Pharmacodynamic modeling of the
antihypertensive response to amlodipine

The distinctive pharmacokinetic characteristics of amlodipine, particularly the long half-life, are pre-
sumed to translate directly to a prolonged duration of action, but the concentration-effect relationship
for the antihypertensive response has not been clearly established. In this study of 12 patients with es-
sential hypertension, treatment with 5 mg amlodipine once daily has been evaluated with use of an inte-
grated pharmacokinetic-pharmacodynamic model to calculate individual patient responsiveness for the
decrease in blood pressure per unit change in drug concentration. Amlodipine concentrations were well
correlated with the placebo-corrected reductions in blood pressure in individual patients and responsive-
ness, for example, for erect systolic blood pressure was —3.1 * 0.9 mm Hg/ng/ml. By characterizing the
concentration-effect relationships in individual patients, this study has confirmed that the plasma con-
centration—time profile is an appropriate index of the effect-time profile, as reflected by an antihyperten-
sive response that is sustained throughout 24 hours with relatively little trough-to-peak variability.

(Crix PaarmacoL THEr 1993;54:303-10.)
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Dihydropyridine calcium antagonist drugs are well
established in the treatment of hypertension, but clini-
cal studies have shown large interindividual differ-
ences not only in drug disposition and dose require-
ments but also in the magnitude of the anti-
hypertensive response.’? In general, dihydropyridines
undergo extensive hepatic metabolism with rapid drug
clearance and a relatively short elimination half-life
(ty,)® and, as a consequence, a protracted antihyper-
tensive effect has been difficult to achieve without
pharmaceutical manipulation of the drug formulation.*
These observations suggest that the time course (and
magnitude) of the antihypertensive response are di-
rectly dependent on the pharmacokinetic characteris-
tics of the drug and its formulation. Recent studies
with nifedipine and felodipine,>” for example, have
shown that the plasma drug concentration—time pro-
file is a direct index of the antihypertensive response.

Amlodipine is a dihydropyridine derivative with
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pharmacokinetic characteristics that are distinctly dif-
ferent from other dihydropyridines, with a protracted
elimination t,, and, at steady state, with a relatively
smooth concentration-time profile that shows rela-
tively little trough-to-peak variability across a dosing
interval.®° The relationship between the magnitude
and time course of the antihypertensive effect of am-
lodipine and its pharmacokinetics and plasma con-
centration profile remains to be clearly established.
Correlations between mean plasma amlodipine con-
centrations and change in blood pressure have been re-
ported for groups of young and elderly patients with
hypertension,'© but there is increasing evidence that
kinetic-dynamic relationships can be more clearly de-
fined when individual subjects are considered and
when repeated measurements are obtained throughout
a dosing interval.!"'® With the individualized ap-
proach there is potential for wider applicability, par-
ticularly in the prediction of the change in response
when dosage is altered or omitted.

The principal aims of this study were to character-
ize the concentration-effect relationship for the anti-
hypertensive response to amlodipine and to assess
whether or not the characteristics of the time course
of the antihypertensive response (at steady state) is a
direct reflection of the pharmacokinetic characteris-
tics.
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METHODS

Qutline of study. Twelve patients (six men and six
women; age range, 25 to 64 years) with mild to mod-
erate essential hypertension (160/90 to 210/115 mm
Hg) gave written informed consent to participate in
this study, which was approved by the Research and
Ethics Committee of the Western Infirmary, Glasgow,
Scotland. Subjects either had a recent diagnosis (un-
treated) of essential hypertension or were patients in
whom previous unsatisfactory antihypertensive ther-
apy had been discontinued for at least 6 weeks.

After the preliminary assessment period of at least 6
weeks (without treatment), the average entry blood
pressure was 175/103 + 24/5 mm Hg. Thereafter, in a
single-blind design, patients began a placebo (single-
dose) period of 3 weeks followed by a treatment pe-
riod with 5 mg amlodipine once daily for 6 weeks.
During the placebo period, in a double-blind random-
ized manner, single doses of 5 mg amlodipine and
matching placebo were administered at the end of
weeks 1 and 3 with each patient attending the Clinical
Investigation and Research Unit (CIRU) for detailed
pharmacokinetic and pharmacodynamic measurements
up to 48 hours after administration. After completion
of the placebo/single-dose period, patients were estab-
lished on 5 mg amlodipine as monotherapy and asked
to return after 6 weeks for an identical third pharma-
cokinetic-pharmacodynamic study in the CIRU.

Study days. On each study day, after an overnight
fast, patients attended the CIRU at 8 am. After 20
minutes of supine rest, baseline blood pressure and
heart rate measurements were recorded, an indwelling
cannula was inserted into an antecubital vein, and 5
mg amlodipine or placebo was administered orally
with 100 ml water. At frequent intervals during each
study day (i.e., 0, 2, 1, 12, 2, 2V5, 3, 315, 4,5, 6,
7, 8,9, 10, and 12 hours), blood pressure and heart
rate were recorded after not less than 10 minutes of
supine rest and erect after 2 and 4 minutes of standing
by use of an Accutorr semiautomatic sphygmomanom-
eter (Datascope Corp., Paramus, N.J.). These sphyg-
momanometers are routinely serviced on a monthly
basis by the hospital Medical Physics Department and
calibrated against a standard column of mercury. At
corresponding times, venous blood samples were col-
lected for plasma drug concentrations. A standard
light lunch was provided after 5 hours. Patients re-
turned to the CIRU at 24, 32, and 48 hours after drug
administration for further measurements of blood pres-
sure and heart rate, as well as for venous sampling for
drug concentration analysis.

Ambulatory blood pressure monitoring. In a ran-
domly selected subgroup of six patients (patients 2, 4,
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5,9, 10, and 11), 24-hour ambulatory blood pressure
monitoring was performed at the end of the placebo
phase and after 6 weeks of treatment with amlodipine
with use of a Spacelabs ambulatory blood pressure
recorder (Spacelabs International, Inc., Berkshire,
England).

Laboratory methods. Blood and plasma samples
were placed in tubes wrapped with aluminium foil to
prevent photodegradation of amlodipine. Plasma am-
lodipine concentrations were measured by gas liquid
chromatography with electron capture detection,"®
with interassay and intra-assay coefficients of varia-
tion of 8% and 6.5%, respectively, and a limit of de-
tection of 1 ng/ml.

Pharmacokinetics and concentration-effect analy-
sis. Plasma amlodipine concentration data were evalu-
ated with use of both model-independent and model-
dependent methods. The linear trapezoidal rule was ap-
plied in calculating the area under the concentration-
time curve (AUC), and log-linear regression analysis
was used to obtain measurements of the elimination t,.
A hierarchy of pharmacokinetic models were fitted in-
dependently and simultaneously to the amlodipine
plasma concentration data after first-dose and steady-
state administration. The most appropriate model was
selected on criteria of goodness of fit, including the co-
efficient of determination, the z values of runs in resid-
uals, and application of the general linear (F ratio) test
to the sum of squares values. In all subjects the most ap-
propriate model was a one-compartment model with
first-order input simultaneously fitted to single-dose and
steady-state data. The fitted parameters derived from
this model were V/F (liters), k. (hours™'), and k,
(hours™!). These respectively represent the volume of
distribution and the first-order rate constants describing
elimination and absorption.

For the concentration-effect analysis, the standard
pharmacokinetic model was augmented by an “effect”
compartment as described previously.'> The effect, in
this case, blood pressure reduction, was then related
to the drug concentration in the effect compartment by
means of both linear and nonlinear models, which de-
fine the relationship between drug concentration and
effect as follows:

Linear model:
E=mC, +1i
Langmuir E,, .. model:

Emax i Ce

E =
Ce(SO) + Ce

in which E is the measured effect and C, is the drug
concentration in the effect compartment. The principal
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disadvantage of the linear model is that it does not de-
fine a maximum effect, but in clinical studies most
data points are usually obtained within a relatively re-
stricted concentration-response range. Thus, under
physiologic conditions, the simpler linear model is of-
ten more appropriate than the Langmuir E ., equa-
tion. The main advantage of the linear model is that
the slope of the relationship (m) represents the respon-
siveness to the drug, that is, blood pressure reduction
(in millimeters of mercury) per unit drug concentra-
tion in the effect compartment, whereas for the Lang-
muir model E_ ., is the theoretic possible effect and
Ce(s0) is the concentration required to produce 50%
of Emax' r

The first-order rate constant of the effect model
(ko,) describes the removal of drug from the effect
compartment and characterizes the phase lag between
the change in blood pressure and plasma drug concen-
tration. The k., is derived from the concentration-
effect analysis and is related to the rate of change in
the amount of drug in the effect compartment.'

After the pharmacokinetic model and the appropri-
ate parameters in individual subjects were defined, the
pharmacodynamic data (i.e., the profiles of [placebo-
corrected] reduction in erect systolic blood pressure)
were fitted to both effect models by use of a nonlinear
least-squares fitting procedure. In all patients, when
both study days were fitted simultaneously, the data
were most appropriately described by the linear model
on the basis of the general linear test. The responsive-
ness (m) to amlodipine was calculated for individual
patients for the placebo-subtracted change in erect (3
minutes) systolic blood pressure per unit change in
drug concentration.

Statistical analysis. Measurements throughout are
expressed as mean value = SD. Blood pressure and
heart rate measurements were evaluated by repeated-
measures ANOVA. Linear regression analysis was
used for the correlation between responsiveness and
pretreatment blood pressure.

RESULTS

Pharmacodynamics. For the group as a whole there
was no statistically significant decrease in blood pres-
sure during the 10-hour study day after first-dose ad-
ministration of amlodipine, as illustrated for erect
blood pressure (Fig. 1). However, reductions in blood
pressure were significant at 24 and 48 hours after the
first dose (p < 0.001). For example, supine blood
pressures at 24 and 48 hours were 154/97 + 20/11 and
154/94 = 17/4 mm Hg, respectively, compared with
161/98 *= 18/9 and 165/98 = 13/6 mm Hg after pla-
cebo.
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Fig. 1. Mean profiles for erect blood pressure and heart rate
after placebo (open circles), first dose of amlodipine (solid
circles), and steady-state amlodipine (squares).

After 6 weeks, there were significant reductions in
baseline (predose) blood pressure (p < 0.001) and fur-
ther reductions in supine blood pressure and in erect
blood pressure (Fig. 1) during the third study day
(p < 0.001). Thus baseline blood pressures (recorded
24 hours after the previous dose) were 145/94 = 16/8
mm Hg for supine and 148/94 = 18/8 mm Hg for
erect, compared with 165/103 =+ 20/6 and 164/105 =
18/8 after placebo. Average blood pressures during
the third study day (from 0 to 10 hours) were 135/83
mm Hg for supine and 136/85 mm Hg for erect; these
values represent reductions of 12/9 and 15/12 mm Hg,
respectively, compared with the corresponding blood
pressures after placebo.

Ambulatory blood pressure monitoring in six pa-
tients confirmed the significant reductions in blood
pressure with steady-state dosing (p < 0.001). Overall
average values for ambulatory blood pressure were
131/82 = 15/11 mm Hg (0 to 24 hours) and 131/82 *
12/5 mm Hg (0 to 16 daytime hours) after amlodipine,
compared with corresponding values of 141/88 = 11/7
mm Hg and 144/90 = 13/11 mm Hg after 3 weeks
treatment with placebo.

After the first dose of amlodipine, there were smail
but significant increases in both supine and erect heart
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Table 1. Pharmacokinetics of amlodipine
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Model-independent analysis*

AUC (ng - hr - mi~’)

Elimination t,,

Model-dependent analysist

Patient No.  First dose 6 Weeks First dose 6 Weeks VIF (L) k, (hr™7) k, (hr™')
1 210 245 48.2 46.1 2350 0.011 0.26
2 132 199 29.8 28.9 1150 0.021 0.18
3 125 182 52.6 69.3 1450 0.026 0.26
4 163 155 63.4 58.4 1650 0.024 0.28
5 236 238 36.1 44.1 1000 0.031 0.43
6 125 — 38.9 — 1400 0.027 0.31
7 172 250 53.6 39.7 1600 0.024 0.21
8 80 90 55.5 67.8 1450 0.008 0.19
5 160 215 37.2 35.1 850 0.019 0.18
10 106 118 46.2 45.0 1900 0.028 0.17
11 169 192 39.7 49.8 1950 0.011 0.88
12 210 300 48.2 52.4 1600 0.014 0.19
Mean £ SD 152 *45 194*62 45610 490=13 1550 =400 00200008 0.29 +0.20

AUC, Area under the plasma concentration-time curve; ty,, half-life; V/F, volume of distribution; k, and k,, first-order rate constants describing elimination and

absorption.

*The model-independent parameters, AUC and elimination t1,, were calculated for individual patients on each study day.
+The model dependent variables were obtained by means of simultaneous fitting to both drug concentration—time profiles for each subject.

rate (p < 0.001), on average, 2.5 and 4 beats/min, re-
spectively, which were maximal between 5 to 9 hours
after drug administration (Fig. 1), but no significant
increases were observed after steady-state dosing.

Pharmacokinetics. Model-independent analysis of
the pharmacokinetic data showed an elimination t,, at
steady state of 49 + 13 hours (Table I). After steady-
state dosing, there was an approximately fourfold in-
crease in plasma amlodipine concentrations, which is
wholly consistent with the factorial accumulation pre-
dicted from such a long terminal t,,.

With use of a model-dependent approach, in all pa-
tients the plasma concentration—time profiles after
single-dose and steady-state administration were most
appropriately described by fitting a one-compartment
model simultaneously to the plasma concentration data
derived in individual patients on both study days. The
derived parameters are shown in Table I and the fits
for three representative patients are shown in Fig. 2.
These profiles represent the best, worst, and “average”
(of the group) fits characterized by coefficients of de-
termination of 0.992, 0.834, and 0.935, respectively,
with corresponding Akaike information criterion val-
ues of 18.2, 68.8, and 54.3, respectively.

Concentration-effect relationships. In individual
patients there was no simple relationship between
plasma amlodipine concentrations and the decrease in
blood pressure (Fig. 3). In all subjects, however, the
most appropriate model to describe the pharmacody-
namic data was the linear model; drug concentrations

in individual patients were well correlated with the
(placebo-subtracted) reduction in erect systolic blood
pressure, as shown for three representative patients
(Fig. 4). The best, worst, and “average” fits were
characterized by coefficients of determination of
0.970, 0.752, and 0.850, respectively, and by Akaike
information criterion values of 162.4, 285.4, and
217.9, respectively. The derived m and k., values are
summarized in Table II and, as the mean of the group,
responsiveness to amlodipine was —3.1 * 0.9 mm
Hg/ng/ml for erect systolic blood pressure.

There was no relationship between responsiveness
(m) and patient age or pretreatment plasma renin ac-
tivity, but there was a significant positive correlation
between responsiveness (m) and the pretreatment
(baseline) blood pressure (r = 0.71).

DISCUSSION

The antihypertensive efficacy and disposition char-
acteristics of amlodipine are well documented,?''® but
there is a paucity of detailed information about the re-
lationship between the pharmacokinetic characteristics
(i.e., the plasma drug concentration—time profile) and
the antihypertensive response.

For the group as a whole, the gradual onset of ac-
tion after the first dose of amlodipine did not elicit a
statistically significant hypotensive response until 24
to 48 hours after drug administration, but the small in-
creases in heart rate provide some evidence of vasodi-
lator activity during the first 10 hours. After 6 weeks
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Fig. 2. Representative plasma drug concentration—time pro-
files for first dose of amlodipine (circles) and steady-state
amlodipine (squares) in three representative patients. A,
Best fit. B, Worst fit. C, “Average” fit.

of treatment, there was clear evidence of a sustained
antihypertensive response (on average, 12/9 mm Hg
supine and 15/12 mm Hg erect), and heart rates were
not significantly different from the placebo values.
There was no simple relationship between plasma
amlodipine concentrations and the decrease in blood
pressure, as shown by the hysteresis pattern, but direct
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Fig. 3. Hysteresis plot of blood pressure reduction (erect
systolic) versus plasma drug concentration in a representa-
tive patient (A). Also shown are the plasma amlodipine con-
centration—time profile (B) and the effect-time profile (for
erect blood pressure at steady state; C) in the same represen-
tative patient.
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Fig. 4. Integrated pharmacodynamic-pharmacokinetic fits
after the first dose of amlodipine (circles) and steady state
amlodipine (squares) in the three representative patients
A, Best fit. B, Worst fit. C, “Average” fit.

concentration-effect relationships were described in
each individual patient by use of pharmacodynamic
modeling. The relationship between continuously
changing (increasing) drug concentrations and the hy-
potensive response should, on theoretic grounds, be
described most accurately by an E__, equation, but in
this study (as has been described in other clinical stud-

ies>1217) in which data points were restricted t0 a
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Table II. Concentration-effect parameters, m and
k.., for changes in erect systolic blood pressure

Patient m
Patient age (mm Hg/ K,
No. (yr) ngimi) (hr™ ")
1 62 -35 0.74
2 25 -3.0 0.10
3 54 —4.0 0.27
4 57 -3.5 0.13
5 33 2.7 0.29
6 40 — —
7 48 —-2.8 0.15
8 48 -1.6 1.20
9 53 -24 0.46
10 58 —4.9 0.13
11 64 -2.5 1.04
12 41 —2.8 1.23

Mean = SD =31 %09 052045

m, Responsiveness; k,,, first-order rate constant of the effect model.

clinically relevant range, the linear model was found
to be more appropriate. In practical terms this has the
advantage that antihypertensive “responsiveness” is
characterized in each individual patient in millimeters
of mercury per ng - ml™!, that is, m, the slope of the
linear relationship. For example, for erect systolic
blood pressure, there was an average reduction of 3.1
mm Hg for each ng - ml~! change in plasma concen-
tration. Thus, concentration-effect analysis provides a
mathematic description of drug response that is stan-
dardized to take account of kinetic as well as dynamic
variability, placebo effects, and time-related differ-
ences in drug concentration and blood pressure during
a dosing interval.

In some previous studies the parameters derived
from concentration-effect analysis have been used to
predict the blood pressure responses to a range of dos-
ing schedules,'®!° which raises the possibility of opti-
mizing antihypertensive treatment prospectively on an
individual basis.!' However, this potential prospective
use of concentration-effect analysis does not appear to
be a practical possibility with amlodipine because the
onset of the hypotensive effect is too gradual to allow
accurate quantification of the initial antihypertensive
response. It has often been suggested that the antihy-
pertensive response to calcium antagonists and to
other antihypertensive drugs shows no predictable
concentration-effect relationships.?®-*! This principally
reflects the negative findings of previous studies that
have sought correlations between kinetic and dynamic
parameters for groups of subjects rather than for indi-
viduals.?! The pharmacokinetic analysis in this study
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confirmed that, in contrast to other dihydropyridine
compounds, steady-state amlodipine shows relatively
little fluctuation in plasma concentrations across a dos-
ing interval and, correspondingly, relatively little fluc-
tuation in antihypertensive effect. Thus, in addition to
showing that the concentration-time profile is a useful
index of the effect-time profile, the unified modeling
approach for single and multiple doses emphasises the
relative lack of intraindividual pharmacokinetic vari-
ability.

An additional but incidental feature of this study re-
lates to those factors that have been implicated as de-
terminants of the antihypertensive response to a cal-
cium antagonist,” for example, age, plasma renin
activity, and starting blood pressure. In previous stud-
ies this type of analysis is often compromised by in-
consistent and sometimes inadequate methods for de-
scribing drug “response” that take no account of
kinetic variability.!' For example, after a single intra-
venous dose of amlodipine, the decrease in blood
pressure per unit drug concentration was greater in el-
derly than in young patients with hypertension, but af-
ter long-term oral therapy there was no relationship
between age and antihypertensive responsiveness.'®
Although not a declared aim of this study, there was
no relationship between age (across a relatively nar-
row range) and the antihypertensive response, but
there was a consistent relationship between respon-
siveness and the height of the pretreatment blood pres-
sure, as has been reported previously.>?

In conclusion, this study has characterized the con-
centration-effect relationships and individual re-
sponses to amlodipine by use of a linear pharmacody-
namic model and has shown that the sustained plasma
concentration—time profile translates to a sustained
antihypertensive effect-time profile.
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