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ABSTRACT
Chorionic gonadotropin (CG) is a glycoprotein hormone, whose
action is mediated by the luteinizing hormone/CG receptor.
Testosterone concentrations from six pituitary-desensitized,
healthy male volunteers were obtained after four different ad-
ministrations of recombinant-human CG (rhCG). We present a
modeling study to provide a possible explanation for the ob-
servations that increased exposure to rhCG induces higher and
then lower testosterone concentrations and that marked re-
bound effects are observed at the end of repeated administra-
tion of rhCG. We used semimechanistic models (in which flex-
ible functions represent unknown parts of the models) to
identify the relationship of rhCG concentrations to the testos-
terone levels. Based on the results obtained with the semi-

mechanistic models, different mechanistic down-regulation
models were devised and tested. The final model uses a one-
compartment model to describe the endogenous production
rate of testosterone; rhCG affects the production rate with a
mechanism consistent with a two-site binding site, with effect
proportional to one-site bound concentration. The modeling
results indicate that when rhCG concentration increases, the
testosterone production rate increases to 45 times the baseline
value. However, at an rhCG concentration of more than about
30 IU/liter, the production rate decreases. Simulations showed
that both dose and dosing interval profoundly influence testos-
terone response to rhCG.

Chorionic gonadotropin (CG) is structurally related to the
pituitary hormones luteinizing hormone (LH) and follicle-
stimulating hormone (FSH). The actions of LH and CG are
mediated by the LH/CG receptor, which is a member of the
superfamily of G protein-coupled receptors. The binding of
LH and CG occurs with similar high affinity, and both hor-
mones have similar potencies and efficacies in stimulating
gonadal cells. Thus, at a cellular level, the two hormones are
roughly equivalent. In vivo, the main difference is the much
longer half-life of CG.

The primary physiological effect of the gonadotropins is the
promotion of gametogenesis and/or gonadal steroid produc-
tion. In the male, endogenous production of CG does not
occur, and LH stimulates the de novo synthesis of androgens,
primarily testosterone, by Leydig cells. The secreted testos-
terone is required for gametogenesis and for the maintenance
of sexual libido and secondary sexual characteristics. CG is
used primarily in females to trigger ovulation or to induce

final follicular maturation before assisted reproduction tech-
niques, and it is used for male infertility and cryptorchidism.
Gonadotropins of urinary origin have been used for a long
time. Recombinant forms of human LH and CG have been
produced (in mammalian cells) and are being tested in clin-
ical studies for human use; recombinant human FSH is avail-
able in several countries.

We present the modeling of recombinant human CG
(rhCG) in male subjects under pituitary desensitization: the
male volunteers previously received a gonadotropin-releas-
ing hormone analog to suppress their secretion of gonadotro-
pins, secondarily decreasing their testosterone secretion.
Each volunteer in the study received rhCG via four different
routes. The main feature of the data was that all doses induce
an effect but that the intravenous route (associated with the
highest drug concentrations) leads to the smallest response.
To analyze these data, we applied a general approach to
model complex drug dynamics (Verotta, 1995; Verotta and
Sheiner, 1995) that allows testing for alternative functional
forms within a particular model structure. This helps devise
final models that appear to be consistent with the physiolog-
ical characteristics of the LH/CG receptor.
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We describe the study design; the model for drug dynamics,
including a pharmacokinetic model; and the various semi-
mechanistic and mechanistic pharmacodynamics models,
and we present selected results.

Materials and Methods
Study Design

Six male subjects who were under pituitary desensitization with
the use of a depot formulation of gosereline, a gonadotropin-releasing
hormone analog (Zoladex; Zeneca Laboratories, Macclesfield, UK),
were enrolled in the study. Each volunteer received in a crossover
manner 2500 IU rhCG (Ovidrel; Laboratories Serono, Aubonne,
Switzerland) by the i.v., i.m., and s.c. routes, with each administra-
tion separated by a 2-week washout interval. Two weeks later, each
subject received five s.c. injections of 2500 IU of rhCG at 48-h
intervals. Extensive blood sampling was performed on preset time
points over 8 days after the single administrations of rhCG and over
the dosing plus 8 days in the repeated-dose regimen part of the
study. hCG and total testosterone levels were assessed in serum by
using an immunoradiometric assay (MAIAclone; Serono Diagnostics,
Woking, UK) and a radioimmunoassay (Coat-A-Count; Diagnostic
Products Corporation, Los Angeles, CA), respectively. The study was
approved by an independent ethics committee and was performed in
accordance with the guidelines of the Declaration of Helsinki on
biomedical research involving human subjects (Hong-Kong revision,
1989). Each volunteer gave written informed consent for participa-
tion in the study.

Drug Dynamics Model

The conceptual model for rhCG dynamics is shown in Figure 1;
below, we describe the components of the model.

Pharmacokinetic Model of rhCG. Linear splines were used to
represent rhCG-versus-time profiles for the i.v., i.m., s.c., and repeat-
ed-dose s.c. (SC35) routes. Using splines, no assumptions are made
on the pharmacokinetics of rhCG, whereas no information is lost
from the pharmacokinetics data. Exponentials were also used to
represent pharmacokinetics, but doing so resulted in significantly
worse fits of the testosterone data. The interested reader can find a
short description of splines and of the fit of the rhCG data in Appen-
dix. To investigate whether the action of rhCG is kinetically delayed
in respect to the observation site, we used an effect compartment (as
described by Segre, 1968). The concentration of rhCG in the effect
site (Ce) after the different administrations was computed as the
convolution of the corresponding linear splines representing rhCG
concentration with a monoexponential function:

Ce~t! 5 keoE
0

t

C~t 2 t!e2keotdt (1)

where keo is the exit rate constant from the effect compartment, and
C(t) is a linear spline representing rhCG concentrations (and t an
integration variable).

Pharmacodynamic Model of rhCG. A realistic model for the
stimulation of testosterone production should take into account the
complex sequence of events that originate at the LC/CG receptor. A
simplified list of these events include binding to the receptor, adenyl
cyclase stimulation, cholesterol mobilization and transport to the
mitochondrian, testosterone synthesis, and exit from the Leydig’s
cell (see Discussion). The micromodeling of these events is, of course,
impossible when only testosterone levels are measured. A feasible
model lumps these events into the action of rhCG on the endogenous
rate of production (ko) of testosterone (T). The formula is expressed
as follows:

ko$1 1 f @Ce~t!#% (2)

where f represents the change in the production rate of testosterone
induced by Ce (t), expressed as a multiple of ko (the function is zero
for Ce 5 0). Assuming a one-compartment model, the differential
equation describing the rate of change of testosterone is expressed by
the following:

dT~t!

dt
5 ko$1 1 f @Ce~t!#% 2 kelT~t! (3)

where Kel is the apparent first order elimination rate constant of
testosterone. This structure for hCG action is the best one we could
devise to fit the data. An alternative modality of action of Ce (t) will
be briefly described after we discuss the choices for f in eq. 3 we
investigated.

Semimechanistic Models. As a first step, a natural cubic spline
was used to obtain an estimate of the shape of the function f in eq. 3.
The advantage of using a spline is that they make no assumptions on
the relationship between Ce and the testosterone production rate.
The spline was subjected to the following alternative constraints: to
be greater than (or equal to) 21, to be greater than (or equal to) 0,
and to be greater than (or equal to) 0 and unimodal. We will use the
symbols $21, $0, and $0/unimodal, respectively, to refer to these
models. Model $21 is the most flexible one: it says that the action of
Ce can reduce or increase the production rate, and we only impose
that the induced rate of production cannot become negative (for
obvious physiological reasons). Model $0 is less flexible: it says that
the action of Ce is to increase the production rate. Model $0/unimo-
dal is the least flexible: it says that the action of Ce is to increase the
production rate and that the increase cannot have more than one
maximum. From a physiological point of view, the $0/unimodal
model makes more sense. The $21 and $0 models are more flexible
and are used to test for residual model misspecification.

Fig. 1. Drug dynamics model. Hypothetical sequence of events incorpo-
rated in the models described in the text. The symbol (?) indicates some
of the modeling hypothesis tested by the different models. From the
central site, hCG reaches an effect compartment and binds to the CG/LH
receptor. The concentration of single- or double-site bound hCG stimu-
lates the synthesis and release of testosterone, causing an increase of
concentration of testosterone (extracellular, and, in particular, in the
central site).
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Down-Regulation Model. We describe in detail the model that
obtained the most satisfactory results. The model is based on a
binding model for a receptor (R) with multiple (m) sites. We devel-
oped this model based on the results of the semimechanistic model
and based on the observation that the LH/CG receptor is composed of
two subunits (Dufau et al., 1994; McFarland et al., 1989) that can
each bind rhCG (see also Discussion).

The rate of change of the concentration of single-site-occupied
receptor ([CeR]) is given by

d@CeR#

dt
5 k1@R#Ce 2 ~k21 1 k2!@CeR# 1 k22@Ce2R# (4a)

where [R] is the concentration of receptor, [CeiR] is the concentration
of receptor with i sites occupied (we use both [CeR] and [Ce1R] to
indicate the concentration of one-site-occupied receptor), and ki and
k2i are the rates of association and dissociation to the ith site given
that i21 sites are occupied, respectively. For the other m 2 1 sites of
the receptor, the rate of change of concentration is similar:

d@CeiR#

dt
5 ki@Cei21R#Ce 2 ~k2i 1 ki11!@CeiR# 1 k2i21@Cei11R#,

i 5 2, . . . , m 2 1 (4b)

while for the last site holds:

d@CemR#

dt
5 km@Cem21R#Ce 2 k2m@CemR# (4c)

The initial conditions of this system are [R (0)] 5 R0, [CeiR (0)] 5
0, i 5 1,. . .,m. At steady state, the use of algebra obtains the solution
for [CeR] as:

@CeR# 5
R0Ce

k21/k1 1 Ce 1 O
i52

m P
j51

i

kj/k2jCei

(5)

Assuming that the action or Ce on the rate of production of tes-
tosterone is proportional to [CeR], we obtain the following expression
for f:

f~Ce! 5
u1Ce

u2 1 Ce 1 O
i52

m

ui11Cei

(6)

A more empirical model introduces a sigmoidicity coefficient
(0m 1 2):

f~Ce! 5
u1Ceum12

u2
um12 1 Ceum22 1 O

i52

m

ui11Ceum221i21

(7)

When m equals 1, eq. 7 reduces to the familiar Hill model:

f~Ce! 5
u1Ceu3

u2
u3 1 Ceu3

(8)

The fundamental characteristic of the multisite models is that f
increases, reaches a peak, and than declines to zero as a function of
Ce. The Hill model predicts that f (Ce) asymptotes to u1 when Ce
increases.

Depending on the model, the parameters keo, ku, kel, and u1, . . .,
um 1 1 are estimated from all the data of each individual, subject to
non-negativity constraints. To stabilize the estimation of u1 and u2,

we used the parametrization u1 and u1/u2 (Ratkowsky, 1983). We
assumed a proportional error model and used the computer program
NONMEM (Beal et al., 1992). To select between competing models,
we compared objective function values (minus twice log-likelihood)
and used the Akaike (AKA) selection criterion (Akaike, 1974). Pooled
data fits were also obtained for illustrative purposes.

Models that Do Not Work. Alternative models were also used to
investigate alternative modes of action of rhCG. In all the models
listed below, the function g represents a spline (estimated by the
data fitting). They did not work as well as the models described above
and are reported because of their possible use for a different drug/
substance: they are not be discussed further in Results. We tried
models in which rhCG acts on the elimination rate:

dT~t!

dt
5 ko 2 kel$1 1 g@Ce~t!#%T~t! (9)

or where rhCG acts simultaneously on production and elimination
rate:

dT~t!

dt
5 @ko 2 kelT~t!#$1 1 g@Ce~t!#% (10)

A different down-regulation model was also used; it takes the
following form:

d@CeR#

dt
5 k1Ce@R# 2 ~k21 1 a!@CeR# 1 g~@CeRint#! (11)

d@CeRint#

dt
5 a@CeR# 2 g~@CeRint#!

where [CeRint] is the concentration of receptor internalized in the
cell, and g ([CeRint]) is the rate of reconstitution of the surface
concentration of receptor. The model has initial conditions: [R(0)] 5
R0, [CeR](0) 5 0, and [CeRint](0) 5 0, and the effect is proportional to
[CeR].

Results
Figure 2 shows the average testosterone (top) and rhCG

(bottom) concentration versus time for the four [i.v., i.m., and
s.c. (1 dose) and s.c., (multiple doses)] routes of administra-
tion. The main feature of the data is immediately apperent:
testosterone concentrations after i.v. rhCG increase the least,
although rhCG concentrations are the highest. Figure 3 re-
ports the fits of three models to the testosterone data pooled
from all the individuals. The models include the same mech-
anism of action of rhCG (eq. 3) with the function f given by a
spline constrained to be unimodal and positive (dashed line),
the down-regulation model (eq. 7 with m 5 2, solid line), and
the familiar Hill model (eq. 8, dotted line). The Hill model
overestimates testosterone concentration for the i.v. data
(Fig. 3, top left).

To more formally select between competing models for the
function f and to obtain individual subject parameter esti-
mates, we fitted the semimechanistic models, the down-reg-
ulation model eq. 7 (with m 5 2, 3 or 4), and the Hill model
to the individual subject data. In all cases we fitted the
models, with or without an effect compartment, to the tes-
tosterone data for all routes of administration.

The semimechanistic models provided similar results. In
particular, the $21 and $0 versions gave always almost
identical estimates of f, whereas the $0 unimodal obtained a
slightly different estimates and higher objective function (mi-
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nus twice log-likelihood). The down-regulation models pro-
vided objective function values similar to those of the semi-
mechanistic models. The model with m 5 2 provided the best
(smallest) value of the selection criterion in all subjects. The
Hill equation provided the worst objective function and se-
lection criterion values. (To give an idea of the size of the
difference, the values of the objective function for each sub-
ject in the case of the Hill model are: 963, 850, 1053, 957,
1066, and 954; for the down-regulation model with m 5 2,
which has only one additional parameter, the values are 174,
131, 160, 174, 179, and 165. For a difference of one parame-
ter, the AKA selection criterion requires a difference of 2 for
a model to be significantly better than the competitor.) For
the down-regulation model (with m 5 2), inclusion of an
effect compartment decreased the objective function value
only in two subjects and did not decrease the selection crite-
rion value in any subject.

Based on these results, we selected the down-regulation
model with m 5 2, without an effect compartment as a final
model. Table 1 reports the mean estimates and standard
deviations of the parameters of the selected model obtained
from each of the individual subjects (for comparison, the
estimates corresponding to the Hill model are given in pa-
rentheses). Notice the relatively small interindividual vari-

ability with all parameters showing less than 60% coefficient
of variation.

Figure 4 shows the mean estimates of the f functions: the
spline (dashed line), the down-regulation model (solid line),
and the Hill model (dotted line). Note the similar estimates
obtained by the spline and the down-regulation model, which
are both characterized by an increase followed by a decrease

Fig. 2. Mean testosterone and rhCG serum concentrations after 2500 IU
of rhCG i.v., i.m., s.c., and s.c. repeated five times (every other day). Top,
testosterone. Bottom, rhCG. The solid line (and circles) is for the s.c. dose
repeated five times, the dotted line (and triangles) is for the single s.c.
administration, the broken line (and plus) for the i.m. administration,
and the long dashed line (and crosses) for the i.v. administration. The
error bars represent 61 S.E.M.

Fig. 3. Pooled data fit. Solid line, fit of the down-regulation model; dotted
line: Hill model; dashed line: semimechanistic model. The numbers rep-
resent observations from different individuals. Top left, data and fitted
values versus time for the i.v. experiment. Top right, i.m. experiment.
Bottom left, s.c. experiment. Bottom right, repeated s.c. experiment.

TABLE 1
Mean parameter estimates for the down-regulation model

Parameter Mean S.D. CV

%

kel 0.0143 0.0023 16
(0.0283) (0.011)

ko 0.0151 0.0079 53
(0.010) (0.0070)

u1 56.6 18 32
(17.9) (10.5)

u2 18.9 2.1 11
(10.5) (3.5)

u3 6.09 1.19 31
(33.9) (14.1)

u4 0.00675 0.0038 56
Max (f) 45 8.55 19

(17.9) (10.5)

Shown in parentheses are mean and S.D. values for the Hill model. Max (f),
maximum fold increase in production rate (i.e., maximum of the function f). For the
Hill model, max (f) 5 01.
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in the stimulation of production rate of testosterone. The
maximum increase in testosterone production estimated by
the down-regulation model is on average 45-fold obtained at
around 30 UI/liter rhCG (these values are obtained numeri-
cally from the estimated mean f function).

Simulations. We simulated the testosterone production
after one or multiple s.c. administrations using the mean
parameter estimates reported in Table 1. (It is, of course,
possible to simulate a sample from a population using the
parameters estimates in Table 1.) Figure 5 shows the re-
sponse corresponding to five different doses (500, 1000, 2500,
5000, and 10,000 IU) of rhCG given daily, every other day,
every 4 days, or weekly (top left, top right, bottom left, and
bottom right, respectively). Note how the higher doses (5000
and 10,000 IU) produce a lesser testosterone concentration
than the 2500 IU dose for the daily, every other day, and
every 4 days schedule and the rebound in testosterone con-
centration that could be observed in the multiple dose exper-
iment at the same doses. This rebound can be seen in the
mean observed data in Figure 1 for the SC35 (2500 IU) dose:
the peak concentration was obtained 2 days after the last
dose.

Discussion
The results offered by the present data analysis can be

summarized as follows: 1) the semimechanistic models indi-
cated that the production rate of testosterone increases in

presence of rhCG, but the increase does not asymptote to a
maximum level but instead decreases at higher concentra-
tions of rhCG; 2) the down-regulation model introduced here
performed as well as the semimechanistic models, indicating
that no residual model misspecification is present; and 3) as
expected, the Hill model performed worse than both the
semimechanistic and down-regulation models.

In the final model we selected, the pharmacokinetics of
rhCG for the repeated s.c. administration are assumed to be
linear in respect to the dose; we make no additional assump-
tions for the other routes of administration (see Appendix).
An effect compartment is not present in the final model.
Testosterone is released at a rate dependent on rhCG con-
centration and is eliminated at a constant rate independent
of rhCG concentration. Last, the relationship of rhCG versus
the production rate of testosterone is by means of a rather
complex binding model, which is consistent with a two-site
binding receptor with an effect proportional to one-site bound
concentration.

The binding model allows at least two interpretations: the
receptor is either deactivated (i.e., stimulation of production
rate decreases) or internalized (and stimulation of production
rate ends) when more than one molecule binds to it. The
study design did not allow separation of a concentration
effect at the receptor level or receptor internalization (or a
combination of the two), and it is questionable whether an in

Fig. 4. Mean estimates of the stimulation of testosterone production
induced by hCG (f function). Solid line, mean f function estimated by the
down-regulation model; dotted line; Hill model; dashed line: semimecha-
nistic model.

Fig. 5. Simulation of testosterone production in response to different
doses and schedules of rhCG (SC35 route) obtained with the down-
regulation model. Five s.c. administrations are given daily (top left),
every other day (top right), every 4 days (bottom left), and weekly (bottom
right). The solid, dotted, broken, long dashed, and longer dashed lines
mark the concentration time course for 500, 1000, 2500, 5000, and 10,000
IU, respectively; the short (solid) bars indicate the time of dose.
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vivo study aimed at answering this point is feasible. One of
the reviewers pointed out a third possibility: a refractory
period before the a subunit of the G protein recombines with
the bg portion.

In general, the Hill and the down-regulation models be-
have similarly for the routes with low exposure (i.m., s.c.); the
major differences between the two model predictions can be
observed in the high exposure route (i.v.) and, in particular,
in the first 72 hours (see Fig. 3). The down-regulation model
predicts the decrease in the stimulation of endogenous tes-
tosterone production at around 30 UL/liter rhCG (see Figure
4), which, of course, the Hill model cannot reproduce. As a
consequence, the Hill model would obtain a decreased esti-
mate of the maximum response (19-fold increase instead of
45-fold increase), a decreased value of 02 (10.5 instead of 18),
and an extremely high value for the Hill coefficient (33.9
instead of 6.09), leading to incorrect conclusions on the size of
the testosterone rate of production induced by rhCG.

We used a class of semimechanistic models described by
Verotta (1995), and Verotta and Sheiner (1995). Semimecha-
nistic models allowed us to 1) identify the shape of the rela-
tionship between active substance (rhCG) and parts of the
model characterizing the response, and 2) quantify the pres-
ence of residual model misspecification within a particular
model structure. Shape identification is a rather straightfor-
ward process and consists of using a flexible function (in our
case, a spline) to represent a part of the model. Here, we used
shape identification to identify the pattern of action of rhCG
on the production rate of testosterone. Residual model mis-
specification detection is a more subtle data analysis feature
offered by constrained splines. Given a model structure (e.g.,
effect on production rate), it consists of considering models
with different constraints, which in turn correspond to dif-
ferent physiological interpretations. In our case, the least
constrained model ($21) had the least likely physiological
interpretation (testosterone production can decrease, reach a
minimum, increase, reach a peak, and then decline to zero as
a function of rhCG), and it turned out to be rejected by the
data.

We now discuss in more detail the physiology of the LH/CG
receptor in relation to the model findings. The LH/CG recep-
tor is a member of the G protein-coupled receptor family that
differs by the presence of a large extracellular domain (Bar-
din et al., 1995; McFarland et al., 1989). It is composed of two
subunits (Dufau et al., 1994; McFarland et al., 1989) that can
each bind rhCG. However, although occupancy by an agonist
is not necessary for dimer formation, occupancy of only one of
the receptor subunits may favor dimerization, leading to the
initiation of signal transduction by the hormone (Dufau et
al., 1994). The receptor can bind to Gs and Gq proteins,
stimulating the adenylate cyclase but also the turnover of
phos-phoinositides that leads to an increase in intracellular
Ca21 (Minegishi et al., 1993). The receptor gene expression is
related to agonist exposure (Minegishi et al., 1993); at a low
level of hCG, the receptor expression is increased, and at a
high level, it is depressed. Only a small fraction of the ap-
proximately 20,000 cellular receptors (Knobil and Neill,
1988) need to be occupied to obtain the maximum rate of
testosterone synthesis (Yen and Jaffe, 1991).

The time course of the LH/CG receptor activity after stim-
ulation is complex and is a function of the duration of the
stimulation (Segaloff and Ascoli, 1993). For a long stimula-

tion at a high concentration of agonist, this time course can
be split into three parts. During the first minutes, the recep-
tor exhibits agonist-induced changes in functional properties
without diminution of the total number of receptors (also
known as receptor uncoupling). In a second step (which last
from a few minutes up to 4 h), a slow decrease in the number
of receptors can be seen (250% at 1 h,280% at 4 h). This
decrease is caused by the recycling cycle of the receptor.
However, almost 50% of the internalized receptors are de-
graded at each cycle, leading to the decrease in the total
number of receptors. After 4 h, a third process can be seen:
the receptor gene transcription is decreased as stated by the
diminution of 50% of the receptor mRNA (this adds to the
95% reduction in receptor due to recycling). For shorter stim-
ulations or lower concentration of agonist, only some of these
steps are involved.

It is well known that hCG may induce testicular steroido-
genic desensitization (Saez and Forest, 1979). Desensitiza-
tion is apparently due to 1) estradiol-induced inhibition of
enzyme activity and 2) receptor down-regulation in the testis
(Saal et al., 1991a). However, because estradiol increase is
correlated with hCG dose/serum level (Padron et al., 1980),
the present study design does not allow differentiation of the
effects of the increase in estradiol or in hCG serum levels.

It has been reported that the ID50 of hCG for receptor
down-regulation is about 10210 M (Chuzel et al., 1994). Con-
sidering an approximate molecular mass of 38,000 Da for
hCG and a specific activity of about 20,000 IU/mg, this cor-
responds to an ID50 of 78 IU/liter. This compares extremely
well with the estimated peak around 45 IU/liter obtained in
the estimate of f. There seems to be a disparity in testoster-
one response to hCG stimulus between eugonadotropic sub-
jects and patients with (isolated) gonadotropin deficiency.
The latter tend not to show the biphasic secretion observed in
healthy subjects but only the delayed increase in serum tes-
tosterone concentration (Smals et al., 1980). This is in keep-
ing with the concept that the late response represents re-
stimulation of Leydig’s cell by residual hCG as they emerge
from the refractoriness induced by the initial stimulus (Saal
et al., 1991a). Noteworthy, doses ranging from 750 to 1500 IU
of hCG, divided into one to three weekly doses, were neces-
sary to restore and maintain normal testosterone serum lev-
els in hypogonadotropic hypogonadic male subjects (Saal et
al., 1991b). This illustrates the large intersubject variability
and highlights the deserved caution in extrapolating the
present results and simulations from healthy (albeit down-
regulated) subjects to hypogonadic patients.

The model we developed allows us to simulate arbitrary
dosing schemes. The example we provide shows an informal
way to obtain a maximum response while using the mini-
mum amount of drug. The simulated testosterone levels show
that to reach a target testosterone concentration of 25 nmol/
liter, a dose of 1000 IU of rhCG every other 4 days would be
sufficient. A higher 2500 or 5000 IU dose would produce a
slightly higher response, but the highest dose will produce a
lesser response according to the model. Clearly, the predicted
pattern of decreased response at high doses and the pro-
nounced rebound effect at treatment cessation is intriguing.
The extrapolation to a clinical setting certainly deserves con-
firmation.
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Appendix
Splines. Briefly, a polynomial spline (DeBoor, 1978) is

characterized by a sequence of distinct and nondecreasing
real numbers called breakpoints. The polynomials making up
a spline join at the breakpoints and satisfy certain continuity
conditions. For example, for a linear spline the polynomials,
simply join at the breakpoints. For a cubic spline, the poly-
nomials join, and so do their first and second derivatives. To
reduce the variance of the prediction at the boundaries
(Hastie and Tibshirani, 1990), natural splines were used. For
natural splines, the number of breakpoints equals the num-
ber of the parameters to be estimated. The breakpoints of the
splines used in this report are put at the quantiles of the
empirical distribution (see Bickel and Doksum, 1977, page
108 for definition) of the predictor variable (Stone, 1985),
time or concentrations, respectively, for pharmacokinetics
and pharmacodynamics modeling.

Pharmacokinetics of Repeated s.c. Administration.
To mimic the time course of a repeated dose using the semi-
parametric approach for the observations from the SC35
experiment, we opted for the following approach:

Let tlast be the latest observation time after the last dose.
The disposition function (F) for this experiment is the follow-
ing function:

F~t! 5 H f~t! t # tlast

f~tlast!e
f9~tlast!~t2tlast! t . tlast

where f (t) is a linear spline representing the concentration-
versus-time course, f9(tlast) is the first derivative of f at tlast,
and f (tlast)e

f9(tlast)(t 2 tlast) is an exponential extrapolation for
t . tlast. The spline defining F had the breakpoints fixed at all
the observed time points after the last dose. We used the
superposition principle to compute the predicted concentra-
tions for the SC35 experiment.
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