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Background
Since the beginning of cardiac surgery through the cardiopulmonary bypass, researchers have been studying different methods to ensure an efficient, safe, and reproducible approach to carrying out complex cardiac procedures (Applefield and Krishnan, 2020). One of the most common cardiac procedures is the coronary artery bypass graft (CABG) or the heart bypass surgery. CABG is performed when coronary arteries are damaged or blocked to restore or improve blood flow to the heart. Studies reveal that in the U.S alone, about 200,000 bypass surgeries are performed every year. During the procedure, the risk of blood clotting is high. As a result, heparin is used to prevent blood clotting. Heparin is vital as it facilitates antithrombin III action. Protamine is also used to restore coagulation and reverse the anticoagulant effects of heparin (Suelzu et al., 2015). However, studies reveal that protamine administration during the off-pump coronary artery bypass might cause paradoxical anticoagulation (Suelzu et al., 2015). This literature review examines the heparin dose-response curve's effectiveness in determining protamine dosage by comparing it with the HMS plus.
Hemostasis Management System (HMS Plus)
During cardiopulmonary bypass, hemostasis management remains an essential process in preventing thrombus formation, monitoring multiple anticoagulation possibilities, and preserving clotting factors. Considering the central role of hemostasis management, researchers developed the HMS Plus technology. The technology measures the activated clotting time (ACT), which considers the effect of various variables, such as heparin anticoagulation, dilution, temperature, and medications (Webtronic, 2009). However, it is worth noting that assessment of the ACT (the degree of heparin anticoagulation) is not necessarily a suggestion that there is adequate heparinization or an indication of reaching the recommended antithrombotic state. Thus, the HMS Plus technology is recommended during the bypass surgery (operating room) and at the point-of-care to ensure the heparin dose is at the recommended level. Patient surgery using the HMS plus technology include ACT tests, assessing of a patient's response to heparin, and determination of the actual circulating concentration. Notably, since the 1900s, the ACT has been the most used approach as the coagulation and anticoagulation control in cardiac surgery (Cuenca et al., 2013).
In the determination of the ACT, every patient responds differently to the anticoagulation level of a dose of heparin (Cuenca et al., 2013). The response of every patient is monitored by observing a coordinate chart, which is plotted in time (seconds) against the dose of heparin sodium (mg/Kg) (Cuenca et al., 2013). Runge, Moller, and Steinbruchel (2009) noted that approximately 5% of all patients who undertake cardiac surgery are reoperated because of excessive bleeding.Runge, Moller, and Steinbrichel (2009) offer a solution to infusing the right dose of protamine through a heparin-protamine titration system. Runge, Moller, and Steinbrichel's (2009) study showed that the heparin dose-response curve could be used to reduce bleeding for surgery patients. Specifically, Runge et al investigated two models: heparin-protamine system and hemochronRxDx models, to determine whether they would they would help in reducing blood transfusion and post-operative bleeding. The study revealed that while the it was not statistically significant, the patient in the RxDx group reported more cases of blood transfusion requirements compared to the patients who were in the group of heparin-dose response. The conclusion o the study was that the in managing an individual patient’s anticoagulation during a cardio-pulmonary bypass, utilizing the dose response curve and basing them on vitro analysis of heparin dose helps to significantly reduce bleeding. 
Comparison between ACT and Heparin Dose-Response
Mossad et al. (1998) conducted a study to compare heparin dose-response to activated clotting time in infants and children undergoing cardiac surgery. The study included 36 subjects, 18 participants for the ACT determination and 18 for the HMS test. The participants in the ACT group were given heparin to maintain an ICT state of greater than 480 seconds and protamine of 0.8 mg/100 units of total heparin administered. The heparin/protamine ratio suggested by Mossad et al. is significantly low than the current dose of protamine used. Suelzu et al. (2015) argued that a dose of protamine administered to reverse the heparin anticoagulant effects is 1 mg for 100 units of heparin. The HMS group was given heparin and protamine following the dose-response curve by measuring heparin concentration using an automated protamine titration (Mossad et al., 1998). The outcome of the study revealed that the children who undergone cardiac surgery using the heparin dose-response to control the anticoagulation effects received a larger dose of heparin and higher heparin to protamine ratio compared to the ACT patients (Mossad et al., 1998). On the contrary, the ACT group showed higher indices of thrombin generation. The notable trend between the two surgical approaches was that the ACT group showed a higher need for transfusion requirements of all the blood components (Mosaad et al., 1998). Therefore, Mossad et al. (1998) suggest that the heparin dose-response curve is more effective than the HMS plus (ACT approach) since it facilitates larger heparin doses and less protamine. Additionally, the heparin response curve supports the preservation of coagulation factors by reducing the thrombin generation and degradation (Mosaad et al., 1998).
Mosaad et al. (1998) study confirmed earlier findings in Despotis et al. (1996) research, which investigated why heparin dosing based on heparin blood concentrations is more effective in suppressing the hemostatic system activation compared to the activated clotting time approach. The study involved 31 patients scheduled for a repeat surgery of either cardiac revascularization or valve repair. Like Mosaad et al.'s (1998) study, Despotis et al. (1996) grouped the participants into two groups to monitor the anticoagulation. However, in Despotis et al. (1996), one group comprised 16 subjects was the control, and was assigned for monitoring anticoagulation celite ACT. The next group of 15 patients was assigned to Kaolin ACT combined with the measurements of blood heparin concentration (intervention cohort). The results of the study revealed that patients in the intervention cohort were given higher heparin doses than the control group. Mosaad et al. (1998) attributed higher heparin doses and a low dose of protamine to the preservation of coagulation factors. Most importantly, Despotis et al. (1996) study revealed that the maintenance of heparin concentrations during cardiopulmonary bypass is highly effective in suppressing the excess hemostatic system activation than heparin administered on the based of activated clotting time. Also, the results of the study revealed low blood loss in the intervention cohort, which confirms Mosaad et al. (1998) that the patients who were under the ACT cohort had more transfusion requirements compared to the patients in the group that undergone surgery based on the heparin dose-response approach.
 Bull, Huse, Brauer, and Korpman (1975) proposed an approach that cardiopulmonary bypass procedure can be done with accurate doses of heparin and protamine. The study carried out on the efficiency of dose response curve revealed that the curve can be used to determine/predict the dose of protamine needed to regain hemostasis. Specifically, the study was based on the finding from different patients that administration of protamine to neutralize the effects of heparin would result in adverse effects. Bull et al. (1975) provided a model of using a dose response curve that is subject to heparin dosage and its effect on ACT. The study revealed that the curve can be used to determine the protamine dose needed to reverse the heparin effect fully with no adverse effects. The study also revealed that using the response curve to determine protamine dose will also clear physician’s confusing effects of hyperheparinemia and protamine excess; consequently, reducing possibility of post-operative bleeding and transfusion requirements. 
Szalados, Ouriel, and Shapiro (1994) had similar results to those of Bull et al. (1975). The study found that the heparin dose response curve was effective that the activated coagulation time in the determination of protamine dosage. Notably, the ACT approach predicted higher dose of protamine, which has similar effects of excessive bleeding after the cardio pulmonary bypass.Szalados et al. (1994) difference from other studies is on generation of the response curve. Specifically, Szaldos et al. (1994) suggested that using the ACT, it is easy to construct a two-point heparin dose response curve (Szalados, Ouriel, and Shapiro, 1994). The two levels can be constructed using the ACT values at baseline, and values after 5 minutes of heparin administration to the patient. Szalados et al. suggests that through the curve, a team performing a cardio-pulmonary bypass can estimate the residual heparin from the curve. Thus, determining the protamine dose, it would be easy to use the formula (residual heparin multiplied by a correction factor, that is suggested as 1.3 for cardiac surgery) (Szaldos, Ouriel, and Shapiro, 1994). Therefore, Szaldos et al. provides a workable formula to show that a heparin response curve ca be used to determine the protamine dose to regain hemostasis of a patient. 
 In a study by Hallgren, Svenmarker, and Appelblad (2017), they found that protamine titration using the heparin dose response curve as a feasible process and indispensable in advancing patient safety. Like Szaldos, Ouriel, and Shapiro (1994), Hallgren, Svenmarker, and Appelblad (2017) discussed on how to implement a statistical approach to titrate protamine against heparin and observe the effects of coagulation of patients undergoing cardiopulmonary bypass. Specifically, the titration model was set in accordance with an established algorithm statistical approach of a heparin-protamine dose ratio of 1:1. The scholars noted that the model protected the patients form excessive bleeding after operation and hence reduced the blood transfusion requirements. Hallgren et al. suggested that titrating protamine against heparin using the 1:1 ratio model had advantageous effects on coagulation, which was determined using a rotational thromboelastometry (Hallgren, Svenmarker, and Appelblad, 2017).
The study was similar to Kjellberg et al. (2019) who found that calculating the right dosage of protamine is vital in reducing preoperative bleeding. Specifically, Kjellberg et al. (2019) investigated whether the Heparin/Protamine Calculation algorithm (HeProCalc), affects heparin and protamine dosage, transfusion requirements, and postoperative blood loss. The scholars compared the algorithm with the conventional model that was based on an individual patient’s weight. The study suggested He/Pro calculation algorithm, which reduced the dose of protamine as well as heparin/protamine ratio unlike the earlier model which protamine dose was based on the patient weight. Comparing the two models, the He/Pro calculation algorithm recorded low cases of blood transfusion and preoperative bleeding. Therefore, Kjellberg et al. (2019) study suggests that a heparin/ protamine model is effective in determining the protamine dose as well as reducing postoperative blood loss and hence transfusion requirements. Therefore, taking into consideration that the study revealed that a model based on weight to predict the amount of protamine dose needed was not effective, it is prudent that a heparin response curve is effective on determine the dose of protamine. 
Fujii et al. (2013) study was based on the finding that certain patients shown heparin resistance. As a result, such patients require an extra dose of heparin because of the inadequate activated clotting time (Fujii et al., 2013). As a solution, Hepcon HMS plus device, a pint-of-care technology was designed to calculate the heparin dose needed for a patient and the resulting dose of protamine needed to neutralize the heparin using the patient blood samples during the bypass procedure. Thus, Fujii et al. (2013) investigated the effectiveness of Hepcon HMS Plus in determining heparin and protamine doses. The study revealed that using the response curve to determine protamine ration was highly effective in reducing the dose of protamine, which is highly associated with reduced bleeding. 
Another study by Noui et al. (2012) confirmed that heparin and protamine titration during cardiac pulmonary bypass using the Hepcon/HMS device predicts lower dose of protamine needed to neutralize heparin. In particular, Noui et al. (2012) was to compare the standard protocal of anticoagulation to the Hepcon/HMS. The study predicted that titrating protamine against heparin will result in a lower perioperative blood transfusion and a shorter chest closure time using the Hepcon/HMS. Therefore, the study had similar results with Fujii et al. (2013). 
Another study by Suelzu et al. (2015)assessed the impact of various doses of protamine on heparin reversal. The study was based on the hypothesis that the 1:1 ratio of heparin/ protamine is high than necessary and imposes postoperative debilitating effects of hemostasis. The study revealed that administering two-thirds of the total calculated dose of protamine is adequate for reversing the anticoagulant effect. Also, the study revealed that infusion of the second dose of protamine induces clotting time elongation; consequently, resulting in post-surgery bleeding. Notably, the set standard of 1:1 heparin/protamine ratio is higher than needed and poses potentially adverse effects to the patients, such as the reduced efficacy of the coagulation system. 
Kunz et al. (2018) study converges with the findings from Suelzu et al. (2015). Kunz et al. (2018) note that high dose of protamine exceeding the dose needed to reverse heparin will cause bleeding. This is a suggestion that there is a need for an accurate approach to evaluate the amount of protamine dose. In the study, Kunz et al. (2018) focused on investigating the rations of heparin reversal and markers of homeostasis (Kunz et al., 2018). Notably, the patients who received a high dose of protamine to achieve hemostasis were associated with a high level of RBC blood transfusion. In contrast, patients that were given low doses of protamine had low requirements of transfusion. Kunz et al. (2018) study confirmed the need to use blood heparin response to determine the accurate protamine dose required to reverse the anticoagulant effects. Therefore, from the study of Kunz et al. (2018), it is notable that high doses of protamine relative to the heparin in a patient’s blood is associated with a significantly high risk of post-operative bleeding and RBC transfusion. Therefore, heparin-dose response curve becomes the best way to determine the amount of protamine dose to administer to a patient to prevent adverse effects. 
Another study by Hashimoto, Sasaki, Hachiya, and Takakura (1999) investigated the real-time measurement of heparin concentration during bypass procedures. The study revealed two critical outcomes. First, there was a positive correlation between blood heparinmeasurements and plasma heparin concentration (Hashimoto et al., 1999). Second, heparin-protamine titration significantly reduced the dose of protamine needed to adequately reverse the heparin anticoagulation effects. Additionally, the low of protamine decreased adverse effects associated with high protamine levels, such as postoperative bleeding Hashimoto et al., 1999. In particular, Hashimoto et al. (1999) suggested a heparin/protamine titration system to determine the dose of protamine. Notably, in the study, they noted that where they used a reversal protocol of the anticoagulation effects using a titration model of heparin 1: protamine 1, the dose of protamine needed was significantly low and the adverse effects across the group were scarce (Hashimoto et al., 1999). Therefore, based on Hashimoto et al. (1999) a heparin response dose curve, as represented by the titration model, can be used to determine the accurate dose of protamine to reverse the anticoagulant effects of heparin.
A study by Hanke et al. (2020) analyzed the interaction between heparin dose and protamine doses under different conditions of overdose. Notably, when heparin was administered, there was the elongation of coagulation and clot formation times (Hanke et al., 2020). The addition of protamine helped reduce the impact of heparin and reestablished hemostasis. However, the scholars noted that overdosage of protamine escalated bleeding by causing prolongation of clot formation and coagulation times. The effect was neutralized by administering an additional dose to normalize protamine overdosage. Therefore, like other studies conducted earlier, Hanke et al. (2020) recommend a low heparin-protamine ratio to reduce coagulation and clot formation time.
 Hecht, Besser, and Falter (2020) debunked one of the common questions in cardiac surgery, whether professionals can accurately determine the protamine needed to reestablish hemostasis and reduce the effects of heparin. The scholars argued that HMS technology has helped in the direct measurement of the heparin concentration. Specifically, the heparin assay cartridge allows the clinicians to directly measure heparin concentration, thus allowing the team of professionals to determine the amount of protamine needed (Hecht et al., 2020). The limitation of the direct measurement is based on the assumption that the heparin distribution is equivalent to blood volume and interacts with AT only. Additionally, there is no prospective evidence to prove HMS technology in either improving patient outcomes and reducing blood transfusion cases. Therefore, Hecht et al.'s (2020) study disagrees with other available literature that heparin dose-response curve can be used to assess the adequate dose of protamine. However, a study by Rouby et al. (2003) found that calculating the amount of protamine needed to reverse heparin effects using the RxDx system tool is highly effective. TheRxDx calculations determine the amount of protamine to neutralize all heparin to reduce bleeding after the bypass procedure. Specifically, Rouby et al. argued that through a series of various consecutive vitro tests, the RxDx system quantifies a patient’s heparin dose, specifically the heparin response test (HRT) (Rouby et al., 2003) Additionally, the systems assess the activated clotting time, calculates the patient’s blood heparin concentration and hence the required protamine dose (Rouby et al., 2003). Thus, the primary argument in Rouby et al study is that at the end, the RxDx system provides the optimal dose of protamine required to recover the body hemostasis witout causing debilitating effects like bleeding or transfusion needs. 
Conclusion
While the activated clotting time (ACT) is considered the international standard of monitoring the degree of anticoagulation and effectiveness of heparin, studies show that the heparin dose-response curve approach is highly effective in determining the protamine dose. Notably, cardiopulmonary bypass is based on the ACT approach, done through HMS plus technology, low-dose of heparin is recommended. However, low doses of heparin are associated with more thrombin generation, which can induce platelet dysfunction; subsequently, resulting in excessive breeding after the procedure. High doses of heparin can lead to excessive bleeding if an unproportionate amount of protamine to reverse the anticoagulation effect is administered. Studies, such as Runge, Moller, and Steinbrichel (2009), Mosaad et al. (1998), and Despotis et al. (1996) hint that a heparin-protamine titration system or the heparin response dose curve is vital in determining the accurate dose of protamine to reverse the anticoagulation effects of heparin and prevent excessive bleeding. Notably, most of the studies associate the ACT approach with significantly higher blood transfusion requirements and postoperative breeding cases. Drawing from the reviewed studies, most scholars agree that low-dose heparin and unproportionate rations of heparin and protamine result in excessive bleeding, resulting in re-operation. However, some studies like Hecht et al. (2020) argue that it is still hard to measure the right dose of protamine needed to normalize heparin because it is based on assumptions. Regardless, studies conducted on heparin-protamine titration revealed positive outcomes in reducing blood transfusion incidences after cardiopulmonary bypass. Therefore, the available literature review suggests that the heparin dose-response curve effectively determines the accurate dose of protamine.
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