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Abstract
Aim
Twice daily dosing is often perceived as inferior to once daily dosing due to a higher likelihood of missing a dose. However, more important is the extent to which drug action is maintained when doses are delayed or missed. We compared the estimated inhibition of platelet aggregation (eIPA) for ticagrelor twice daily and clopidogrel once daily, based on their pharmacokinetic/pharmacodynamic relationships and patient dosing history data.
Methods
Drug dosing histories of 5014 patients prescribed cardiovascular medications (primarily antihypertensive medicines) were extracted from an electronically compiled dosing history database. eIPA levels were simulated for 677 twice daily and 677 once daily dosing histories over a 30 day period, based on published onset/offset models for ticagrelor and clopidogrel IPA characteristics.
Results
While many patients treated twice daily missed at least one dose in 30 days, only 25.7% missed two consecutive doses. By comparison, 46.8% of patients treated once daily missed at least one dose. Simulations based on patient adherence over time showed that the average mean eIPA for ticagrelor twice daily remained significantly higher than for clopidogrel once daily (81.1% vs. 55.0%, P < 0.001). Ticagrelor twice daily patients had an eIPA below 10% for 0.20% of the 30 day period compared with 2.05% for clopidogrel once daily (P = 0.0001).
Conclusions
The projected level of platelet inhibition remained higher for ticagrelor twice daily than clopidogrel once daily, mainly due to the higher eIPA level achieved with ticagrelor and the relatively low likelihood of missing two consecutive twice daily doses. This modelling and simulation study suggests a therapeutic benefit of ticagrelor over clopidogrel when taking into account the most common dosing omissions.

What is Already Known about this Subject
· Twice daily dosing is often perceived as inferior to once daily dosing due to a higher likelihood of missing a dose.
· However, analysis of the percentages of doses taken is not suitable to predict the real therapeutic consequences of non-adherence.
What this Study Adds
· We found that although patients treated twice daily more frequently miss single doses compared with patients treated once daily, the calculated level of platelet inhibition remains higher for ticagrelor twice daily compared with clopidogrel once daily.
· This study underlines the need to shift focus from percentages of prescribed doses taken to pharmacometrically equivalent dosing errors, which is better suited to predict therapeutic consequences of missed doses.
Introduction
Vascular damage such as rupture or erosion of an atherosclerotic plaque can trigger platelet aggregation. The resultant thrombus may lead to vascular occlusion, causing hypoxia and tissue damage [1]. Thrombus occlusion of a coronary artery, which may result in an acute myocardial infarction, is the proximate cause of acute coronary syndrome (ACS). With platelets thus playing a central role in atherothrombosis and consequent pathologies, antiplatelet therapy has emerged as a cornerstone of treatment for ACS patients [1-3].
The current standard antiplatelet therapy consists of aspirin, targeting the thromboxane-induced pathway of platelet activation, combined with a P2Y12 receptor antagonist that inhibits the ADP-induced platelet activation. The most frequently used P2Y12 receptor antagonist is clopidogrel, a thienopyridine, administered at a daily dose of 75 mg. However, clopidogrel has drawbacks such as delayed onset of action, interpatient variability in response or even resistance to clopidogrel, and irreversibility of its inhibitory effect, which increases the risk of bleeding in patients requiring surgery [4-6].
Recently, more potent antiplatelet drugs have been developed, such as ticagrelor which is the first of a new chemical class of oral cyclopentyl-triazolo-pyrimidine antiplatelet agents. Ticagrelor is a direct acting and reversibly binding P2Y12 antagonist that is able to overcome non-responsiveness to clopidogrel [7, 8]. Treatment with ticagrelor, as compared with clopidogrel, has been shown to reduce significantly the rate of death from vascular causes, myocardial infarction or stroke in ACS patients. These beneficial effects were achieved without a significant increase in the rate of overall major bleeding, although an increase in the rate of non-procedure-related bleeding was noted [9]. The reversible binding of ticagrelor and its plasma half-life of 7–8.5 h mandate twice daily dosing (usually 90 mg per dose) [10-13].
Many studies have shown that patients on a once daily dosing regimen take a somewhat higher percentage of prescribed doses than patients on a twice daily dosing regimen [14-17]. However, the pertinent therapeutic question to be addressed is how these missed doses affect the clinical benefits of the drug. One intermediate endpoint that can be assessed is the extent to which drug action, i.e. platelet inhibition, is maintained in the face of occasionally delayed or missed doses during twice daily or once daily dosing. The ability of drugs to maintain therapeutic activity in patients with non-adherent dosing behaviour is referred to as ‘drug forgiveness’, whereby drugs with a duration of action far exceeding their dosing interval are considered more ‘forgiving’ [18].
Assessment of the continuity of platelet inhibition requires an integrated analysis of dosing history data together with the pharmacokinetic (PK) and pharmacodynamic (PD) properties of the drugs being compared [19, 20]. Electronic methods for compiling drug dosing histories are now the recognized standard for quantifying adherence [21, 22] and they provide a high temporal resolution. When combined with established pharmacometric methods, these dosing histories allow the projection of drug concentration levels and of drug action in the body [23-25].
In this study, we compared the estimated percentage inhibition of platelet aggregation (eIPA) for ticagrelor twice daily and clopidogrel once daily, based on electronically compiled dosing history data and the respective PK/PD properties of these two drugs. This hypothesis-generating analysis of patient adherence patterns and their consequences for antiplatelet therapy thus provides further insight into the consequences of non-adherence with either ticagrelor or clopidogrel. Additionally, our results shed new light on some prejudices regarding once daily and twice daily dosing. Our analyses, together with data from clinical trials assessing the clinical benefits of these drugs, may be informative for healthcare providers in determining the most effective treatments and treatment schedules for their patients.
Methods
Study design
Adherence to medication is based on three elements, initiation, implementation (execution) and discontinuation [26]. A distinction between these three elements can be made using the detailed dosing histories compiled by electronic package entries, allowing a thorough characterization of adherence [24]. In this modelling and simulation study, we focussed on implementation of the dosing regimen, i.e. the extent to which a patient's actual dosing corresponds to the prescribed dosing regimen, from initiation until the last dose taken. We selected the first 30 days of dosing history from anonymized adherence data as a proxy for implementation. These data were used to simulate the eIPA levels in the patients to investigate the effect of implementation and missed doses on drug action.
The anonymized adherence data, in the form of dosing histories of patients prescribed various cardiovascular drugs with either a once daily or twice daily regimen, were extracted from the MWV Adherence Database [22, 27]. This database contains dosing history data from almost 19000 patients in 95 clinical studies that have been electronically compiled by a Medication Event Monitoring System (MEMS®, MWV, Sion, Switzerland). This monitoring system automatically registers the date and time of each opening of the medication container through micro-circuitry integrated in the closure of the container [22]. Most of the patients were receiving treatment for hypertension, while some were prescribed anticoagulants or drugs to treat angina, heart failure and hypercholesterolaemia (Supporting information Table S1). The owners of each dataset gave consent for the use of these depersonalized data for retrospective analyses. Each patient gave informed consent regarding the use of the container.
Simulation of eIPA levels
eIPA traces were simulated based on the patient dosing histories from day 1 to day 30. We simulated the final extent IPA, which is determined 6 min after the addition of 20 μm ADP and is mediated primarily by the P2Y12 receptor. For this analysis, all patients were assumed to have taken the loading dose at 09.00 h of day 0 (600 mg for clopidogrel, 180 mg for ticagrelor).
Piecewise linear functions were used to depict onset and offset IPA trajectories. Those functions were empirically derived from two different sources for the onset trajectory. For the eIPA trajectory after the first dose, the onset was based on the IPA data obtained by Gurbel and colleagues during the onset period following the loading dose (600 mg for clopidogrel, 180 mg for ticagrelor) [12]. For the maintenance trajectory, the onset was based on IPA data obtained by Husted and colleagues in patients receiving ticagrelor 100 mg or clopidogrel 75 mg [10]. In both studies, clopidogrel and ticagrelor were given in association with aspirin. The offset IPA trajectory was derived from the above mentioned study by Gurbel and colleagues [12].
Piecewise linear functions were then used to simulate deterministically hourly eIPA trajectories. Since between or within patient variability was not directly available from the published papers, no stochastic modelling approach could be performed. We ensured that the simulated eIPA trajectory did not exceed the maximum IPA described under steady-state conditions (88% for ticagrelor and 62% for clopidogrel) [12].
Statistical methods
The analysis of once daily dosing was based on a randomly selected sample of 677 patients, whereas the twice daily analysis was performed for all available 677 twice daily dosing histories extracted from the database. One-dimensional Monte Carlo simulation through re-sampling of adherence profiles was used to estimate within and between patient variability in eIPA resulting from variable drug exposure. Deterministic onset/offset models for IPA characteristics of ticagrelor twice daily and clopidogrel once daily were taken from the literature.
Descriptive statistics were used to summarize the results of the simulations. Numerical data were summarized with standard statistics (i.e. mean, SD, minimum, median, maximum and lower and upper quartile). Comparisons between the once daily and twice daily groups were tested by two-sided Wilcoxon Rank Sum test at a 5% level of significance.
We also performed a sensitivity analysis by repeating the simulation using the onset characteristics of the maintenance dose as reported by Storey and colleagues for patients on ticagrelor 90 mg [28]. In a second sensitivity analysis, once daily dosing histories were derived from the twice daily dosing histories by deleting the twice daily evening doses and using only the data from the morning doses.
Results
Effect of dosing errors on eIPA levels in twice daily and once daily regimen
By simulating the eIPA trace for ticagrelor twice daily and clopidogrel once daily based on IPA trace slopes described in literature [10, 12], we investigated the consequences for the eIPA levels when one or more doses were missed. Missing a single dose of ticagrelor twice daily did not lower the eIPA below the 24 h trough concentrations of clopidogrel once daily (Figure 1). Additionally, missing two sequential ticagrelor twice daily doses resulted in comparable eIPA levels with those observed after missing one dose of clopidogrel once daily (Figure 1). Consequently, the pharmacometrically equivalent dosing error of a single missed clopidogrel once daily dose was two sequentially omitted ticagrelor twice daily doses.
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Figure 1. Comparison of projected eIPA levels in the presence of non-adherence.
Missing one dose of ticagrelor does not lower the IPA below the 24 trough levels of clopidogrel once daily. Missing two sequential ticagrelor doses results in comparable eIPA levels as seen after missing one clopidogrel dose. eIPA = estimated inhibition of platelet aggregation
Frequency of dosing errors in twice daily and once daily regimen
A total of 5014 dosing histories from patients treated for cardiovascular disease could be retrieved from the MWV Adherence database, among which 677 were prescribed a twice daily regimen and 4337 were prescribed a once daily regimen. Most patients (90% of twice daily and 81.5% of once daily) were receiving treatment for hypertension. A random sample of 677 patients from the once daily regimen group was selected for further analysis.
The frequency of dosing errors was calculated based on the dosing intervals of the selected dosing histories (Figure 2). During month 1 of prescribed once daily dosing, 46.8% of patients missed at least one dose, compared with 75.2% of patients prescribed twice daily dosing. However, only 25.7% of patients on a twice daily dosing regimen missed two consecutive doses, which is the pharmacometrically equivalent dosing error in the ticagrelor twice daily regimen for a single missed dose in the clopidogrel once daily regimen (Figure 2).
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Figure 2. Frequency of dosing errors based on dosing intervals. [image: image], >18 h; [image: image], >30 h; [image: image], >42 h; [image: image], >54 h; [image: image], >56 h; [image: image]>66 h; [image: image], >78 h. Lines show the frequency at which patients miss one or more twice daily or once daily doses, presented as specified intervals of time between doses (e.g. an interval of >18 h corresponds to missing one twice daily dose; an interval of >30 h corresponds to missing two consecutive twice daily doses or one once daily dose)
The random sample of 677 patients from the once daily population had similar dosing error characteristics as the entire group, indicating that this selected sample was representative for the entire population (data not shown).
Simulation of eIPA levels based on twice daily and once daily patient adherence data
The simulations based on patient adherence over time showed that the average mean eIPA for ticagrelor twice daily remained significantly higher than for clopidogrel once daily (81.1% ± 5.9% for twice daily, 55.0% ± 8.1% for once daily, P < 0.001) (Figure 3A). Also the average minimum eIPA values remained higher for ticagrelor twice daily compared with clopidogrel once daily (53.3% ± 16.1% for twice daily, 36.7% ± 11.9% for once daily, P < 0.0001) (Figure 3B).
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Figure 3. The twice dailyadvantage.
(A) Box whisker plot of the mean eIPA between patients for both regimens. The central box represents the 25th to 75th percentile; the middle line represents the median. The ends of the whiskers represent the 10th and 90th percentile of the distribution. (B) The box whisker plot represents the minimum eIPA value of the eIPA trajectory projection over 30 days of each patient. The central box represents the 25th to 75th percentile; the middle line represents the median. The ends of the whiskers represent the 10th and 90th percentile of the distribution. eIPA = estimated inhibition of platelet aggregation
For each patient, we also calculated the percentage of time over the 30 day period for which the eIPA level was below a pre-defined cut-off. For ticagrelor twice daily, time spent below the cut-off was comparable for each cut-off value. For each of the IPA cut-offs, the eIPA level for ticagrelor twice daily was below the cut-off for a significantly shorter amount of time than for clopidogrel once daily. Ticagrelor twice daily patients had an eIPA below 10% for 0.20% of the 30 day period, compared with 2.05% for clopidogrel once daily (P = 0.0001). The mean percentage of time spent below the predefined cut-off increased considerably at the IPA cut-off of 60% for clopidogrel once daily (Figure 4).
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Figure 4. Comparison of percentage of time spent under a certain IPA cut-off. [image: image], clopidogrelonce daily; [image: image], ticagrelor twice daily. The mean percentage of time below the various cut-offs was fairly stable for ticagrelor twice daily and was always lower than for clopidogrel once daily, which had a considerable increase in time spent below cut-off at 60% IPA. eIPA = estimated inhibition of platelet aggregation. *P = 0.005; **P = 0.0003; ***P ≤ 0.0001
In the literature, hypo-responsiveness to clopidogrel once daily has been defined by a variety of IPA thresholds, ranging from 10% to 40% IPA, with different platelet function assays used to measure these IPA levels [7, 29, 30]. In our simulations, 97.8% of ticagrelor twice daily patients and 93.9% of clopidogrel once daily patients never had an eIPA level below 10%. No ticagrelor twice daily patients had a simulated eIPA below 10% for more than half of the 30 day period, compared with 1.6% of clopidogrel once daily patients. In addition, 86.9% of ticagrelor twice daily patients and 74.4% of clopidogrel once daily patients never had an eIPA below 40%. The percentage of patients with an eIPA below 40% for more than 50% of the 30 day period was 0.6% for ticagrelor twice daily and 4% for clopidogrel once daily (Figure 5).
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Figure 5. Cumulative percentage of patients with eIPA levels below 10% and below 40% for a defined percentage of time. [image: image], ticagrelor twice daily; [image: image], clopidogrelonce daily. The cumulative percentages of patients with eIPA levels below 10% and 40% for a defined period of time are shown, for time periods up to 50% of the 30 day period. eIPA = estimated inhibition of platelet aggregation
Sensitivity analysis
We performed two sensitivity analyses. First, we simulated the eIPA trace for ticagrelor based on Storey et al., who studied ticagrelor 90 mg in patients with ACS [28]. This simulation gave a similar trajectory as the trace based on Husted et al. who investigated ticagrelor 100 mg in patients with atherosclerotic disease [10], with only a small difference in onset after a drug holiday (i.e. 3 days or more without a dose).
Secondly, the eIPA trace of clopidogrel once daily was simulated using a twice daily dosing history in which all evening doses were omitted. This allowed us to compare the eIPA traces for ticagrelor twice daily and clopidogrel once daily in the same patient. The once daily dosing history data created by eliminating evening doses from the twice daily dosing history had similar dosing error characteristics as the sampled once daily dosing history (data not shown). Average mean and minimum eIPA values for clopidogrel based on the twice daily dosing history without the evening dose were very similar to the traces based on sampled once daily dosing history data (mean eIPA 54.7% vs. 55.0%, P = 0.06; minimum eIPA 37.3% vs. 36.7%, P = 0.04), and thus remained considerably lower than the ticagrelor twice daily traces (P < 0.0001 for mean and minimum eIPA values) (data not shown).
Discussion
It has been previously shown that patients appear to be more adherent to medication with once daily dosing than with twice daily dosing [14-16]. Consistent with this, the compiled dosing histories of patients prescribed various cardiovascular drugs, extracted from the MWV Adherence Database, showed that a higher percentage of patients treated twice daily than patients treated once daily missed at least one dose during the 30 day period. Such observations have frequently led to the conclusion that once daily dosing is superior to twice daily dosing. However, rather than considering the percentages of prescribed doses taken, these evaluations should be based on pharmacometrically equivalent dosing errors, taking into account the effect of the omitted doses on the pharmacodynamics of the drug. Our simulations of the eIPA levels showed that the pharmacometrically equivalent dosing error of a single missed clopidogrel once daily dose is two sequentially omitted ticagrelor twice daily doses. The higher drug forgiveness of ticagrelor compared with clopidogrel results from a combination of three elements (efficacy, onset and offset). While the offset in IPA is slightly faster with ticagrelor, it has a steady-state IPA of 81% which is much higher than the 55% steady-state level of clopidogrel. Moreover, the much faster onset of ticagrelor once dosing resumes, allows the IPA to normalize faster after a missed dose. This faster restoration of ticagrelor's action contributes to the greater forgiveness of ticagrelor than of clopidogrel.
Additionally, the likelihood of omitting two consecutive twice daily doses was almost half that of missing one once daily dose in the analysed dosing histories. These findings suggest that a ticagrelor twice daily regimen could be superior to a clopidogrel once daily regimen in maintaining antiplatelet activity within a therapeutically desirable range. Indeed, we found that the level of platelet inhibition calculated for patient dosing histories remained higher for ticagrelor twice daily compared with clopidogrel once daily, even though patients more frequently missed a twice daily dose. This can be explained by the higher IPA level achieved with ticagrelor and the relatively low likelihood of missing two consecutive twice daily doses. Also the percentage of time where eIPA is below a certain cut-off was lower for ticagrelor compared with clopidogrel.
The superiority of ticagrelor twice daily to maintain antiplatelet activity within a therapeutically desirable range seems to be in accordance with results from the PLATO trial, which showed a significantly decreased rate of death from vascular causes, myocardial infarction or stroke in patients treated with ticagrelor compared with clopidogrel [9]. Adherence reported for the PLATO study was relatively high (82.8%). However, this was assessed using pill counts and could thus be biased upward, in addition to mixing two elements of non-adherence (poor implementation and early discontinuation). It is thus difficult to assess if and to what extent the difference in drug forgiveness, combined with the low likelihood of missing two consecutive twice daily doses, contributed to the observed difference in clinical outcome, on top of the more intense P2Y12 inhibition that is reached with ticagrelor.
Simulation of both the ticagrelor twice daily and clopidogrel once daily trace in the same patient suggested that the observed differences were not caused by differences between the two patient groups. Additionally, these simulations indicate that ticagrelor twice daily is likely to give a more consistently high IPA level than clopidogrel once daily in patients who are not fully compliant. They also provide insight into the effect on IPA levels when a patient is switched from one drug regimen to another.
Strengths and weaknesses
Although this study was based on real-life patient adherence data, the eIPA levels were simulated and only the first 30 days of dosing history were used for simulation. Nevertheless, this is an appropriate time period to study patient implementation of the two dosing regimens unconfused by treatment discontinuation, which was the scope of this study. We should also take into account that the dosing histories were obtained from patients participating in clinical trials, which may have led to better adherence. In addition, the direct translation of IPA data into clinical outcomes should be interpreted with some caution. Some studies have suggested that a correlation with clinical outcomes exists [31, 32]. However, a recent study found no predictive value in aggregation-based assays concerning recurrent ischaemic events in stable cardiovascular patients [33].
ACS is currently the only indication for use of ticagrelor. However, due to the limited number of ACS patients in the MWV database, we also included data from patients with other cardiovascular diseases. Adherence is composed of three elements, initiation, implementation (execution) and discontinuation. While it has been shown that initiation and discontinuation are very different across diseases [22], the implementation is strikingly consistent across diseases for matching dosing regimens [34-36]. Therefore, we are confident that the dosing history data used are meaningful for the ACS patient population, as we limited our analysis to the implementation phase.
Also the IPA trace slopes were based on pharmacodynamic studies in patients with other cardiovascular diseases such as stable coronary artery disease [12] and atherosclerotic disease [10], in addition to ACS patients [28]. Nevertheless, PK/PD findings in ACS seem comparable with those obtained in stable CAD and atherosclerotic patients [37].
In addition to clopidogrel and ticagrelor, the thienopyridine prodrug prasugrel is also used in the treatment of ACS, more specifically in those patients undergoing percutaneous coronary intervention. However, since head-to-head data to perform the eIPA trace simulation were not available, we were unable to include this drug in the analysis.
Our study focused on implementation without taking into account initiation and discontinuation, which are also important parts of drug adherence. In the PLATO trial, premature discontinuation of the study drug was slightly more common in the ticagrelor group than in the clopidogrel group (23.4% of patients vs. 21.5%) [9].
Finally, there are other differences between ticagrelor and clopidogrel, such as potential side effects, that should also be taken into account when determining the most effective therapy for a certain patient.
In coclusion, although patients treated twice daily more frequently miss single doses than patients treated once daily, the simulated levels of platelet inhibition remain consistently higher for ticagrelor twice daily as compared with clopidogrel once daily. The findings of this hypothesis-generating study suggest that ticagrelor twice daily is superior to clopidogrel once daily in terms of pharmacodynamics when taking into account the most common dosing omissions seen in ambulatory patients on chronic cardiovascular medication.
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