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      Abstract




      Aspirin is known to have inter-individual variability in its pharmacodynamic response. Clinical investigators continue their empirical search for the optimum aspirin dose to safely prevent athero-thrombosis. Several patient populations have an accompanied accelerated platelet turnover that is associated with a time-dependent loss of aspirin efficacy. Increasing the dosing frequency has been shown to elicit better and more sustained platelet inhibition compared to a dose increase in these patient popula-tions. This review explores the role of accelerated platelet turnover in aspirin pharmacodynamics and the benefits of multiple daily aspirin dosing.
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      Introduction




      Daily low-dose aspirin therapy is strongly recommended for all patients with established cardiovascular (CV) disease and for primary prevention of atherothrombotic disease in high-risk patients. Notwithstanding, clinical investigators continue their empirical search for the optimum aspirin dose to safely prevent thrombogenesis [1]. Aspirin doses ranging from 75 to 325 mg have become standard of care. There are differences of opinion on whether daily doses from 75-100 mg or 300-325 mg are more appropriate [1]. Thus, wide variations in aspirin-dosing have been seen in national registries analyzing practice patterns for treatment of patients with cardiovascular disease [2].




      Numerous studies have shown inter-individual variability in the pharma- codynamic response to aspirin therapy [3-13]. It has been estimated that up to




      45% of patients do not derive adequate platelet inhibition from aspirin, putting them at increased risk of myocardial infarction, stroke, and CV death [3-13]. Estimates of high on-aspirin platelet reactivity (HAPR) prevalence differ widely due to distinct drug doses, definitions, platelet function tests and time interval between aspirin dosing and measurements of platelet inhibition [8].




      Higher aspirin doses (~325 mg/day) are often used in situations of observed HAPR or in patient populations (e.g. diabetes mellitus) known to be at greater risk of a poor aspirin pharmacodynamic effect [14]. Another aspirin dosing strategy that may be better suited to provide a more sustained antiplatelet effect is to increase dosing frequency rather than dose. This review explores the role of accelerated platelet turnover in aspirin pharmacodynamics and the benefits of multiple daily aspirin dosing.


    




    

      Accelerated Platelet Turnover




      The key mechanism by which aspirin protects against atherothrombosis is the inhibition of thromboxane (TX) production via permanent inactivation of platelet cyclooxygenase (COX)-1 activity. This platelet inactivation occurs pre-systemically, in the portal blood, and is cumulative with repeated daily dosing [15]. Nearly complete suppression of platelet COX-1 activity is ensured by presystemic acetylation of the enzyme, however cumulative acetylation and the long-lasting duration of the aspirin effect is determined by the rate of platelet turnover [16]. After aspirin administration, recovery of platelet TX synthesis requires new platelets with functional COX-1 to be released from the bone marrow. Aspirin that does not bind to COX-1 remains in circulation for only a short time (~20 min). Following the elimination of unbound aspirin, new platelets released into circulation will not be exposed to aspirin and will have fully functional COX-1 activity and the capacity to convert arachidonic acid into TX. While it can take up to 10 days to restore the platelet population to full COX-1 activity, it only takes a very small portion of newly formed platelets with intact COX-1 activity to sustain a substantial platelet response [16]. Full suppression of TX-dependent platelet function requires >95% inhibition of COX-1 activity and even a modest recovery of this activity can normalize hemostasis [17]. Normal hemostasis can be achieved in the presence of as few as 20% unacetylated platelets with normal COX activity [18].




      With the daily generation of 10-12% new platelets, near normal hemostasis can be recovered within 2-3 days after the last aspirin dose in patients with a typical rate of platelet turnover [19]. COX expression is positively correlated with platelet turnover, therefore the accelerated platelet turnover also restores COX levels at an accelerated rate [20, 21]. At a normal rate of thrombopoiesis, negligible amounts of unacetylated COX enzymes are resynthesized following an aspirin dose and a daily dose of aspirin is able to maintain 24-hour inhibition of COX-1–dependent TX production. When the platelet turnover rate is higher than normal, a more rapid renewal of COX-1 can limit the duration of the aspirin effect, leading to a partial recovery of TX-dependent platelet function during the 24-hour dosing interval [22-25]. This leads to an important question surrounding increased incidence of both myocardial infarction and stroke in the early morning hours, usually around 24 hours after most patients have taken their once-daily dose of aspirin [26, 27].




      Quantification of the number and fraction of reticulated platelets can be used as a proxy for platelet turnover [28-30]. The number of circulating reticulated platelets reflects the rate of thrombopoiesis, increasing with increased synthesis and decreasing with decreased production [29]. Reticulated platelets are large, immature platelets that are both metabolically and enzymatically more active than mature platelets and have a greater prothrombotic potential [31]. These mRNA-containing platelets, in contrast to more mature, anucleate platelets, are capable of producing membrane and secretory proteins. This includes COX-2, a contributor to TX production that is not inhibited by low-dose aspirin [32, 33]. High levels of reticulated platelets are associated with increased markers of platelet reactivity, increased TX production, and have been shown to be a powerful independent predictor of impaired platelet responses to several antiplatelet drugs including aspirin [34-37].


    




    

      Aspirin Pharmacodynamics in Essential Thrombo- cythemia




      The time-dependent loss of aspirin efficacy seen in essential thrombocythemia (ET) provides a practical link between accelerated platelet turnover and aspirin pharmacodynamics. Aspirin is a recommended treatment for ET, a myelopro- liferative neoplasm characterized by enhanced platelet generation and high arterial thrombotic complications [38]. This patient population has a high prevalence of HAPR (~80%) while on daily aspirin therapy [39-41]. The altered megakaryopoiesis associated with ET leads to a faster release of immature platelets from the bone marrow, an augmented renewal of COX, and the recovery of TX-dependent platelet function [39, 41]. It also leads to an incomplete response to a conventional regimen of once-daily aspirin administration, in particular between 12 and 24 hours after dosing [39-41].




      Larger doses of aspirin extend the duration of the antiplatelet response in ET patients but are unable to cause complete TXA2 suppression throughout the 24-hour dosing interval [41, 42]. An elevated dose increases aspirin bioavailability and the amount of aspirin that makes it to the systemic circulation [43]. This causes more acetylation of megakaryocyte COX-1, thereby inhibiting TXA2 production in some of the newly released platelets as well as those already in the circulation [44, 45]. However, this strategy does not overcome the high rate of COX renewal, given the short half-life of aspirin. In contrast, shortening the dosing interval to 12 hours addresses the time-dependent loss of aspirin efficacy. After an initial dose, a second aspirin dose 12 hours later acetylates the newly formed COX from rapidly proliferating megakaryocytes and produces a more sustained inhibition of TX production over a 24-hour period [39, 41, 42].


    




    

      High Platelet Turnover States




      Like ET, other disease states associated with accelerated platelet turnover experience a similar time-dependent recovery of TX-dependent platelet function during the 24-hour dosing interval. Diabetes mellitus (DM), obesity, hemodialysis, ischemic stroke, coronary artery disease (CAD), and coronary bypass surgery are marked by a high risk of atherothrombotic complications and have been associated with a higher than normal rate of entry of platelets into the circulation, likely as a consequence of higher than normal platelet consumption [34, 46-50]. In these patient populations, an elevated rate of platelet turnover is a predictor of poor thrombotic outcome and has been linked with residual platelet reactivity while taking a conventional regimen of daily low-dose aspirin [34, 46-54].




      

        Diabetes Mellitus




        Patients with DM have a higher prevalence of HAPR compared to nondiabetics [14, 55]. The rate of platelet turnover has also been found to be higher is diabetics compared to nondiabetics, related to DM-associated oxidative stress and inflammation, and can generate pharmacodynamic variability in aspirin response [56, 57]. Among patients with DM, the recovery rate of platelet COX-1 twelve to 24 hours after aspirin administration was found to be the main mechanism contributing to the interindividual variability in aspirin response [22]. Accelerated renewal of platelet COX-1 also altered aspirin pharmacodynamics in patients without DM. In this population, elevated body weight was the major determinant of more rapid recovery of the drug target and provides a mechanistic explanation for the high rate of HAPR seen in obesity [22].




        To counter HAPR, higher doses of aspirin may augment the antiplatelet effect but only a twice daily aspirin regimen is able to demonstrate complete reversal of the accelerated recovery of platelet COX-1 [14, 22, 58]. Several different studies have consistently reported a greater and more sustained inhibition of platelet function and/or platelet TX production by twice daily vs. once daily dosing in DM (Table 1) [22, 59-63].


      




      

        Coronary Artery Disease




        Patients with CAD have a higher rate of platelet turnover compared to healthy subjects [36, 64]. The platelet turnover rate is highest during acute coronary syndromes and is a predictor of poor thrombotic outcome after coronary intervention [50, 54, 65-67]. CAD patients with a high platelet turnover have a reduced antiplatelet effect of once-daily aspirin [34, 68, 69]. These patients exhibit a time-dependent loss of aspirin efficacy over a 24 hour period similar to ET and DM [69-72]. Twice-daily aspirin regimens, not higher aspirin doses, were more effective at providing sustained TX and platelet function suppression (Table 1) [22, 59-63]. These studies were done in CAD patients who also had DM. The pharmacodynamic benefit of twice-daily aspirin dosing would be expected in CAD patients without DM given the time-dependent loss of aspirin efficacy shown in this population. However, confirmatory studies are needed.




        

          Table 1 Prior Studies of Multiple Day Aspirin Dosing.




          

            

              

                	Authors



                	Patient Population



                	Dose Comparisons



                	Study Conclusion

              


            



            

              

                	Bethel MA, et al. 2016 [62];



                	DM


                n = 24



                	100 mg once daily vs. 200 mg once daily vs. 100 mg twice daily



                	Aspirin 100 mg twice daily, but not 200 mg daily, was more effective than aspirin 100 mg daily

              




              

                	Rocca B, et al. 2012 [22];



                	DM


                n = 100



                	100 mg once daily vs. 200 mg once daily vs. 100 mg twice daily



                	Aspirin 100 mg twice daily was only regimen to completely reverse abnormal TX recovery

              




              

                	Spectre G, et al. 2011 [59];



                	DM


                n = 25



                	75 mg once daily vs. 75 mg twice daily vs. 320 mg once daily



                	Twice-daily aspirin dosing improved laboratory responses to aspirin compared to once daily dosing

              




              

                	Addad F, et al. 2010 [60];



                	DM,


                Coronary artery disease


                n = 25



                	100 mg daily vs. 100 mg twice daily



                	100 mg aspirin twice-daily dosing rather than a once-daily dose significantly improved the aspirin effect

              




              

                	Capodanno D, et al. 2011 [61];



                	DM,


                Coronary artery disease


                n = 20



                	81 mg daily vs. 81 mg twice daily vs. 162 mg daily vs. 162 mg twice daily vs. 325 mg daily



                	Twice-daily low-dose aspirin administration was associated with greater platelet inhibition than a once-daily administration

              




              

                	Dillinger JG, et al. 2010 [63];



                	DM,


                Coronary artery disease


                n = 92



                	150 mg daily vs. 75 mg twice daily



                	Twice daily aspirin was more effective at suppressing platelet reactivity at 24 hours

              




              

                	Cavlaca V, et al. 2017 [74];



                	Coronary artery bypass grafting surgery


                n = 37



                	100 mg once-daily vs. 100 mg twice-daily vs. 200 mg once-daily



                	Twice daily aspirin, but not a double once-daily dose, rescued the impaired antiplatelet effect of low-dose aspirin

              




              

                	Paikin JS, et al. 2015 [76];



                	Coronary artery bypass grafting surgery


                n = 68



                	81 mg once-daily vs. 325 mg once-daily vs. 162 mg twice-daily



                	Multiple daily dosing of ASA was more effective than ASA 81 mg once-daily or 325 mg once-daily at suppressing serum TXB2 formation after CABG surgery

              




              

                	Paikin JS, et al. 2017 [77];



                	Coronary artery bypass grafting surgery


                n = 110



                	81 mg once-daily vs. 325 mg once-daily vs. 81 mg four-times daily



                	Aspirin given four times daily was more effective than once-daily dosing at suppressing serum TX formation and platelet aggregation

              


            

          




        


      




      

        Coronary Artery Bypass Surgery




        Coronary artery bypass graft (CABG) surgery is associated with an increase in platelet turnover rate corresponding with systemic inflammation in the early post-operative period [73, 74]. The accelerated rate of platelet turnover is thought to lead to a transient impairment of aspirin pharmacodynamic response and is a proposed mechanism for early graft failure [73, 75]. A once-daily aspirin dose has been found to incompletely inhibit serum TX production during the first week after CABG surgery [76]. Only multiple daily aspirin doses were able to overcome HAPR and completely suppresses TX formation over 24 hours [74, 76, 77]. While low-dose aspirin has become the standard for long-term therapy in patients with CAD, clinical practice guidelines from the American Heart Association and American College of Cardiology for treatment of patients after CABG recommend treatment with higher dose aspirin (162-325mg daily) for graft patency, which further underpins potential benefit of exploration of variation in aspirin frequency as a mechanism for accomplishing the same goal [78].


      




      

        End Stage Renal Disease




        Patients on chronic hemodialysis or peritoneal dialysis were found to have an accelerated platelet turnover compared to healthy subjects and may contribute to the platelet dysfunction and HAPR in these patients [79]. An increase in platelet turnover was associated with a reduced pharmacodynamic effect of aspirin [80]. The rate of platelet turnover is increased in renal transplant patients and is a proposed mechanism for associated CV risk [81, 82]. Multiple daily aspirin dosing studies have not been performed in this population.


      




      

        Ischemic Stroke




        Platelet turnover is elevated in patients with ischemic stroke as a consequence of platelet consumption during thrombogenesis [48]. HAPR is prevalent in patients presenting with acute ischemic stroke [83, 84]. A signal that platelet turnover plays a role in aspirin pharmacodynamics is that the platelet response to aspirin is reduced in the early phase of ischemic stroke when inflammation and platelet turnover are highest, but aspirin begins to have a greater effect on platelet function as healing begins and inflammation decreases [85]. Multiple daily aspirin dosing studies have not been performed in this population.


      


    




    

      Discussion




      The optimal dose of aspirin is still not fully defined from large, randomized, controlled trials (1). Clinical evidence has failed to show a dose-response relationship for the efficacy of aspirin as high dose (300 to 325 mg daily) showed no differences in CV end points at 30 days versus low dose (75 to 100 mg daily) in patients with a recent acute coronary syndrome [86]. As the dose of aspirin increases there is greater inhibition of COX-2 with resultant decreases in prostaglandin I2 production, which may offset aspirin’s ischemic benefit [87]. The risk of adverse effects, specifically gastrointestinal bleeding, also escalates and as the dose of aspirin increases [88-90]. Evidence supports the use of aspirin doses that maximize efficacy and minimize toxicity.




      It is conceivable that in clinical settings of accelerated platelet turnover, the rapid renewal rate of COX-1 during the 24-hour aspirin dosing interval accounts for a partial recovery of TXA2-dependent platelet function and represents a major mechanism contributing to the interindividual variability in aspirin’s pharmacodynamic response. This provides an explanation for the significantly improved and sustained aspirin effect consistently observed with twice daily dosing compared to once-daily dosing. Another dosing strategy that may improve the pharmacodynamic profile is moving the timing of administration a daily dose from morning to bedtime rather than adding an additional dose [91]. A bedtime dose may be more appropriate for the body’s circadian rhythm and can more effectively attenuate morning platelet reactivity. The presence of a bedtime dose in a twice-daily dosing strategy may also be an explanation for improved the pharmacodynamics.




      While twice daily aspirin dosing provides a more optimal pharmacodynamic profile, it is difficult to fully assess the effectiveness of this strategy based on pharmacodynamic studies alone. Pharmacodynamic testing of aspirin response is fraught with limitations. A multitude of tests are currently available to assess inhibition of platelet function induced by aspirin and their methodologies are diverse. Many studies test platelet function during a single time point during the day and may not accurately portray the diurnal changes that may be seen from new platelet development after aspirin administration [70]. Conclusions drawn in these studies are highly dependent on the test used and results from various assays are not interchangeable [92]. The true value of increasing aspirin dosing frequency needs to be established in large randomized clinical studies in CV patients, both with and without DM.




      

        Limitations




        While benefits may vary with aspirin dosing, potential risks, specifically bleeding risk may also vary across dosing frequency of aspirin therapy. Prior analyses have demonstrated a dose-dependent relationship between aspirin dose and bleeding risk [93]. Further studies are needed to determine the net clinical benefit of aspirin dosing frequency balanced against potential bleeding risk.




        Medication adherence also remains a continual challenge in clinical practice. As dosing frequency increases, an inverse relationship is seen resulting in worse compliance [94]. Thus, even if benefits of increased frequency of aspirin dosing would be noted, real world data would need to be assessed to see if this would translate into better outcomes when balanced against potentially lower adherence rates.


      


    




    

      Conclusion




      Heterogeneity in treatment benefits, risks, and outcomes often exists such that the same treatment may not affect every patient the same. It is possible that there may not be an ideal one-size fits all dose for aspirin across patients and disease states, and it is also possible that there may not be an ideal one-size fits all dosing frequency. Recognition of high platelet reactivity and its association with adverse events has received considerable attention in cardiovascular pharmacology; however, current trends in dealing with this problem have been primarily to develop newer and more expensive anti-platelet agents, including prasugrel, ticagrelor, cangrelor, leading to trends in higher healthcare costs and disparities in care between those who can afford versus not afford these treatments. One of the newest antiplatelet agents, cangrelor, has an estimated cost of over $700 per dose. Aspirin is one of the most widely available and most affordable medications in modern medicine. It is incredible that simpler and exceedingly more cost-effective strategies like variations in aspirin dosing have not been explored further as potential strategies to improve outcomes across many disease states.
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