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Abstract
Tirofiban is a glycoproteine (GP) IIb/IIIa receptor antagonist, which inhibits platelet-platelet aggregation and is a potential 
adjunctive antithrombotic treatment in patients with acute coronary syndromes (ACS) or high-risk percutaneous coronary 
interventions (PCI). It is administered intravenously as a bolus followed by continuous infusion. However, the dosage rec-
ommendations in the United States (US) and European Union (EU) differ considerably. Furthermore, in routine clinical 
practice, deviations from the recommendations may occur. The objective of the present study was to investigate the impact 
of different alterations on tirofiban plasma concentrations in US and EU administration regimens and to give suggestions for 
delay management in clinical practice. We therefore mathematically simulated the effects of different bolus-infusion delays 
and infusion interruptions in different scenarios according to the renal function. Here, we provide a systematic assessment of 
concentration patterns of tirofiban in the US versus EU dosage regimens. We show that differences between the two regimens 
have important effects on plasma drug levels. Furthermore, we demonstrate that deviations from the proper administration 
mode affect the concentration of tirofiban. Additionally, we calculated the optimal dosage of a second bolus to rapidly restore 
the initial concentration without causing overdosage. In conclusion, differences in tirofiban dosing regimens between the 
U.S and EU and potential infusion interruptions have important effects on drug levels that may impact on degrees of platelet 
inhibition and thus antithrombotic effects. Thus, the findings of our modelling studies may help to explain differences in 
clinical outcomes observed in previous clinical trials on tirofiban.
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Highlights

• Tirofiban is a potential adjunctive antithrombotic treat-
ment in patients with ACS or high-risk PCI.

• Maintenance of a proper plasma concentration is crucial 
for sufficient antithrombotic effect and a better clinical 
outcome.

• The dosage recommendations for normal or impaired 
renal function differ significantly between U.S. and EU, 
which has important effects on plasma drug levels.

• Here, we provide first suggestions for management of 
delays or interruptions in daily clinical practice, which 
should be investigated in future studies.
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Introduction

Platelet-fibrinogen interaction is a crucial pathway in platelet 
aggregation and the pathogenesis of coronary artery throm-
bosis [1]. By binding to glycoprotein (GP) IIb/IIIa receptors, 
fibrinogen ensures platelet-platelet aggregation and thrombus 
formation at the site of vascular injury [2]. Thus, blockade 
of GP IIb/IIIa receptor is a potential additional antithrom-
botic treatment strategy [3, 4]. Tirofiban is an intravenous 
non-peptide reversible GP IIb/IIIa receptor antagonist [5, 6]. 
Several large randomized controlled trials (RCTs) have shown 
the antithrombotic benefits of tirofiban use in patients with 
acute coronary syndromes (ACS) and in high-risk percutane-
ous coronary interventions (PCI) [6–9]. A PCI is considered 
as a high-risk procedure when several characteristics, includ-
ing complex coronary artery disease (multivessel or left main 
disease and anatomically complex coronary lesions), hemody-
namic compromise (shock or severely depressed LV function), 
and clinical comorbidities such as advanced age, diabetes mel-
litus, peripheral vascular disease, heart failure, acute coronary 
syndromes, or previous cardiac surgery, apply [10]. A meta-
analysis including 6 large RCTs with 29,570 non ST-elevation 
ACS patients has confirmed a significant reduction of 30-day 
mortality or non-fatal myocardial infarction (MI) in patients 
receiving GP IIb/IIIa inhibitors [11]. However, bleeding events 
remain a major concern [6]. Thus, current European Society of 
Cardiology (ESC) and American Heart Association/American 
College of Cardiology (AHA/ACC) guidelines recommend 
the use of GP IIb/IIIa inhibitors in ACS patients treated inva-
sively with dual antiplatelet therapy (DAPT) with a Class IIb 
for bailout situations or thrombotic complications during PCI 
[12, 13]. Tirofiban is administered intravenously as a bolus fol-
lowed immediately by continuous infusion. The current dosage 
regimens are regulated and approved by the United States (US) 
Food and Drug Administration (FDA) and European Medi-
cines Agency (EMA). However, the dosage recommendations 
of the two regulatory bodies differ considerably [14, 15].

In routine clinical practice, several deviations from the 
recommendations, such as delay between the bolus and the 
infusion or infusion interruptions may occur. The purpose of 
the present study was to investigate, by mathematical model-
ling, the impact of various deviations from the recommended 
tirofiban administration regimen on plasma concentrations 
for both US and EU tirofiban on-label regimens and pro-
vide practical suggestions for their optimal pharmacological 
management.

Methods

Simulations were performed using the Python™ program-
ming language. First, a two-compartment pharmacoki-
netic (PK) model of tirofiban has been applied, as after a 
single intravenous bolus, the plasma concentration–time 
of tirofiban passes through distribution and disposition 
phases (Supplementary Fig. 1 a). Therefore, the plasma 
concentration–time of tirofiban could be described through 
Cp(t) = Ae − αt + Be–βt equation, where Cp(t) is the plasma 
concentration at any time (t), A and B are empirical con-
stants, α and β are distribution and disposition rate con-
stants, respectively. This biphasic behaviour of plasma 
concentration could be also explained as tirofiban is not 
strongly bound to plasma protein with an unbound frac-
tion in human plasma of 35%[14]. In the next step, A, B, α 
and β were estimated by applying the method of residuals 
[16] and based on real-world concentration measurements 
at different time points in patients with normal or impaired 
renal function, obtained during product development (Sup-
plementary Table 1). Briefly, patients were treated with a 
25 μg/kg tirofiban bolus. The patients were subdivided into 
three groups according to the renal function: patients with 
normal function (creatinine clearance; CrCl > 90 ml/min; 
n = 8), moderate (CrCl 30–59 ml/min; n = 8) and severe renal 
impairment (CrCl < 30 ml/min; n = 7). Patients with mild 
renal impairment (CrCl 90–60 ml/min) were not included in 
the dataset. Plasma concentrations of tirofiban were meas-
ured after 0.25, 0.50, 0.75, 1, 2, 3, 4, and 6 h in all patients 
and additionally after 8, 10, and 12 h in patients with renal 
impairment. Supplementary Table 2 presents the estimated 
PK parameters.

The elimination of tirofiban occurs by renal and biliary 
excretion, as it has been shown by experiments with radio-
actively labelled tirofiban administered to healthy individu-
als. Here, 66% of radioactivity was recovered in the urine 
and 23% in the feces, with a total recovery of radioactivity 
of 91%. The half-life of tirofiban is approximately 1.5 h. 
In clinical studies, patients with decreased renal function 
showed a reduced plasma clearance of tirofiban. Thus, in 
patients with creatinine clearance < 30 ml/min, the plasma 
clearance is reduced over 50%. [15]. The second term of 
the previous equation, Be–βt, reflects the elimination of the 
tirofiban from the body. For renally impaired subjects, Be–βt 
declines slower, indicating that the elimination half-life of 
tirofiban is greater, which results in a higher concentration of 
the drug, compared with subjects with a normal renal func-
tion. Then, to simulate the time profile of plasma concentra-
tions of tirofiban for different scenarios, a two-compartment 
ordinary differential equation (ODEs) was applied:

dXc

dt
= I(t) + k
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Xc − k

10
Xc
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where.
I(t) is the rate of drug administration and has units of 

mass.time−1, Xc is the amount of drug in the central com-
partment and has units of mass, Xp is the amount of drug in 
the peripheral compartment and has units of mass, k12 is the 
first-order transfer rate constant from the central compart-
ment to the peripheral compartment and has units of  time−1, 
k21 is the first-order transfer rate constant from the peripheral 
compartment to the central compartment and has units of 
 time−1, k10 is the first-order elimination rate constant from 
the central compartment and has units of  time−1.

Here the estimated α, β, A and B were used to calculate 
the ODEs parameters [16].The ODE set was integrated using 
the “solve_ivp” function from the SciPy package (version 
1.1.0). By solving the two sets of ODEs with different con-
ditions, the effect of different delays and interruptions was 
evaluated. Finally, the dosage of a second bolus was esti-
mated allowing a rapid recovery of tirofiban plasma levels 
within the anticipated therapeutic window. This optimization 
was performed using “Nelder-Mead” method of the “mini-
mize” function from the SciPy package (version 1.1.0).

Results

Patient characteristics

The real-world cohort during the product development 
consisted of overall 23 patients (normal renal function: 
n = 8, moderate impairment: n = 8, severe impairment: 
n = 7). Patients were of a mean age of 60.4 years (range 
31–82 years). Patients in the normal renal function group 
had a slightly higher weight (90.9 vs. 82.0 kg) and BMI 
(31.46 vs. 28.60 kg/m2) compared to those in the moder-
ate and severe renal function groups. Patients were almost 
equally split between male and female (11 male vs. 12 
female) with more White patients (17 patients) enrolled 
compared to Black/African American (6 patients). There 
were no patients of Hispanic/Latino ethnicity or of Asian 
descent. None of the patients had acute coronary syndrome.

Parameter estimation and model verification

PK parameters of tirofiban for the three groups of patients 
according to renal function have been estimated as described 
above (Supplementary Table 2). Calculated PK parameter 
estimates were used to develop a dynamic model to simu-
late the plasma concentration–time profile of tirofiban. Here, 
we demonstrate a good fit between modelled and real-world 
patient data, thus confirming our model to be suitable for 
further simulations (Supplementary Fig. 1b–d).

Comparison between EU and US dosage regimens

Based on calculated PK parameters, simulations were car-
ried out by applying EU and US dosage recommendations, 
as described above. Briefly, EU recommendations impli-
cate both a lower loading and maintenance doses (loading 
concentration of 0.4 µg/kg/min over 30 min, followed by 
0.1 µg/kg/min infusion) than US recommendations (25 μg/
kg within 5 min followed by infusion at a rate of 0.15 μg/kg/
min for up to 18 h) in patients with normal renal function. 
Furthermore, renal dose adjustment is recommended only 
for patients with severe renal impairment (CrCl < 30 ml/
min) in EU but start with moderately impaired function 
(CrCl ≤ 60 ml/min) in the US However, while EU recom-
mends reduction of both, bolus and infusion rate, US rec-
ommendations include an unchanged bolus dose followed 
by a reduced maintenance infusion rate [14, 15]. Figure 1 
shows plasma concentration–time curves of tirofiban for 
three groups of patients according to renal function. In all 
scenarios, in the US regimen, the initial plasma concentra-
tion following bolus administration is considerably higher 
and the steady-state concentration is achieved faster than in 
the EU regimen. In case of normal renal function as well as 
severe renal impairment, where the dosage reduction occurs 
in both regimens, the steady-state plasma concentration is 
lower in the EU than in the US regimen. However, in severe 
renal impairment, the steady-state concentration in the EU 
regimen is reached even more slowly than in normal func-
tion. For moderate renal function, the steady-state concentra-
tion is higher in the EU than in the US regimen.

Effects of delays and interruptions in EU and US 
dosage regimens

In the next step, we mathematically simulated the effect 
of different delays and interruptions of administration on 
plasma drug concentration. Here, we demonstrate that short 
delays between the bolus and initiation of continuous infu-
sion do not result in significant changes in the drug con-
centrations in either EU or US regimens regardless of renal 
function (Fig. 2). However, a longer than 30-min delay leads 
to considerable decrease in plasma concentrations in the EU 
dosing regimen in all three groups (Fig. 2b, d, f). Notably, 
in the US regimen, the concentration decrease after delays 
of more than 30 min is lower than in EU dosing. Further-
more, in moderate or severe renal dysfunction group, the 
influence of delay is less pronounced than in normal renal 
function in US regimen (Fig. 2a, c, e). Similarly, we show 
that interruptions of continuous infusion over 30 min lead 
to considerable decrease in tirofiban plasma concentrations 
(Fig. 3). This effect is even more pronounced in the EU regi-
men (Fig. 3 b, d, f). According to the US dosage recommen-
dations, the decrease in concentrations after interruption are 
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less pronounced in renal dysfunction group than in case of 
normal renal function group (Fig. 3a, c, e).

Additionally, we estimated the dosage of a possible sec-
ond bolus to compensate for the delays or interruptions in 
intravenous tirofiban application in both EU and US regi-
mens (Table 1 and 2; Supplementary Fig. 2 and 3).

Discussion

Several studies have investigated the effect of the GP IIb/
IIIa inhibitor tirofiban in patients with ACS or in patients 
undergoing high-risk PCI. The PRISM-PLUS trial showed 
a reduction in major adverse cardiac events (MACE) at 
30 days with GP IIb/IIIa inhibitor plus unfractionated hepa-
rin as compared to unfractionated heparin alone [7]. In the 
Randomized Efficacy Study of Tirofiban for Outcomes and 
Restenosis (RESTORE) trial, the administration of tirofiban 
was not associated with a significant reduction in MACE [8]. 
A study by Steinhubl et al. including 501 patients treated 
with abciximab, tirofiban and eptifibatide, demonstrated that 
the levels of platelet function inhibition are independently 
associated with the rate of MACE after PCI [17]. Moreo-
ver, it has been demonstrated that normal myocardial perfu-
sion after fibrinolytic therapy for ST-elevation myocardial 

infarction (STEMI) and after PCI for ACS is associated with 
higher GPI receptor occupancy in the setting of eptifiba-
tide therapy [18–20]. Thus, higher doses of tirofiban would 
similarly be expected, in turn, to provide greater receptor 
occupancy to provide sufficient platelet inhibition to trans-
late into a beneficial clinical effect. In 2004, the ADVANCE 
trial demonstrated a significant reduction of ischemic events 
using tirofiban in the setting of high-risk PCI when admin-
istered at a high dose bolus of 25 μg/kg followed by infu-
sion of 0.15 μg/kg/min for 24–48 h [9]. A systematic pooled 
meta-analysis of RCTs investigating tirofiban versus placebo 
or abciximab including over 20,000 patients confirmed a 
reduction of death or combined endpoint of death and MI 
with the use of tirofiban. [21].

All these studies strengthen our hypothesis that mainte-
nance of a proper plasma concentration of tirofiban is cru-
cial for sufficient antithrombotic effect and a better clinical 
outcome. Interestingly, the dosage recommendations for 
tirofiban differ between EU and US In the present study, we 
systematically compare two dosing regimens and simulated 
different deviations from the recommended administration 
mode using a mathematical model. USUSOur simulations 
of tirofiban plasma concentration in normal renal function, 
using the US dosing regimen, demonstrated a faster increase 
in plasma concentration to almost double steady-state level 

Fig. 1  Plasma concentration–time curves of tirofiban according to renal function in US (a, c, e) and EU (b, d, f) dosing regimens
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followed by a drop to a still high level of plasma tirofiban 
concentration of over 100 ng/ml. In the EU dosing regi-
men, the bolus is administered at a lower dose over a longer 
timeframe followed by continuous infusion. This leads to 
almost constant plasma tirofiban levels during the entire 
administration period, which is, however, considerably 
lower than in the US regimen. By contrast, in case of mod-
erate renal impairment, the steady-state concentration in the 
EU regimen is higher than in the US regimen as there is 
no dosage adjustment in the EU recommendation. In our 
model of severe renal insufficiency, we have demonstrated a 
lower steady-state tirofiban concentration, which is reached 
more slowly in the EU than in the US regimen. This can 
be explained by the fact that in the EU regimen, both the 
loading as well as maintenance doses are reduced, while the 
bolus dose remains unchanged in the US recommendations. 
Furthermore, we show here that deviations from the proper 
administration mode affect the concentration of tirofiban. 
However, shorter delays or interruptions do not have a major 
impact on plasma drug levels, whereas deviations of over 
30 min show considerable effects. This finding is consistent 
with the elimination half-life of tirofiban of approximately 
2 h [6]. Of note, regardless of renal function, the changes 
in plasma levels are less pronounced using the US regimen 
compared to the EU regimen. This is most likely due to a 

higher dose of initial bolus in the US regimen, which is not 
reduced even in case of severe renal impairment.

In the context of clinical studies, the EU regimen in 
patients with normal renal function is comparable to 
the dosage used in the PRISM-PLUS trial [7], whereas 
the US dosing regimen was used in the ADVANCE trial 
[9], both showing a beneficial antithrombotic effect of 
tirofiban. By contrast, in the RESTORE trial which failed 
to demonstrate a MACE reduction by use of GP IIb/IIIa 
inhibitors, a lower bolus dose has been applied (10 μg/
kg bolus followed by infusion at a rate of 0.15 μg/kg/
min). Therefore, one could speculate that both EU and 
US regimens are equal in terms of their antithrombotic 
effect. Despite the higher steady-state drug level in the 
US dosing regimen, the ADVANCE study did not reveal a 
higher rate of adverse events such as major bleedings [9]. 
Nonetheless, it is important to note that the present study 
is based on a simulated mathematical model. Even though 
we demonstrated that the changes in drug concentration 
following delays or interruptions in the US regimen are 
less pronounced than in the EU regimen, it is not clear 
what concentration is required to induce adequate effect on 
platelet aggregation. This represents the main limitation of 
our study as we only provide a pharmacokinetics simula-
tion without taking into account the pharmacodynamics 

Fig. 2  Effects of different delays between bolus and initiation of continuous infusion of tirofiban on plasma drug concentration in different popu-
lations according to renal function. Comparison between US (a, c, e) and EU (b, d, f) dosing regimens



306 N. Heramvand et al.

1 3

of the drug. Another pharmacokinetic modelling study 
published by Lakings et al. in 2012 used the simulation 
approach to identify an appropriate dosage in patients with 
severely impaired renal function which would lead to a 
similar tirofiban time-concentration profile as reached by 
the US regimen dosage in patients with normal renal func-
tion [22]. When comparing the real-life and modeled con-
centration–time profiles in this study and our study at the 
same dosing regimens, it is notable that in our study the 

steady-state plasma levels are considerably higher in both 
normal and severely impaired renal function. Even more 
pronounced is the concentration difference in patients with 
severe renal impairment after the recommended dosing 
rate adjustment. This is surprising as the reduced renal 
elimination would expectedly lead to higher plasma con-
centrations, as it is the case in our simulations. However, 
the differences in the estimated PK parameters in both 
studies are most likely due to a relatively low number of 

Fig. 3  Effects of different interruptions of continuous infusion of tirofiban on plasma drug concentration in different populations according to 
renal function. Comparison between US (a, c, e) and EU (b, d, f) dosing regimens

Table 1  Dosage of the 2nd 
bolus after different delays 
between bolus administration 
and initiation of infusion of 
tirofiban in patients with normal 
renal function

Delay (min) 5 10 20 30 40 50 60 70

US Dosage of 2nd bolus (µg/kg) – – – 1.5 2.84 4.05 5.15 6.16
in % of 1st bolus – – – 6% 11% 16% 21% 25%

EU Dosage of 2nd bolus (µg/kg) 0.58 0.64 0.76 0.86 0.95 1.04 1.11 1.19
in % of 1st bolus 5% 5% 6% 7% 8% 9% 9% 10%

Table 2  Dosage of the 2nd 
bolus after different infusion 
interruptions of tirofiban in 
patients with normal renal 
function

Interruption (min) 5 10 20 30 40 50 60 70

US Dosage of 2nd bolus (µg/kg) 0.48 1.18 2.5 3.7 4.82 5.86 6.83 7.73
in % of 1st bolus 2% 5% 10% 15% 19% 23% 27% 31%

EU Dosage of 2nd bolus (µg/kg) 0.16 0.24 0.37 0.5 0.61 0.72 0.82 0.92
in % of 1st bolus 1% 2% 3% 4% 5% 6% 7% 8%
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measurements, on which the estimated parameters are 
based. This is another limitation of the present study.

In conclusion, differences in tirofiban dosing regimens 
between the US and EU and potential infusion inter-
ruptions have important effects on drug levels that may 
impact, in turn, on degrees of platelet inhibition. The total-
ity of evidence supports that high levels of receptor occu-
pancy by GPIs are required to reduce clinical thrombotic 
events. Thus, the findings of our modelling studies may 
help to explain differences in clinical outcomes observed 
in trials of tirofiban for the treatment of high-risk coronary 
artery disease. Our data indicates towards equality of both 
regimens in terms of clinical outcomes and possible higher 
probability of side effects due to a higher steady-state con-
centration in US regimen. However, this study remains 
a mathematical model and evidently future clinical trials 
are required for a real-world comparison between the two 
regimens in different clinical settings.
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