢) is the extent. The
terms U; and V; are results from DECONYV. D is the dose of
procainamide administered and should be stated in terms of
moles in this application. The values of U, represent the ex-
tent of metabolite production as time approaches infinity. In
these examples the subjects had 39.7, 32.2, and 27.8% of the
procainamide dose converted to NAPA, respectively.

Equation (15) was fitted to the NAPA data resulting
from procainamide administration (correlation coefficients
0.9770, 0.9856, 0.9849) and the results were incorporated
into Eq. (18). Equation (18) could then be used to determine
the NAPA profile given the administration of procainamide.
Figure 2 shows the NAPA concentration vs time profile
given three 10-min constant-rate infusions of procainamide
for subject 1. The initial infusion was set to be equal to that
used to generate the original data. Subsequent infusions
were set at a rate necessary to produce peak values of pro-
cainamide equal to that following the first infusion. Also
shown in this figure is the procainamide profile which would
result from the same input. Dashed lines indicate how the
profiles would appear if only the initial infusion had been
given.

Over the short duration of 4 hr, NAPA levels appear
virtually constant. As subsequent doses are given NAPA
levels rise, and at 11 hr the NAPA levels become greater
than that of procainamide. If only one dose had been given,
this would have occurred at 5 hr.

SUMMARY

Deconvolution techniques may be applied to provide
insight to metabolite production. Figure 1 shows both the
rate and the extent of metabolite production and Fig. 2
shows both the parent and the metabolite levels anticipated
to result from a selected administration profile of parent
compound. In these examples, procainamide and the metab-
olite NAPA were examined. Both compounds exhibit antiar-
rhythmic activity, although the metabolite is estimated to be
only one-third to one-sixth as active as the parent compound
(14-16).

As seen in Fig. 2, metabolite and parent compound
levels do not parallel each other. during the drug-loading
phase. Thus, an understanding of the metabolite levels may
be of value since therapeutic activity may not necessarily
parallel parent drug levels in all cases.
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NOMENCLATURE

General Terms

h(?) A response function

g(d A unit impulse response (weighting) function

A An input function

c(?) A response function in units of concentration

¢s(#) A unit impulse response (weighting) function as
determined via ¢(¥)

Specific Terms

Ay, Rate of procainamide input

fi)n Rate of NAPA input

fOne Rate of production of NAPA given procainamide
administration

c(t), Concentration profile of procainamide resulting from
procainamide administration
c(dn Concentration profile of NAPA, resulting from

NAPA administration
c(Hnp Concentration profile of NAPA resulting from
procainamide administration
c(H)nps Concentration profile of NAPA predicted to result
from a selected procainamide administration
Unit impulse response function for procainamide
based on procainamide input
¢s(Dn  Unit impulse response function for NAPA based on
NAPA input
¢s()np Unit impulse response function for NAPA based on
procainamide input

Cﬁ(t )p

tiag Lag time between administration of the first
molecule of parent compound and appearance of
the first molecule of metabolite
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