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ABSTRACT 

An integrated structural pharmacokinetic/pharmacodynamic (PK/PD) model was 

developed for the glycoprotein IIb/IIIa antagonist abciximab administered to patients 

undergoing percutaneous transluminal coronary angioplasty. PK/PD data, in the form of 

plasma abciximab concentrations and ex vivo platelet aggregation in the presence of 

20µM adenosine diphosphate, were obtained from two previously conducted clinical 

studies. Study 1 consisted of patients who were given abciximab as a single 

intravenous injection of 0.25mg/kg (n=32). Patients in Study 2 received an identical 

bolus dose, followed by a 36-hour infusion at 0.125µg/kg/min (n=15). The PK 

component of the final model included drug-receptor binding, non-specific distribution, 

and linear systemic clearance, whereas the PD module assumed that ex vivo dynamics 

were controlled by free plasma drug concentration. Mean PK/PD data from both studies 

were fitted simultaneously using nonlinear regression. PK profiles from both studies 

show rapidly decreasing plasma abciximab concentrations at early time points, but with 

extended terminal disposition phases. The maximum effect (Emax=83.6%) was achieved 

rapidly and gradually returned to baseline values, although inhibition could be measured 

long after abciximab concentrations dropped below the detection limit. The final model 

well described the resulting PK/PD profiles and allowed for parameter estimation with 

relatively small coefficients of variation. Simulations were conducted to assess predicted 

receptor-occupancy and effects of selected parameters on PK/PD profiles. Models such 

as the one developed in this study demonstrate how drug binding to pharmacological 

targets may influence the PK of certain drugs, and also provide a suitable paradigm for 

defining the PK/PD relationships of similar compounds. 
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        Activation of the glycoprotein (GP) IIb/IIIa platelet-surface integrin by endogenous agonists 

(e.g. thrombin, adenosine diphosphate or ADP, and collagen) results in the binding of adhesive 

proteins such as fibrinogen and von Willebrand factor, thus mediating platelet aggregation 

(Phillips et al., 1991).  Antagonists directed against this receptor represent a family of anti-

platelet drugs that are used clinically for the prevention of pathological thromboses (Majerus and 

Tollefsen, 2001).  Abciximab, a monoclonal antibody Fab fragment, was the first approved agent 

in this class of drugs (Coller, 1997) and has been shown to prevent acute cardiac ischemic 

complications from percutaneous transluminal coronary angioplasty (PTCA) and atherectomy 

(EPIC Investigators, 1994).  Typical dosing regimens include a weight-normalized intravenous 

(i.v.) bolus dose of 0.25 mg/kg, followed by an i.v. infusion of 0.125 µg/kg/min (up to a 

maximum of 10 µg/min) for 12 to 24 hours, depending on the indication.  This scheme was 

designed to achieve and sustain greater than 80% receptor occupancy and less than 20% of 

baseline ex vivo platelet aggregation (induced by 20 µM ADP), which was shown to correspond 

with the prevention of in vivo thrombus formation in monkeys (Coller et al., 1989).  In addition, 

combining the bolus dose with an infusion was shown to significantly reduce the need for urgent 

repeated revascularization procedures in patients as compared to the bolus alone (EPIC 

Investigators, 1994). 

        The pharmacokinetics (PK) and pharmacodynamics (PD) of abciximab, along with several 

other drugs in this class, have been reviewed (Kleiman, 1999; Scarborough et al., 1999; Coller, 

2001).  In general, PK profiles show rapidly decreasing plasma abciximab concentrations at early 

time points (half-life ~ 10-30 min), presumably as a result of drug binding to free receptor and 

the elimination of free drug.  However, after or in the absence of an i.v. infusion, drug 

concentrations decline very slowly with an extended terminal disposition phase (half-life ~ 7 
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hrs).  The primary mechanism of drug elimination is unknown, but is suggested to be catabolism 

or proteolytic degradation with negligible renal excretion of the parent compound.  The 

maximum ex vivo percent inhibition of platelet aggregation (in the presence of 20 µM ADP) is 

rapidly achieved and the effect gradually returns to baseline values, although inhibition can be 

measured long after abciximab is no longer detectable in plasma.  This ex vivo effect appears to 

recover faster than the decay in receptor occupancy (Tcheng et al., 1994), suggesting a threshold 

value of receptor occupancy and/or that ex vivo effects may be controlled by free drug 

concentrations. 

        Abciximab is a drug with a narrow therapeutic index, with serious complications resulting 

from under treatment (lack of antithrombotic effect) or over treatment (e.g. bleeding episodes).  

The standard administration regimen results in substantial inter-patient variability in dose-

concentration and concentration-effect relationships (Steinhubl et al., 1999).  These observations 

suggest a role for the individualization of abciximab pharmacotherapy as well as the potential for 

therapeutic drug monitoring.  However, despite a readily accessible biophase (plasma), there is 

considerable debate as to whether such an approach would be feasible or which method of 

platelet function monitoring would yield clinically meaningful data (Coller, 1998).  Regardless, 

efforts continue to be made to identify key patient characteristics that contribute to the variability 

in patient response to abciximab therapy, such as the role of the P1A genetic polymorphism of the 

GP IIIa subunit of the receptor in altering the sensitivity to inhibition of aggregation by 

antiplatelet drugs (Wheeler et al., 2002; Michelson et al., 2000; O'Connor et al., 2001).  We 

hypothesize that a mechanistic structural PK/PD model may provide additional insights into the 

determinants of such variability, as well as a basic model upon which future population 

pharmaco-statistical models may be developed to identify covariates in a quantitative manner.  
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The purpose of the present study is to establish such a model in patients undergoing coronary 

angioplasty, which to our knowledge has not been reported for abciximab. 
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Methods 

Study 1 

        Details of this study have been published elsewhere (listed as study 2 in Abernethy et al., 

2002).  In brief, 32 patients aged 44 to 74 years underwent elective PTCA at two Baylor College 

of Medicine-affiliated hospitals (The Methodist Hospital and Ben Taub Hospital).  Each patient 

received aspirin (325 mg by mouth 2 to 6 hrs prior to abciximab) and a 12,000-unit (U) i.v. bolus 

of unfractionated heparin.  Heparin was continued for at least 6 hours after the procedure as 

repeated bolus doses required to maintain an activated partial thromboplastin time (aPTT) of 300 

to 400 seconds.  Abciximab was given to each patient as a single i.v. bolus of 0.25 mg/kg, at 

least 15 minutes after the first dose of heparin and 2 to 60 minutes prior to angioplasty balloon 

inflation.  Blood samples were collected at various times and the measurements acquired for the 

present analysis included plasma abciximab concentration, GP IIb/IIIa receptor occupancy 

(percentage of receptor sites per platelet relative to baseline values), and ex vivo platelet 

aggregation in the presence of 20 µM ADP.  Plasma drug concentrations were determined using 

an enzyme immunoassay (Abernethy et al., 2002), the number of receptors per platelet were 

measured by a radiometric method (Wagner et al., 1996), and inhibition of platelet aggregation 

was quantified by a turbidometric method (Mascelli et al., 1997). 

 

Study 2 

        This study was conducted at St. James's Hospital, Dublin, Ireland, the details of which have 

been published previously (Quinn et al., 2001).  Within 18 to 24 hours prior to the procedure, 

fifteen patients aged 21 to 70 years undergoing elective PTCA were given abciximab as an i.v. 

bolus (0.25 mg/kg) followed by a 36 hour infusion at 0.125 µg/kg/min (up to a maximum of 10 
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µg/min).  Similar to study 1, all patients received oral aspirin (300 mg 4 hrs prior to angioplasty) 

and unfractionated heparin (50 to 70 U/kg i.v. bolus up to a maximum of 7000 U to achieve an 

aPTT greater than 200 seconds).  However, those patients who had a coronary stent inserted also 

were given either ticlopidine (250 mg twice daily) or clopidogrel (75 mg once daily) for 4 weeks 

starting immediately after the procedure.  The identical PK/PD measurements listed under study 

1 were obtained from study 2.  Plasma abciximab concentrations were measured by 

immunoassay (Quinn et al., 2001).  Receptor number and occupancy were determined using the 

GP IIb/IIIa receptor occupancy kit (Biocytex, Marseille, France) and inhibition of platelet 

aggregation by a turbidometric assay, both as previously described (Quinn et al., 1999). 

 

Pharmacokinetic/Pharmacodynamic Model 

        The classical description of abciximab pharmacokinetics, including a rapid distribution 

phase, a prolonged terminal phase, and high-affinity binding to its pharmacological receptor, is 

consistent with that of target-mediated drug disposition (Levy, 1994), where drug-target 

interactions may impact the pharmacokinetics of the drug in just such a manner.  A general 

approach to modeling this phenomenon has been developed (Mager and Jusko, 2001) that 

utilizes drug binding micro-constants (kon, second-order rate constant for drug-target formation, 

and koff, first-order dissociation rate constant) coupled with a maximum receptor density (RT) to 

describe the time-course of the drug-target complex (RC).  For example, 

( ) RCkRCRCk
dt

dRC
offTon ⋅−−⋅⋅= 1                                                                                            (1) 

assuming no degradation of RC and where C1 is the drug concentration in the central 

compartment.  Although a PK/PD model for the present abciximab data was developed 

successfully using this modeling scheme, simulations of the time-course of RC revealed a 
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significant time-lag of about 2 hours for peak values to occur (data not shown).  This is in 

contrast to the literature where it has been shown that drug-receptor binding is rapid and on the 

order of several minutes (Coller, 2001). 

        As an alternative, we assumed that eq. 1 was near equilibrium conditions ( 0≈dtdRC ).  In 

doing so, the model collapses into one of the nonlinear pharmacokinetic models (model II(b)) 

outlined by Wagner (1971).  The schematic of the model is shown in Fig. 1 and the differential 

equations that define it are: 

( )

( )2
1

11222101

1
CVKV

KR
CkkCkVK

dt

dC

D

DT

el

+⋅
⋅+

⋅+−⋅+
=                                                                                          (2) 

221112
2 CkCk

dt

dC
⋅−⋅=                                                                                                                  (3) 

where the symbols are defined in the abbreviations list and C1 and C2 represent drug 

concentrations (nM) in the central and peripheral compartments.  In this context, the peripheral 

compartment might be reflective of nonspecific binding (the need for which was tested using 

standard model fitting criteria as outlined in Data Analysis).  The zero-order drug infusion rate 

(K0) is zero for the first study, and a constant value (0.158 nmol/kg/hr) when time is less than the 

infusion time (Tinf) for the second study (K0 = 0 when time > Tinf).  The dashed box in Fig. 1 

represents a pseudo-compartment for the drug-receptor complex, which is in rapid equilibrium 

with C1.  Whereas traditional models of the kinetics of biophase drug concentrations assume that 

the amount of drug in this compartment is negligible and not reflected in the time-course of 

plasma drug concentrations (Sheiner et al., 1979), target-mediated drug disposition models 

integrate the thermodynamics of drug-target binding with the pharmacokinetics of the drug (eq. 

2).  Wagner (1971) also derived an equation for the initial condition of eq. 2 as: 
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( ) ( )
2

22

0
1 2

4

V

DKVKVRDKVRD
C ivDDTivDTiv

⋅
⋅⋅⋅+−⋅−+−⋅−

=                                            (4) 

where Div represents the i.v. bolus dose (5.27 nmol/kg for both studies).  The initial condition of 

eq. 3 is set equal to zero. 

        The percentage of ex vivo platelet aggregation relative to the baseline (E) was assumed to 

be controlled by free plasma abciximab concentrations (C1) according to a sigmoid Emax model: 

( )
γγ

γ

+
⋅−

−=
150

10
0

CEC

CEE
EE b                                                                                                                 (5) 

where E0 is the baseline response (fixed to 100% by definition), γ is the Hill coefficient, and the 

remaining parameters are defined in the abbreviations (nota bene: C1 is converted to ng/mL units 

and Emax = E0 – Eb).  A similar relationship has been applied previously to abciximab 

pharmacodynamics with γ set equal to 1 (Abernethy et al., 2002). 

 

Data Analysis 

        Mean plasma abciximab concentrations and ex vivo pharmacodynamic measurements from 

both studies were fitted simultaneously using the proposed PK/PD model (eqs. 2 – 5).  The 

concentration units in eq. 2 (nM) were converted to ng/mL in the model output (mol. weight ~ 

47,500).  The maximum receptor density (RT) was fixed to 40 nM, in accord with previous 

estimates (Pieniaszek et al., 2002), and can be calculated from traditional fibrinogen binding 

experiments (Bennett et al., 1983).  Therefore, the unknown model parameters to be estimated 

from nonlinear regression analysis included k12, k21, kel, V, KD, Eb, EC50, and the Hill coefficient 

(γ).  A preliminary fit of the pharmacokinetic data using a standard two-compartment model was 

used to obtain initial estimates of k12, k21, kel, and V, whereas initial values for KD and the 

pharmacodynamic parameters were used as previously described (Abernethy et al., 2002).  
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Parameter estimation was conducted using the maximum likelihood estimator in the ADAPT II 

software program (D'Argenio and Schumitzky, 1997), and the variance model was defined as: 

( ) ( ) 22 YorEorCVar EC ⋅σσ=                                                                                                       (6) 

where σC and σE are the variance model parameters for the concentration and effect data and Y is 

the PK/PD model predicted value.  Goodness-of-fit criteria included program convergence, 

Akaike Information and Schwartz Criteria, estimator criterion value for the maximum likelihood 

method in ADAPT II, examination of residuals, and visual inspection.  The performance of the 

final model was compared to that of a standard linear two-compartment model (i.e. eqs. 2 − 4 

with the denominator in eq. 2 set equal to one and eq. 4 set equal to Div/V) linked to eq. 5 also 

using the sum of squared residuals, mean prediction error (bias), and mean squared prediction 

error (precision) (Sheiner and Beal, 1981). 

        Once model parameters were determined, several simulations were conducted to assess the 

implications of the model.  First, apparent receptor-occupancy was simulated using the following 

equation for fractional binding (Fb): 

%1001
1

1 ⋅








+
−=

CVK

C
F

D
b                                                                                                        (7) 

These profiles were compared to experimentally determined values.  Second, PK/PD profiles 

were simulated for the 36-hour infusion regimen via fixing most of the model parameters while 

allowing several values of KD, RT, and EC50 to be evaluated.  All simulations were executed 

using ADAPT II. 
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Results 

        Patient demographics and baseline measures of platelet count and receptor number per 

platelet are listed in Table 1.  These details from the original studies are re-shown to demonstrate 

that patients were fairly exclusively selected for these studies and that patient groups were 

relatively well matched.  Although not part of the inclusion/exclusion criteria, individual study 

populations were not balanced for sex and ethnicity.  Initial platelet counts were similar between 

studies and these values were stable for the duration of each study (data not shown). 

        The temporal patterns of mean plasma abciximab concentrations and ex vivo platelet 

aggregation for both studies are shown in Fig. 2.  In accordance with previous reports, free drug 

concentrations decrease rapidly at early time points but exhibit extended terminal disposition 

phases.  The i.v. infusion administered in the second study maintains slightly higher drug 

concentrations during the infusion (time < Tinf).  However, abciximab concentrations continue a 

rapid decline once the infusion is stopped and a relatively long terminal phase was confirmed 

with plasma concentrations detectable at 120 hours after initiating treatment.  The maximum 

inhibition of ex vivo platelet aggregation was quickly achieved in both studies.  The single i.v. 

bolus given in study 1 resulted in a gradual return of the drug effect toward the baseline value, 

measuring 86.1 ± 20.4 % at 48 hours postdose.  In contrast, the response was maintained at lower 

levels during the abciximab infusion in study 2.  The return of the effect to the baseline value 

after terminating the infusion also was attenuated and inhibition of aggregation could be 

measured at 360 hours after starting therapy (90.6 ± 23.0 %). 

        The lines in Fig. 2 represent model fitted profiles resulting from the simultaneous fitting of 

the final model (eq. 2 – 5) to all of the mean PK/PD data shown in the figure and appear to be in 

good agreement with measured values.  Final model parameters are listed in Table 2 and, with 
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the exception of the KD parameter, were estimated with relatively small coefficients of variation 

(< 30%).  The estimated volume of distribution (0.118 L/kg) is slightly greater than blood 

volume, but still relatively small as would be expected for a large molecular weight protein.  An 

apparent equilibrium dissociation constant for the drug-receptor complex can be calculated from 

the model parameters (KD / V = 0.348 nM) and is about 10-fold lower than the 1 to 5 nM 

concentration reported in the literature (Kleiman, 1999; Scarborough et al., 1999; Coller, 2001).  

The relative predictive performance of the model was compared to a standard two-compartment 

model and the results are listed in Table 3.  The sum of squared residuals was lower markedly for 

the PD measures of both studies.  However, mean prediction errors (bias) and mean squared 

prediction errors (precision) were not significantly different between the applied models.  The 

proposed model appeared to better represent the data visually and overall model fitting criteria 

were improved (Table 3).  More importantly, the final model embodies a mechanistic basis that 

provides the opportunity to assess the role receptor-binding parameters may have in the PK/PD 

properties of abciximab. 

        Several simulations using the final PK/PD model were conducted.  Despite an approximate 

10-fold lower estimated equilibrium dissociation constant, predicted values of fractional receptor 

binding (eq. 7) were significantly correlated with the observed percentage of receptor sites per 

platelet relative to baseline values (Fig. 3).  Simulated PK/PD profiles using a 100-fold range of 

KD values (10-fold above and below the estimated value) showed only slight changes as 

compared with the profiles in Fig. 2 (data not shown), which most likely accounts for the higher 

CV% of its estimate (Table 2).  On the contrary, small perturbations in the maximum receptor 

density (RT) altered the time-course of plasma abciximab concentrations and ex vivo dynamics 

(Fig. 4).  An increase in RT resulted in lower free drug concentrations and a left-shift in the PD 
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profile.  The opposite effect on PK/PD profiles was predicted for a lower RT value.  Such 

changes might be interpreted as variability in drug efficacy and clearance and/or volume of 

distribution, although the model parameters associated with these properties (kel, V, and EC50) 

were kept constant for the simulations in Fig. 4.  The effect of changing EC50 on the 

pharmacodynamics of the system is illustrated in Fig. 5.  As would be expected, a lower EC50 

produces a right-shift in the effect-time profile since drug concentrations are maintained above 

the EC50 concentration for longer times and vice-versa. 
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Discussion 

        The impact of nonlinear tissue and plasma protein binding on drug pharmacokinetics has 

been appreciated for some time, although capacity-limited drug elimination generally receives 

greater attention (Gibaldi and Perrier, 1982).  The recognition that a pharmacological target may 

represent this high-affinity capacity-limited binding site for some drugs was not formally made 

until relatively recently (Levy, 1994).  In this study, an integrated PK/PD model based on the 

principles of target-mediated drug disposition was applied successfully to free plasma abciximab 

concentrations and subsequent ex vivo pharmacodynamics collected from a patient population.  

The modeling technique used in this study allows for the simultaneous fitting of PK/PD data and 

utilizes both to infer the apparent time-course of the drug-receptor complex.  This approach also 

provides the unique opportunity to explore the influence of apparent in vivo receptor-binding 

parameters on the PK/PD properties of the system. 

        The final model predicts an ability of the maximum receptor density (RT) to modify the 

kinetics and dynamics of abciximab (Fig. 4) and represents a potentially significant clinical 

implication.  Clinical evidence of this phenomenon may already be at hand.  Kereiakes et al. 

(2000) examined the effect of platelet count in platelet-rich plasma on the level of ex vivo 

platelet aggregation (via abciximab and two other GP IIb/IIIa antagonists) in 30 patients with 

unstable angina pectoris scheduled for percutaneous coronary intervention.  They found that an 

elevated platelet count (> 350 K/µL) was associated with reduced platelet inhibition produced by 

abciximab.  Although receptor density was not directly measured, platelet count may represent a 

suitable indirect biomarker for this capacity term and its use in designing abciximab dosing 

regimes remains to be further validated.  Normal platelet counts vary significantly within the 

population (130 to 400 K/µL), as does GP IIb/IIIa receptor density (70,000 to 100,000 
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sites/platelet) (Wagner et al., 1996), suggesting that platelet counts would represent a suitable 

covariate for inclusion in population analyses.  Interestingly, Fossler et al. (2002) have reported 

recently that platelet count was a significant patient covariate for explaining the intersubject 

variability in both the clearance and EC50 of XV459, another potent GP IIb/IIIa inhibitor.  The 

authors acknowledge that XV459 exhibits "pharmacodynamically mediated" pharmacokinetics, 

referring to the unusual pharmacokinetic characteristics that are associated with target-mediated 

drug disposition.  Platelet count was linearly related to the EC50 of XV459, with larger EC50 

values occurring with increasing platelet count.  This would manifest in pharmacodynamic 

changes similar to those shown in Figures 4 (bottom panel) and 5. 

        The effect of the binding capacity on abciximab pharmacokinetics underlies the attenuated 

pharmacodynamic effect, as the model predicts that less free drug would be available at higher 

RT values (Fig. 4, top panel).  Similar pharmacokinetic findings were reported by Kemme et al. 

(2003), who applied a three-compartment circulatory model that incorporated reversible and 

concentration-dependent endothelial binding to characterize the pharmacokinetics of 

recombinant tissue plasminogen activator (t-PA).  t-PA is a relatively large peptide (mol. weight 

~ 68,000) that exhibits a non-specific circulatory-delay at early time points during a low dose i.v. 

infusion, an additional property of target-mediated kinetics (Levy, 1994).  Simulations of their 

final PK model using various KD and capacity values (Fig. 6 in Kemme et al., 2003) were 

qualitatively similar to those conducted for this study.  Larger values of the binding capacity 

resulted in lower t-PA plasma concentrations in a manner consistent with an increase in the 

apparent volume of distribution, as can be seen for abciximab in the top panel of Fig. 4 as lower 

initial plasma concentrations and lower peak concentrations at 36 hours.  Similarly, a 100-fold 
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variation in the KD parameter for t-PA resulted in less modulation of the concentration-time 

profile. 

        In addition to the apparent efficacy changes imparted by receptor density, direct differences 

in the EC50 parameter may lead to significant shifts in abciximab pharmacodynamics (Fig. 5).  

The EC50 may be regarded as a hybrid parameter, reflective of various conditions of the system 

including the status of platelet function.  Although there is a lack of a definitive explanation for 

what platelet functional status is, specific patient covariates may indirectly relate to platelet 

status and thus influence EC50.  This point is made clear in a population PK/PD analysis of the 

GP IIb/IIIa antagonist, lotrafiban (Mould et al., 2001).  Lotrafiban does not appear to exhibit 

target-mediated kinetics.  However, the EC50 of inhibition of ex vivo platelet aggregation by 

lotrafiban was found to differ for smokers and those subjects with a qualifying diagnosis of a 

recent myocardial infarction.  Patients who smoked were less sensitive to the drug effect, 

whereas patients with a recent myocardial infarction had lower EC50 values that might be 

attributed to previous medications that were administered to those patients.  For this abciximab 

study, patients in study 2 did receive additional drugs that may alter binding affinity and platelet 

function (ticlopidine and clopidogrel) and this may explain the slight under-prediction of the last 

2 pharmacodynamic time-points for patients in study 1 (Fig. 2, bottom panel) given that a single 

EC50 parameter was utilized for model fitting.  Currently, almost all patients who receive 

abciximab also are given a thienopyridine because most undergo a stenting procedure.  

Therefore, the PK/PD properties of abciximab should be studied in the presence of these drugs 

and data from the second study clearly are more clinically relevant.  The aspirin and heparin 

regimens were slightly different between the two studies, and this may have also contributed to 

any pharmacodynamic differences. 
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        The final PK/PD model also provides details into the transient fall and rise of ex vivo 

platelet aggregation during the continuous i.v. infusion administered in the second study (Fig. 2, 

bottom panel).  Investigators from the original study postulate that this phenomenon is not the 

result of abciximab redistributing from the cell surface to intracellular pools (Quinn et al., 2001).  

Although alternative hypotheses cannot be excluded, one explanation of these data would be that 

the slight recovery of drug effect during the infusion results from the rapid elimination of free 

drug coupled with the slow rise to a steady-state plasma abciximab concentration.  This delay in 

achieving a free steady-state drug concentration is expected as slowly infused drug is rapidly 

taken-up by free receptor sites (Levy, 1994).  As an example, computer simulations of a 

physiologically-based target-mediated pharmacokinetic model of S-warfarin in rats showed that 

rapid infusions reach steady-state concentrations sooner than slower rate infusions (Levy et al., 

2003).  Future clinical studies are needed to verify whether a varying abciximab infusion rate, 

such as a fast initial rate followed by a gradual decline, represents an improved dosing scheme 

for this drug. 

        Finally, as more examples are identified, the pharmacodynamic implications of drugs that 

exhibit target-mediated drug disposition can be investigated more thoroughly.  Levy et al. (2003) 

point out that although significant drug-target binding continues for very low concentrations of 

drugs like warfarin and methotrexate, the time-course of their pharmacological effects more 

closely reflect free plasma drug concentrations and return toward baseline values at a faster rate 

than does receptor-occupancy.  Abciximab also represents a high-affinity binding agent with 

similar receptor-binding/pharmacodynamic relationships and a shared antagonistic mechanism of 

action.  This is in contrast to potential target-mediated drugs that act through agonistic 

mechanisms and have been modeled using the drug-target complex to drive the pharmacological 
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effect (Kang and Weiss, 2002; Mager et al., 2003).  Furthermore, this complex PK/PD behavior 

of abciximab may in fact correspond with a significant therapeutic advantage.  Many of the 

orally available small molecular weight GP IIb/IIIa inhibitors have been associated with an 

increase in mortality and myocardial infarction (Newby et al., 2002).  The primary mechanisms 

for this failure are most likely multi-factorial, among which the PK/PD properties of these drugs 

have been implicated (Newby et al., 2002).  Fossler et al. (2002) note that these oral agents 

generally exhibit relatively short half-lives and some have higher KD values or lower binding 

affinity (Scarborough et al., 1999).  Hence, the relatively longer residence times offered by the 

target-mediated kinetics and dynamics of abciximab, and potentially XV459, may translate into 

improved outcomes with these drugs. 

        In conclusion, a nonlinear simultaneous PK/PD model of abciximab has been presented that 

showed improved fitting over a traditional model and approach.  The combined PK/PD 

properties of the drug are used to infer the kinetics of drug-receptor binding and allow for an 

effective separation of variables that may have a role in controlling the time-course of abciximab 

plasma concentrations and ex vivo effects.  The final model predicts that binding capacity (RT) 

and drug sensitivity (EC50) are important parameters of interest and may contribute significantly 

to the intersubject variability in abciximab PK/PD.  Future large-scale population analyses are 

needed to establish the clinical utility of the model and to determine the degree of variability 

explained by specific patient covariates in a quantitative manner.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2003 as DOI: 10.1124/jpet.103.057299

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57299 

 20

References 

 

Abernethy DR, Pezzullo J, Mascelli MA, Frederick B, Kleiman NS and Freedman J (2002) 

Pharmacodynamics of abciximab during angioplasty: comparison to healthy subjects. 

Clin Pharmacol Ther 71:186-195. 

Bennett JS, Hoxie JA, Leitman SF, Vilaire G and Cines DB (1983) Inhibition of fibrinogen 

binding to stimulated human platelets by a monoclonal antibody. Proc Natl Acad Sci USA 

80:2417-2421. 

Coller BS (1997) Platelet GPIIb/IIIa antagonists: the first anti-integrin receptor therapeutics. J 

Clin Invest 100:S57-60. 

Coller BS (1998) Monitoring platelet GP IIb/IIIa antagonist therapy. Circulation 97:5-9. 

Coller BS (2001) Anti-GPIIb/IIIa drugs: current strategies and future directions. Thromb 

Haemost 86:427-443. 

Coller BS, Folts JD, Smith SR, Scudder LE and Jordan R (1989) Abolition of in vivo platelet 

thrombus formation in primates with monoclonal antibodies to the platelet GPIIb/IIIa 

receptor. Correlation with bleeding time, platelet aggregation, and blockade of GPIIb/IIIa 

receptors. Circulation 80:1766-1774. 

D'Argenio DZ and Schumitzky A (1997) ADAPT II user's guide. Biomedical Simulations 

Resource, Los Angeles. 

Fossler MJ, Ebling WF, Ma S, Kornhauser D, Mondick J, Barrett JS, Garner D, Quon CY and 

Pieniaszek HJ, Jr. (2002) Integrated pharmacokinetic/pharmacodynamic model of 

XV459, a potent and specific GPIIb/IIIa inhibitor, in healthy male volunteers. J Clin 

Pharmacol 42:1326-1334. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2003 as DOI: 10.1124/jpet.103.057299

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57299 

 21

Gibaldi M and Perrier D (1982) Pharmacokinetics. Marcel Dekker, Inc., New York. 

EPIC Investigators (1994) Use of a monoclonal antibody directed against the platelet 

glycoprotein IIb/IIIa receptor in high-risk coronary angioplasty. N Engl J Med 330:956-

961. 

Kang W and Weiss M (2002) Digoxin uptake, receptor heterogeneity, and inotropic response in 

the isolated rat heart: a comprehensive kinetic model. J Pharmacol Exp Ther 302:577-

583. 

Kemme MJB, Schoemaker RC, Burggraaf J, van der Linden M, Noordzij M, Moerland M, Kluft 

C and Cohen AF (2003) Endothelial binding of recombinant tissue plasminogen 

activator: Quantification in vivo using a recirculatory model. J Pharmacokinet 

Pharmacodyn 30:3-22. 

Kereiakes DJ, Broderick TM, Roth EM, Whang D, Mueller M, Lacock P, Anderson LC, Howard 

W, Blanck C, Schneider J and Abbottsmith CA (2000) High platelet count in platelet-rich 

plasma reduces measured platelet inhibition by abciximab but not tirofiban nor 

eptifibatide glycoprotein IIb/IIIa receptor antagonists. J Thromb Thrombolysis 9:149-155. 

Kleiman NS (1999) Pharmacokinetics and pharmacodynamics of glycoprotein IIb-IIIa inhibitors. 

Am Heart J 138:S263-S275. 

Levy G (1994) Pharmacologic target-mediated drug disposition. Clin Pharmacol Ther 56:248-

252. 

Levy G, Mager DE, Cheung WK and Jusko WJ (2003) Comparative pharmacokinetics of 

coumarin anticoagulants L: Physiologic modeling of S-warfarin in rats and 

pharmacologic target-mediated warfarin disposition in man. J Pharm Sci 92:985-994. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2003 as DOI: 10.1124/jpet.103.057299

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57299 

 22

Mager DE and Jusko WJ (2001) General pharmacokinetic model for drugs exhibiting target-

mediated drug disposition. J Pharmacokinet Pharmacodyn 28:507-532. 

Mager DE, Neuteboom B, Efthymiopoulos C, Munafo A and Jusko WJ (2003) Receptor-

mediated pharmacokinetics and pharmacodynamics of interferon-beta 1a in monkeys. J 

Pharmacol Exp Ther 306:262-270. 

Mascelli MA, Worley S, Veriabo NJ, Lance ET, Mach S, Schaible T, Weisman HF and Jordan 

RE (1997) Rapid assessment of platelet function with a modified whole-blood 

aggregometer in percutaneous transluminal coronary angioplasty patients receiving anti-

GP IIb/IIIa therapy. Circulation 96:3860-3866. 

Majerus PW and Tollefsen DM (2001) Anticoagulant, thrombolytic, and antiplatelet drugs, in 

Goodman & Gilman's The Pharmacological Basis of Therapeutics (Hardman JG, 

Limbird LE and Gilman AG eds) pp 1519-1538, McGraw-Hill, New York. 

Michelson AD, Furman MI, Goldschmidt-Clermont P, Mascelli MA, Hendrix C, Coleman L, 

Hamlington J, Barnard MR, Kickler T, Christie DJ, Kundu S and Bray PF (2000) Platelet 

GP IIIa P1A polymorphisms display different sensitivities to agonists. Circulation 

101:1013-1018. 

Mould D, Chapelsky M, Aluri J, Swagzdis J, Samuels R and Granett J (2001) A population 

pharmacokinetic-pharmacodynamic and logistic regression analysis of lotrafiban in 

patients. Clin Pharmacol Ther 69:210-222. 

Newby LK, Califf RM, White HD, Harrington RA, Van de Werf F, Granger CB, Simes RJ, 

Hasselblad V and Armstrong PW (2002) The failure of orally administered glycoprotein 

IIb/IIIa inhibitors to prevent recurrent cardiac events. Am J Med 112:647-658. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2003 as DOI: 10.1124/jpet.103.057299

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57299 

 23

O'Connor FF, Shields DC, Fitzgerald A, Cannon CP, Braunwald E and Fitzgerald DJ (2001) 

Genetic variation in glycoprotein IIb/IIIa (GPIIb/IIIa) as a determinant of the responses to 

an oral GPIIb/IIIa antagonist in patients with unstable coronary syndromes. Blood 

98:3256-3260. 

Phillips DR, Charo IF and Scarborough RM (1991) GPIIb-IIIa: the responsive integrin. Cell 

65:359-362. 

Pieniaszek HJ, Jr., Sy SK, Ebling W, Fossler MJ, Cain VA, Mondick JT, Ma S and Kornhauser 

DM (2002) Safety, tolerability, pharmacokinetics, and time course of pharmacologic 

response of the active metabolite of roxifiban, XV459, a glycoprotein IIb/IIIa antagonist, 

following oral administration in healthy volunteers. J Clin Pharmacol 42:738-753. 

Quinn M, Deering A, Stewart M, Cox D, Foley B and Fitzgerald D (1999) Quantifying 

GPIIb/IIIa receptor binding using two monoclonal antibodies. Discriminating abciximab 

and small molecular weight antagonists. Circulation 99:2231-2238. 

Quinn MJ, Murphy RT, Dooley M, Foley JB and Fitzgerald DJ (2001) Occupancy of the internal 

and external pools of glycoprotein IIb/IIIa following abciximab bolus and infusion. J 

Pharmacol Exp Ther 297:496-500. 

Scarborough RM, Kleiman NS and Phillips DR (1999) Platelet glycoprotein IIb/IIIa antagonists. 

What are the relevant issues concerning their pharmacology and clinical use? Circulation 

100:437-444. 

Sheiner LB, Stanski DR, Vozeh S, Miller RD and Ham J (1979) Simultaneous modeling of  

pharmacokinetics and pharmacodynamics: application to d-tubocurarine. Clin Pharmacol  

Ther 25:358-371. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2003 as DOI: 10.1124/jpet.103.057299

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57299 

 24

Sheiner LB and Beal SL (1981) Some suggestions for measuring predictive performance. J 

Pharmacokinet Biopharm 9:503-512. 

Steinhubl SR, Kottke-Marchant K, Moliterno DJ, Rosenthal ML, Godfrey NK, Coller BS, Topol 

EJ and Lincoff AM (1999) Attainment and maintenance of platelet inhibition through 

standard dosing of abciximab in diabetic and nondiabetic patients undergoing 

percutaneous coronary intervention. Circulation 100:1977-1982. 

Tcheng JE, Ellis SG, George BS, Kereiakes DJ, Kleiman NS, Talley JD, Wang AL, Weisman 

HF, Califf RM and Topol EJ (1994) Pharmacodynamics of chimeric glycoprotein IIb/IIIa 

integrin antiplatelet antibody Fab 7E3 in high-risk coronary angioplasty. Circulation 

90:1757-1764. 

Wagner CL, Mascelli MA, Neblock DS, Weisman HF, Coller BS and Jordan RE (1996) Analysis 

of GPIIb/IIIa receptor number by quantification of 7E3 binding to human platelets. Blood 

88:907-914. 

Wagner JG (1971) A new generalized nonlinear pharmacokinetic model and its implications, in 

Biopharmaceutics and Relevant Pharmacokinetics (Wagner JG ed) pp 302-317, Drug 

Intelligence Publications, Hamilton. 

Wheeler GL, Braden GA, Bray PF, Marciniak SJ, Mascelli MA and Sane DC (2002) Reduced 

inhibition by abciximab in platelets with the PlA2 polymorphism. Am Heart J 143:76-82. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2003 as DOI: 10.1124/jpet.103.057299

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57299 

 25

Footnotes 

 

This research was supported by the Intramural Research Program of the National Institute on 

Aging. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2003 as DOI: 10.1124/jpet.103.057299

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #57299 

 26

Legends for figures 

 

Fig. 1. Schematic of the pharmacokinetic component of the final model for abciximab 

PK/PD in patients (adapted from model II(b) in Wagner, 1971). Abciximab i.v. bolus 

(Div) and infusion (K0, Tinf) are connected to the central compartment (C1) and free 

drug can transfer between the peripheral compartment (C2, k12, k21) or be eliminated 

(kel). The dashed box represents a pseudo-compartment for the drug-receptor complex 

(RC) which is in rapid equilibrium with C1. Symbols are defined in Abbreviations. 

Fig. 2. Mean abciximab pharmacokinetic (top) and pharmacodynamic (bottom) data for 

patients undergoing coronary angioplasty. Error bars represent standard deviation and 

the lines are model fitted profiles using the final PK/PD model (eqs. 2 – 5) and all 

data in the figure simultaneously. 

Fig. 3. Comparison between model predicted in vivo fractional receptor binding (eq. 7) and 

measured values of the percentage of receptor sites per platelet relative to baseline 

values. Error bars represent standard deviation and the dashed line is identity. The 

correlation coefficient was calculated assuming mean values to be independent and 

error-free using SYSTAT (v8.0, SPSS Inc., Chicago, IL), excluding the baseline 

value (i.e. 100%). 

Fig. 4. Simulated abciximab pharmacokinetic (top) and pharmacodynamic (bottom) profiles 

for the i.v. bolus and 36-hour infusion regimen using the final model (eqs. 2 – 5) and 

parameters (Table 2) allowing for 3 different values of binding capacity (RT). 
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Fig. 5. Simulated abciximab pharmacodynamics for the i.v. bolus and 36-hour infusion 

regimen using the final model (eqs. 2 – 5) and parameters (Table 2) allowing for 3 

different values of drug sensitivity (EC50). 
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TABLE 1 

Patient Demographics 

 Study 1 (n = 32) Study 2 (n = 15) 

Age ± S.D. (years) 58.3 ± 8.4 57.5 ± 6.6 

Weight ± S.D. (kg) 84.5 ± 17.7 71.7 ± 12.5 

Sex (% male) 62.5 73.3 

Race 

   White 

   Black 

   Other a 

 

22 

5 

5 

 

15 

0 

0 

Platelet count (103/µL) ± S.D. b 239 ± 41 215 ± 44 

Receptor number / platelet  

± S.D. b 

 

75,300 ± 22,100 

 

68,100 ± 4,200 

 

a 4 Hispanic, 1 Asian Indian. 

b Baseline measurements. 
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TABLE 2 

Estimated Abciximab Pharmacokinetic and Pharmacodynamic Parameters 

Parameter (units) Final Estimate CV% a 

k12 (h
-1) 1.21 18 

k21 (h
-1) 0.0326 26 

kel (h
-1) 0.583 16 

V (L/kg) 0.118 1.0 

KD (nmol/kg) 0.0411 48 

Eb (%) 16.5 7.2 

EC50 (ng/mL) 30.4 13 

γ 2.10 19 

σC 0.25 15 

σE 0.18 16 

 

a Coefficient of variation of the estimate, not reflective of inter-patient variability. 
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TABLE 3 

Relative Predictive Performance of the Final PK/PD Model 

 Study 1 Study 2 

 Nonlinear a Linear b Nonlinear Linear 

Pharmacokinetics     

SSR (×106) 1.47 1.16 0.873 1.23 

MPE -151 ± 87 -139 ± 76 157 ± 74 175 ± 90 

MSE (×104) 11.3 ± 7.3 8.95 ± 5.77 7.94 ± 4.84 11.2 ± 6.7 

Pharmacodynamics     

SSR 414 1120 428 696 

MPE 4.00 ± 3.26 1.62 ± 6.08 -2.12 ± 1.31 -3.01 ± 1.63 

MSE 69.0 ± 30.7 187 ± 85 28.5 ± 10.2 46.4 ± 15.6 

Overall Criteria     

ECV 199 206   

AIC 419 431   

SC 437 447   

 

SSR, sum of squared residuals; MPE, mean prediction error (bias); MSE, mean squared 

prediction error (precision); ECV, estimator criterion value; AIC, Akaike information criterion; 

SC, Schwartz criterion. 

a Final nonlinear PK/PD model (eq. 2 – 5). 

b Standard linear two-compartment model linked to eq. 5 (see text). 
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