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Abstract

:

Atrial fibrillation (AF) is the most common form of cardiac arrhythmia. Despite the frequency of the disease, the treatment strategies for AF are inefficient. We developed a cost-effectiveness model to evaluate potential improvements in the application of cardiac ablations to treat AF. These are surgical procedures to terminate the arrhythmia and restore Sinus Rhythm. A Markov Model with a time horizon of five years was built to represent the management of patients in AF. A Montecarlo simulation was developed as a sensitivity analysis when the effectiveness increases the estimate of the potential impact of an improvement on the efficacy of cardiac ablation. The result of the analysis showed 44% of patients were untreated in any way. The base case ends up with 45% of patients having sinus rhythm restored after five years. The Montecarlo simulation estimates that in 58% of cases, the alternative of increasing ablation effectiveness by 25% would be cost-effective. If the number of performed ablations is doubled, the robustness increases to 86%. In conclusion, the model of management of AF highlights the importance of not only increasing effectiveness, but also treating more patients. Our study shows that investing in new screening technology to increase the effectiveness of ablations would be cost-effective.
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1. Introduction


Atrial fibrillation (AF) is a heart condition that causes an irregular and often abnormally fast heart rate. The major risk of AF is the consequences of these irregular rhythms: blood can coagulate and double the possibility of suffering a stroke, major bleeds, and heart failure. In fact, AF doubles the risk of any complication, causes brain injuries, and worsens the quality of life [1,2]. It also causes a dramatic reduction in life expectancy (doubled mortality and increased risk of embolic stroke, heart failure, and dementia).



More than 43.6 million people worldwide suffer from AF, the most common cardiac arrhythmia [3]. This is reflected in the amount of time that the clinicians invest in it since it accounts for the highest number of medical consultations and days of hospitalization than any other cardiac arrhythmia [4].



Antiarrhythmic drugs (AAD) are the first line of treatment, but these have limited efficacy (<40%) [5]. In patients not controlled with AAD, the most effective treatment is an interventional cardiac ablation (CA). CA is a surgical intervention that restores the heart rhythm by burning or destroying the heart tissue that is the driver of the irregularity of the heart frequency, using a catheter [3].



There are different techniques that have the objective of stopping arrhythmia using CA. The most common technique is pulmonary vein isolation. This only focuses on isolating the electrical conduction between the pulmonary veins and the cardiac tissue to avoid initiation or maintenance of the arrhythmia. There are also more complex techniques that personalize the search for drivers, the mechanisms that may give rise to arrhythmia [6,7]. The effectiveness of these personalized treatments has been shown to be higher although more expensive and dependent on the complexity of AF in each patient.



Unfortunately, even these invasive interventions have a low success rate: around 50% of patients relapse in their arrhythmia during the 48 months following the intervention [5]. The effectiveness of the CA depends on the technique and the precision of the diagnosis. Proper identification of the underlying mechanisms that sustain an arrhythmia is crucial for successful patient stratification and treatment. Only by accurately identifying these mechanisms can patients be treated with the highest likelihood of success.



The effective management of AF patients is crucial not only for improving public health, but also for reducing healthcare costs. In European countries, it is estimated that AF accounts for up to 2% of total annual healthcare expenditure, or approximately 13,500 million Euros per year [8]. One of the major contributors to the overall cost of managing AF is the use of medical procedures and inpatient care [9,10]. This is mainly due to aging populations and the intensification of complications [11] and according to the Guidelines, there is a need for measures to reduce hospitalizations [3]. One of the major findings by Guo et al. [12] was that AF ablation is associated with a reduction in all-cause hospitalization by nearly one-half. Research has also shown that healthcare costs are significantly higher for patients who require repeat ablations for AF compared to those who only require a single procedure. This highlights the economic benefit of successful AF ablation in reducing the need for repeat procedures and lowering healthcare costs.



In addition to interventional CA, there are other options for treating patients with AF. Some therapies focus on preventing complications without restoring sinus rhythm (SR), and are referred to as Rate Control (RC) therapies. Other therapies, such as AAD and CA, can restore normal SR and are known as Rhythm Control therapies. The classification is based on the European Society of Cardiology Official Guidelines 2020 [3]. The “ABC” pathway is the integrated pathway for AF management [13], standing for: ‘A’—Anticoagulation or Avoid stroke; ‘B’—Better symptom management; and ‘C’—Cardiovascular and Comorbidity optimization. The A is related to the use of anticoagulant medications. The B is based on RC, whereas the C step is focused on Rhythm Control.



The principal reason for the low treatment efficacy is the lack of tools to identify the patients that would benefit from ablation. A key message extracted from the 2020 ESC Guidelines [3] for management of AF, is that novel tools for screening and detecting AF substantially improve the diagnostic opportunities in patients at risk. Nevertheless, the management pathways including such tools are still to be defined. The personalization of the treatment is not possible without identifying the mechanisms of AF initiation and perpetuation in each patient.



Several studies have compared the effectiveness of different treatments for AF. The literature suggests that radiofrequency interventional CA has higher overall effectiveness rates and lower rates of complications compared to AAD therapy [14]. These findings suggest that CA may be a more effective treatment option for AF compared to AAD therapy. Some studies have found that RC and Rhythm Control therapies have similar effects on preventing death, despite the lower effectiveness of RC therapies. This suggests that both approaches may be effective in certain situations, but that rhythm control therapies may be more effective overall [15]. However, there is evidence that CA greater reduces mortality (and also the recurrence of AF) compared to drug therapy [5]. The exact percentages of that study were 23.8% for Rhythm Control group and 21.3% for RC.



Many studies have compared the cost-effectiveness of complex surgical procedures for the treatment of AF, but few have considered the overall impact on the healthcare system. This can make it difficult to fully assess the value of these treatments Studies that aim to improve the diagnosis of AF often rely on simple devices like smartphones or hand-held devices for mass screening in untreated populations. However, there is currently a lack of research on the most effective treatments for AF and which approach would be most cost-effective in the long term. [14,16].



Given the lack of research on the diagnosis and management of AF, this study aims to fill this gap and provide new insights into the effective management of AF. It builds upon existing studies by considering factors such as cost-effectiveness and the overall impact on the healthcare system. There is significant variation in the use of interventional CA for AF among different countries. For example, in Spain, only 5000 ablations [17] are performed per year, while in Germany, which has twice the population, more than 40,000 ablations are performed annually [5]. However, more than 90% of AF patients are unable to access the most effective treatments, such as CA, due to limited clinical resources [6].



In this study, we evaluated the potential impact of novel technologies on the diagnosis and treatment of AF. These technologies aim to (a) identify patients who would benefit from CA and (b) increase the efficacy of the procedure by guiding the ablation intervention. The use of a novel device to improve the efficacy of interventional CA for AF could overcome the current limitations in treating AF patients. In addition to examining the impact on the effectiveness of the surgical procedure, it is also important to consider the number of ablations performed and the investment required. This study aims to evaluate the extent to which increasing the number of patients treated and the resources invested can improve the management of AF.



For this purpose, this study will use a cost-effectiveness model to evaluate the potential benefits of a novel technology that improves the accuracy of interventional CA for AF. Specifically, we aim to estimate the improvement in effectiveness and cost savings that this technology could achieve in Spain and Europe. By examining the impact of this technology on CA outcomes and healthcare costs, we hope to provide insights into the value of investing in such innovations for the management of AF.




2. Materials and Methods


A Markov Model was developed to evaluate different scenarios for the management of AF. The Markov Model is a discrete stochastic model used to model pseudo-randomly changing systems. The simplest type of Markov Model is a Markov chain. Essentially, it is a discrete process in which a random variable Xn changes over time between different states. These chains have the property that the probability of Xn = j only depends on the state immediately before the system: Xn−1. When in a chain the probabilities do not depend on the time they are considered, n, it is called a homogeneous chain, that is, the probabilities are constant at every step. In this study, an analysis of the base case was performed with invariable probabilities and a further sensitivity analysis with the variations of the probabilities within a statistical distribution.



MATLAB ver. R2021a was used for modeling and simulating the model.



2.1. Description of the Model


The model was designed to represent the current healthcare situation considered in this study for patients in AF. The temporal horizon is set at five years and each cycle is three months long, based on similar studies from the literature [7]. The initial patient cohort establishes a population of older than 65 years diagnosed with AF. This age is the lower boundary provided by the ESC Official Guidelines of 2020 [3].



The effectiveness of treatment was measured as patients with SR restored. In total, eight states were included to faithfully represent the real situation of AF. They include the available treatments for AF, the different health states in which a patient can be, and the most common complications derived from an arrhythmia.



X1 AF: The initial state for all patients diagnosed with any of the types of AF (paroxysmal, persistent, permanent). RC, i.e., anticoagulants, is the treatment applied by default to any patient with the disease and risk for strokes. From this state, a patient may continue with RC treatment or receive one of the rhythm control treatment strategies (such as AAD) or interventional CA, or experience one of the considered complications.



X2 AAD: Used to treat abnormal heart rhythms, but their success rates are often low. They include, for example, Class I sodium-channel and III Potassium-channel blockers, which can restore SR with lower effectiveness.



X3 CA: This state covers the procedures which include catheter ablation to isolate pulmonary veins.



X4 SR: The patient has the normal rhythm restored after successful treatment. This can result in the maintenance of SR, a recurrence of AF, or death



X5 Post Heart Failure: This is the state that is reached when one of the most common complications of AF, heart failure, occurs. Heart failure is a condition in which the heart is unable to pump enough blood to meet the body’s needs, resulting in symptoms such as shortness of breath, fatigue, and swelling in the legs.



X6 Post Stroke: Stroke occurs when there is a clot blocking a cerebral artery due to AF. This can result in brain damage, which can cause a range of symptoms depending on the area of the brain affected.



X7 Post Major Bleed: A major bleed is a serious and potentially life-threatening complication that can occur due to AF. The most severe types of major bleeds include intracranial hemorrhage (bleeding in the brain) and pericardial hemorrhage (bleeding in the area around the heart).



X8 Death: Absorbent situation in which, based on the mortality rates, the individuals end up if they suffer any complications.



In Figure 1 the transitions between the states in the model are shown.



The following notation is introduced in a homogeneous finite chain with eight possible states:


pij = P(Xn = j|Xn−1 = i),



(1)




where i, j = 1, 2, …, 8. If pij > 0, then the state Xi can communicate with Xj. The communication can be also mutual if pij > 0. For each i fixed, the values {pij} are transition probabilities since in any step they can satisfy the condition


   p  i , j   > 0 ,      ∑   j = 1  m    p  i , j   = 1  



(2)




for every i = 1, 2, …, 8. All these values are combined to build a transition matrix T of size 8 × 8 where


  T = [  p ij  ] =        p  11      ⋯     p  18        ⋮   ⋱   ⋮       p  81      ⋯     p  88          



(3)







It can be observed that every row i of the matrix is a probability distribution, i.e.,     ∑   j = 1  8   p  i j   = 1  .



An important probability is that of reaching Xj after n steps {   p i   n    }   given a probability distribution {   p i   0    }  . It is observed that {   p i   0    }   is the probability that the system initially occupies the state Xi, so as     ∑   j = 1  8   p i   0    = 1  .



If    p j   1      is what is called the probability of reaching Xj in one step, then, based on the total probability theorem


   p j 1  =   ∑  j = 1  8    p i 0   p  i j    



(4)







This can also be expressed as a vector shape: with    p   0      and    p   1      the row vectors of the probability given by    p   0    = (   p 1   0    , … ,  p 8   0     )   and    p   1    = (   p 1   1    , … ,  p 8   1     )  , where    p   0      is the initial probability distribution and    p   1      is the probability of reaching any of the states X1, …, X8 after a step. With this notation, it can be expressed


   p   1    =    p j   1      =     ∑  j = 1  8    p i 0   p  i j     =  p   0    T  



(5)




where T is the transition matrix. In this model the transition matrix is expressed as follows:


  T =        p  11        p  12        p  13      0     p  15        p  16        p  17        p  18          p  21      0   0     p  24      0   0   0   0       p  31      0   0     p  34      0   0   0   0       p  41      0   0     p  44      0   0   0     p  48          p  51      0   0   0   0   0   0     p  58          p  61      0   0   0   0   0   0     p  68          p  71      0   0   0   0   0   0     p  78        0   0   0   0   0   0   0   1       



(6)








2.2. Transformation of Time Horizon of Probability


It is commonly seen indicated in the literature that the transition probabilities refer to a natural year period of 12 months. Nevertheless, when the fixed cycles for transitions are shorter than a year, these probabilities should be adapted to the period studied. It is assumed that the event probability does not rely on the time period, and therefore can be modeled as a Poisson distribution with a constant r ratio [18]. Therefore, the probability distribution follows a negative exponential such that   P    t x  < t   = 1 −  e  − r · t    . The annual probabilities were transformed into 3-month-length periods with the exponential distribution.




2.3. Input Data


The model was completed by populating it with real-world evidence data. Different sources from the literature were contrasted, and cardiology experts were consulted. Although models using Randomized clinical trials (RCTs) data are widely accepted, nowadays the attention on the use of real-world evidence (RWE) to populate effectiveness data in this type of model is increasing [19]. It is also essential to avoid a particular study in the literature for model population, as sometimes there is not enough attention paid to the representatives of the assumptions [20].



The costs associated with each state are expressed in Euros (EUR) and refer to 2020, with a discount rate of 3%. The discount rate is the annual fixed value to equalize monetary units between different temporal moments. Most of the costs were obtained from the Public Taxes Law [21] and Hospital Costs were provided by the Spanish Ministry of Health [22]. The full fee for hospital processes is based on Diagnosis-Related Groups, which are standardized categories that reflect the expected costs of treating specific medical conditions.



In Table 1 the annual probabilities of the model are listed. They are identified with the corresponding transition probability in the model. It may be important to note that, as not all patients are able to opt for a treatment, the model included a percentage of them who would maintain AF. This is referred to in the table as Distribution to RC. Beta-blockers and anticoagulants are administered to prevent further complications, but will never restore SR.



Effectiveness refers to the success rate of the treatments: CA and AAD. Distribution means the proportion of patients undergoing each treatment: CA, AAD, or RC. The distribution for RC is equivalent to the proportion of the population who remain in the AF state. Recurrence is of AF after SR has been restored. The probability of occurrence of the different complications and the mortality rates of each event are included.



In Table 2 the costs for each state are indicated. At every period the costs are multiplied to update their values based on the proportion of the population that falls into each state.




2.4. Scenarios


For the current study, different scenarios were considered, with the base case as the current situation for managing AF patients. We performed an analysis of potential scenarios to choose the most appropriate for the cost-effectiveness plane. We considered the scenario with an increase of effectiveness of CA of 25% due to the use of the novel technology. In addition, we took into account extreme scenarios varying the distribution of patients: 0% of patients under treatment, 100% of patients under AAD, and 100% of patients under CA. By examining these scenarios, we were able to gain a better understanding of the model and its potential impact on patient outcomes and healthcare costs.



In the final analysis, we selected two optimal scenarios for the cost-effectiveness plane based on two different cases. The first scenario compares the base case (current treatment approach) to a scenario where the effectiveness of interventional CA is increased by 25% due to the use of a novel technology. The second scenario compares the base case to a scenario where the effectiveness of CA is increased by 25% and the number of ablations performed is doubled (10% of patients receive CA). These two scenarios will be described and analyzed in more detail in the following sections.




2.5. Probabilistic Sensitivity Analysis


The above-mentioned data was substituted in the model in a static way. In a second part of the analysis, the limitations and the potential of the system were analyzed.



Firstly, a graphic representation of the patient distribution in the system was made. The proportion of patients undergoing the different treatments varied: RC, AAD, and CA. For each scenario, we calculated the potential number of patients in SR and the cost per patient in the system.



After creating this representation, we selected a scenario to be included in the sensitivity analysis to evaluate the potential benefits. This method was applied twice: first, using the current effectiveness of interventional CA in clinical practice (57%), and second, using an increased effectiveness of CA by 25% due to the use of a novel technology. By comparing these two scenarios, we were able to understand the potential impact of the technology on patient outcomes and costs.



The sensitivity analysis was performed to identify how random changes in parameters in the model influence the outputs, using Monte Carlo simulations to assess the uncertainty [21]. To develop a probabilistic sensitivity analysis, it is important to define the probability distributions followed by the parameters of the model. To select the distributions of these parameters others studies in the literature were checked [7,25]. The selected distribution for the transition probabilities was the beta distribution, which is used for modeling a continuous probability distribution for probabilities. Finally, for the random variation of costs, the statistical distribution log-normal was applied. Each cost obtained from the literature was the mean of the distribution, and the standard deviation was computed for a plausible range of 20%, which determines the limits for the uncertainty.





3. Results


3.1. Validation of the Model


The first representation (Figure 2) shows the current situation of the system for treating AF and shows the evolution of AF population for five years. The trend is for a significant increment of patients that restore SR during the first two years (24 months). After that, the proportion of patients in SR remains relatively stable for the next three years, gradually increasing until the final percentage of patients in SR reaches 45.06% after 60 months. This figure illustrates the current effectiveness of AF treatment and the potential for improvement.



Mortality progressively increases up to 12.11% for the five years considered. These values are consistent with those observed in clinical trials [5,35] and other cost-effectiveness studies, which have reported mortality rates ranging from 8% to 15% after five years. In addition, other cost-effectiveness studies [7] have shown that the final proportion of patients in SR after five years is around 49%. These findings suggest that the model is realistic and can provide valuable insights into the management of AF.



Another important aspect to extract from the model is the cost of the management of the AF patient in the system. The model shows that, on average, the system spends 10,543 EUR per AF patient after five years. This value is similar to those reported in the literature [9]. In that European study from the Euro Heart Survey, the annual cost per patient in Spain was 11,575 EURin 2006.




3.2. Predictions of the Model: Evaluation of Potential Scenarios


The design of potential scenarios that could overcome the current situation and improve the effectiveness of treatments was done by varying different parameters of the model, such as the effectiveness or the number of ablations performed. The comparison between the different situations will be based on the total costs of the system and the final percentage of patients in SR.



The first approach was focused on the distribution of patients among the available procedures and therapies. In Figure 3, three different plots can be observed. Point A represents the current management of AF patients, while points B, C, and D are extreme scenarios described in the next section. Point E represents a potential scenario that will be further analyzed in subsequent sections.



In Figure 3, the top graph shows the variation between different therapies: RC, AAD, and CA. Along the X-axis, the different combinations of the proportion of patients undergoing different treatments are shown. This starts on the left with all patients under RC, varying until the last one on the right, which represents all patients undergoing ablation. The combinations vary from 0% of total patients in each option to 86%. It was supposed that there is a percentage (14%) that will always have a risk of suffering any of the complications (HF, ST, or BL), which is why the maximum percentage is 86%. Furthermore, the gray vertical line denoted as ‘Current situation’ represents the current combination of the present scenario: specifically, 44% of patients in RC, 35% with AAD, and 4.8% undergoing a CA. These values are taken from the literature [10], respectively.



In Figure 3, the two graphs at the bottom show the main outcomes of the model, while the plot in the middle represents the final percentage of patients in SR. The final plot shows the total costs of the AF system’s management after five years. The values of the base case are denoted with the letter A. The current situation shows that the final outcome of patients in SR is 45.06% and the total cost per patient after five years is 10,343 EUR.



The horizontal red line serves as a reference for the current variables of the system: the final number of patients in SR and the total costs of the system.



The blue line in each graph corresponds to the potential situations described in the upper graph: the distribution of patients between RC, AAD, and CA. The saw-tooth shape of the blue line in the top graph is due to the fact that as the percentage of patients receiving RC is fixed (represented by the light blue columns), the remaining percentage is distributed between AAD and CA.



The saw-tooth shape of the blue line in the top graph is a result of calculating all possible combinations of AAD and CA, starting with 0% in CA (magenta) and the maximum in AAD (orange). The minimum point in terms of costs and patients in SR corresponds to AAD, as these medications have lower costs and lower effectiveness compared to CA. The maximum point is reached when 0% of patients receive AAD and the maximum percentage receive CA, resulting in higher effectiveness but also higher costs compared to AAD. Scenarios that have lower costs and higher outcomes compared to the base case (represented by the red line) are considered cost-effective and represent improvements over the current situation. Based on the current situation, there are several potential scenarios that can be considered to improve effectiveness and reduce costs. One observation is that increasing the number of patients receiving rhythm control therapies (i.e., AAD or CA) would improve efficacy and lower costs. Similarly, a higher number of cardiac ablations would increase effectiveness, although at the cost of higher expenses compared to AAD treatment.



The results indicate that rhythm control therapies (i.e., AAD or CA) are more effective at restoring SR compared to RC therapy both in terms of costs and reduced mortality. To better understand the impact of distributing patients among the different therapies, illustrative scenarios with extreme values are presented in detail in Table 3. These scenarios provide insight into how varying the number of patients among the therapies affects the effectiveness and total costs.



Scenario B represents the worst-case scenario, in which it is assumed that the arrhythmia cannot be terminated, and all patients receive only RC therapy. This results in all patients maintaining AF. Despite not undergoing any treatment, the total cost for the system is highest in this scenario due to the negative effects of the arrhythmia. Additionally, the mortality rate in scenario B reaches 21.73%, nearly double that of the base case. The treatment with AAD, as seen in scenario C, results in a decrease in total costs and an increase in the number of patients with restored SR. While this is a cost-effective solution compared to the base case, it is clear that the use of CA, as demonstrated in scenario D, has even greater potential for success in terms of restoring SR and reducing costs. In scenario D, all AF patients undergo ablation. In this extreme case, the lowest overall mortality is achieved (7.62%), as well as the most effective restoration of SR (69.55%). Notice that despite requiring 20 times more ablations than in the current situation, the total cost per patient for the system only increases from 10,343 EURto 10,696 EUR.



Finally, scenario E represents one of the possible optimal scenarios with a higher efficacy, lower mortality, and lower cost that the base case. To select this optimal scenario, the constraint was set to achieve a cost like that of treating all patients with AAD (8264 EUR). Specifically, by increasing the number of ablations performed by four times, the efficacy increases from 45.06% to 60.58%, the five-year mortality decreases from 12.16% to 8.64%, and the cost per patient decreases by 15%, from 10,343 EUR to 8890 EUR.




3.3. Evaluation of Potential Scenarios with a More Effective Ablation Strategy


In this part of the analysis, the potential impact of a technology that increases CA efficacy by 25% (from 57% assumed in the current situation [36] to 82%) is evaluated.



Several novel technologies are being developed in an effort to increase the efficacy of AF treatment, such as technology that guides ablation based on driver ablation, technology that prevents reconnections of pulmonary vein isolations [6,37,38,39] and technology that screens patients who would benefit from ablation [36,39]. While these technologies hold great promise, their economic impact has not yet been systematically evaluated.



In Figure 4, we can see a comparison between the current situation and a scenario in which the effectiveness of catheter ablation (CA) has increased by 25%. The graph is organized in the same way as Figure 3, with different combinations of patient distribution between different therapies plotted along the x-axis. In this case, an additional line has been added to represent the situation where the effectiveness of CA is 82%. Key values from the different scenarios are also marked on the graph and summarized in Table 4.



Figure 4 illustrates the relationship between the proportion of patients undergoing treatment and the cost-effectiveness of ablation therapy in the case of increased effectiveness (top line). As long as the proportion of patients receiving treatment is equal to or greater than the current situation, ablation therapy is always cost-effective with an increase in effectiveness. Even if the number of treated patients is lower than the current situation (left side of A’), the therapy remains cost-effective with an increase in effectiveness. The same situations as previously discussed (points A’ to E’) are also depicted in the graph.



In Figure 4, Point A’ shows the current distribution among the available therapies (i.e., RC, AAD, and CA) and how it is affected by the increase of effectiveness of CA by 25%. Note that in this basal scenario, A, the percentage of patients that receive ablation is 4.80%. An increase in the efficacy of the CA leads to a 4.55% reduction in total cost, a 4% increase in overall effectiveness, and a 0.42% decrease in mortality.



Scenarios B’ (where all patients are maintained in AF and only RC treatments are applied) and C’ (where all patients are treated with AAD) are not affected by the increase in the efficacy of CA and the results are the same as for B and C in the previous scenarios.



In scenario D’, all patients receive optimized CA treatment. This scenario involves a 15-fold increase in the number of ablations performed. As a result, total efficacy increases by 30%, while costs and mortality are reduced by 21% and 56.5% respectively compared to the base case. The total costs per patient after five years would be even lower than the cost of AAD.



Finally, point E’ represents a potential scenario in which the number of ablation procedures is three times the current rate. With the increase of CA effectiveness, the cost is even less than with AAD, and effectiveness and mortality are better than in the situation shown in the previous scenario, E. To achieve the optimal results shown in point E’, it would be necessary to perform three times more ablations than currently, rather than four times as in situation E. This is because the increase in the effectiveness of CA by 25% allows for the same cost and effectiveness to be achieved with a lower number of ablations, as seen when compared to Figure 3.




3.4. Probabilistic Sensitivity Analysis


The cost-effectiveness planes show the variation of two improved situations with respect to the base case. In both cases, the effectiveness of CA has been increased by 25%. However, as we have observed that the number of CAs performed expands the limitations of the model, we will also consider the case where more CAs are carried out. To further understand the model’s behavior and the improvements relative to the current situation, we also consider a scenario where the number of CAs is doubled. This scenario was chosen as it represents a feasible increase in the number of ablations.



On the one hand, the current situation is compared to the situation in which the novel technology increases the effectiveness of CA by 25% (Figure 5a). Here, the AF patients are distributed as: 4.80% in CA, 34.60 % in AAD and 44.00 % in RC. This situation is cost-effective with a robustness of 59.70%. The mean increase (blue point in Figure 5) is 2.31 % more patients having restored SR after five years and saving 363.73EUR per patient. This is observed in Figure 5a.



On the other hand, the second plane shows the impact of the increase in effectiveness when doubling the number of CAs performed (Figure 5b). In this case, 5% more patients in the model undergo a CA, maintaining the 25% increase in effectiveness. The AF patients are distributed as: 9.60 % in CA, 34.60 % in AAD, and 39.20 % in RC. In this case, the robustness increases to 89.80%, with a mean of 8.06 % more patients having restored SR after five years and 827.41 EUR saved per patient. The representation is plotted in Figure 5 b, where the movement of the cloud of points to the right is noticeable.



The mean savings per patient is used as an estimation of how much we can increase the expenditure per patient. In this case, we have around 365 EUR without doubling CAs and 827 EUR by doubling CAs. This would mean that there is even more margin for the increase in the cost of CA: around 1000 EUR for situation (a) and 1300 EUR for situation (b).




3.5. Impact on Costs in Europe


This section estimates the cost impact of using new technology that increases the effectiveness of ablations compared to current technology.



In Europe, there is a prevalence of AF in approximately of 900/100,000 individuals [3] (around 6,750,000 people have AF in Europe) and an ablation rate of 378/1,000,000 inhabitants [37], which implies 283,500 ablations every year.



Table 5 illustrates the potential impact of increasing the number of ablations on the management of AF patients, including annual savings and effects on effectiveness. Based on the results in Table 5, the increase in the number of ablations per year leads to a greater annual savings and an increase in the number of patients in SR after five years. The base case, where the number of ablations remains unchanged, results in an annual savings of 250 million euros and an increase of 155,000 patients in SR after five years.



When the number of ablations is doubled, the annual savings increase to 348 million EUR and the number of patients in SR increases to 573,500. Finally, when the number of ablations is quadrupled, the annual savings reach 600 million EUR and the number of patients in SR increases to 1,000,000. These results suggest that increasing the number of ablations can lead to significant improvements in the management of AF patients, both in terms of cost and effectiveness.





4. Discussion


This is the first study in which a cost-effectiveness study has been conducted with a focus on the broad management of AF patients. A novel Cost-Effectiveness Mathematical Model for the Management of AF has been presented. This model demonstrated that an increase in ablation rates together with better stratification and ablation effectiveness would be cost-effective.



The model designed has shown results coherent with those observed in the literature. The values obtained from the base case were similar to those observed in other sources in the literature, which [35] gives a mortality of approximately 12% after three years. In other cost-effectiveness studies representing CA and medical management of AF patients, 49% of patients ended up in SR after five years [7]. These numbers validate the performance of the proposed model.



CA treatment has been shown to be more cost-effective than AAD treatment, in addition to the fact that the latter carries an appreciably higher risk of complications, and aggressively decreases the quality of life [40].



It is well-recognized in the literature that ablation is a cost-effective solution. It provides better results than medication (i.e., AAD) and can maintain the SR in more patients with fewer complications. When considering the literature, most of the cost-effectiveness studies related to AF are focused on studying novel complex procedures: the effectiveness of novel complex ablations [7] or comparison between different medications [19]. However, the results of this project have highlighted another point of view to be considered. A more sophisticated patient selection process or ablation procedure with higher efficacy could have a significant effect on the final management of AF. The increase in the effectiveness of CA is the key, as resources would be optimized if clinicians were able to restore SR at a first attempt with CA, without having to undergo a second CA procedure [41]. This would increase the savings in Europe by 500 million per year and the efficacy of treatment in 135,000 patients, as well as the sustainability of the system.



A meticulous and wide-ranging review of the literature has been carried out and, using the input data, a model has been built to extract insights into the situation of AF patients. In the literature, there are reviews and comparisons of the situation of AF between different countries or types of AF [9,42], but not many are aimed at looking for novel opportunities regarding the diagnosis and treatment of these patients.



Regarding the clinical implications, the key insight is the lack of patients under treatment, i.e., rhythm control. The current situation for AF patient management is far from optimal. There is a potential benefit in patients restoring SR and in decreasing mortality. To do so, the model points out that an investment and an increase in the number of ablations would be cost-effective. The increase of patients treated with AAD to end arrhythmia could restore SR in a higher number of patients, but this potential is limited by the potential of CA. When doubling the number of ablations, the novel technology considered could increase the number of patients in SR after five years by 573,500 in Europe. This is the same increase as if all patients were under AAD, which highlights the limited potential of the latter treatment and how the CA can further improve. It is important to highlight that the sensitivity analysis relies on the base probabilities from the literature plus an uncertainty range of 20% within the selected distributions. These parameters might vary from one country to another, and it would be interesting to study how the increases are affected by tuning them.



Additionally, with respect to the economic implications, this study highlights the potential savings obtained by reconsidering the management of patients in AF. As well as the clinical implications, the economic situation of the current management of AF patients is not optimal. The investment needed to increase the number of patients under treatment is justified by the benefit that could be achieved. A situation has been identified as cost-effective. This is when the number of ablations is doubled, and the additional cost of the novel device has been added to the model. The benefit is 348 million Euros in Europe per year and the ability to restore SR in 573,500 more AF patients after five years. The previous values mean that the use of a novel technology to improve the effectiveness of CA and the increase of patients undergoing rhythm control is a cost-effective situation. This benefit is sufficient to cover the investment needed for the increase of treatments.




5. Conclusions


Principally, a profitable opportunity has been found when the novel technology, which improves the effectiveness of the ablations, is incorporated and, in addition, the number of surgical procedures increased. An increment in the effectiveness of the ablations due to the incorporation of novel technology influences the efficiency of the system, but the magnitude of the savings increases to 78.80% when more people are treated.



This represents an opportunity to improve the treatment of AF, as it allows the number of patients in SR to be greater (8%) and mortality to be reduced by 10%. In addition, the effect on the increase in effectiveness and savings is greater as the number of CAs increases.



The extrapolation of the quantities in the model to real values shows significant savings and a greater final number of patients in SR in Europe. If the number of patients treated with CA is increased by 10%, the annual net benefit of incorporating the device would reach 348 million EUR in Europe.



Therefore, the incorporation of novel, patient-personalized treatments is justified since the savings that would be obtained by increasing the efficiency of the ablations would compensate for the investment necessary to increase the number of ablations.



This would cover the personnel, necessary equipment, and places. The margin after subtracting the costs of the device is still quite wide. Increased efficacy must be followed by the expansion of therapy to more patients.
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Figure 1. Model state diagram. States and transitions. Source: prepared by the authors. 
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Figure 2. Evolution of the current situation of the AF population after five years. Variations between SR, AF, and Death. 
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Figure 3. Representation of potential situations with their total costs and final percentage of patients in SR. 
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Figure 4. Variation of the distribution between the treatments with an increase of CA effectiveness of 25%. 
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Figure 5. Cost-effectiveness plane (a) Comparison of current situation with an increase of 25% in effectiveness of CA. (b) Comparison of current situation with an increase of 25% in effectiveness of CA and an increase of 5% in patients undergoing CA. 
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Table 1. Transition probabilities of the model.






Table 1. Transition probabilities of the model.





	Transition
	Annual Probability (%)
	References
	Transition Probability





	Effectiveness of CA
	57.00
	[10,23]
	P34



	Effectiveness of AAD
	30.40
	[10]
	P24



	Distribution for CA

Distribution for AAD

Distribution for RC

Recurrence of AF after SR

Occurrence of Heart Failure

Occurrence of Stroke

Occurrence of Major Bleed

Mortality of SR

Mortality of AF

Mortality of Heart Failure

Mortality of Stroke

Mortality of Major Bleed
	4.80

34.60

44.00

29.00

5.00

5.00

4.20

0.87

2.40

22.00

23.70

19.70
	[24]

[25]

[10]

[26]

[27]

[28]

[24]

[29]

[3,18]

[30]

[31]

[32]
	P13

P12

P11

P41

P15

P16

P17

P48

P18

P58

P68

P78
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Table 2. Costs of the states of the model.
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	Costs of the Model

(EUR 2020)
	3 Months
	12 Months
	References





	Cardiac Ablation, CA (X1)
	7888.01
	10,247.92
	[21]



	Antiarrhythmic drugs, AAD (X2)
	851.36
	3405.45
	[33]



	Atrial Fibrillation, AF (X3)
	802.82
	3211.27
	[21,27,33]



	Sinus Rhythm, SR (X4)
	14.83
	59.32
	[9,21,27]



	Stroke, ST (X5)
	5043.67
	7452.12
	[34]



	Heart Failure, HF (X6)
	4872.51
	7280.97
	[34]



	Major Bleed, MB (X7)
	3416.81
	5825.26
	[18]



	Death (X8)
	0.00
	0.00
	-
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Table 3. Key values of hypothetical situations after 5 years: RC treatment, AAD and CA.
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	Scenario
	Total Cost per Patient
	SR Patients
	Mortality





	Base case (A)
	10,343 EUR
	45.06%
	12.16%



	100% of patients under RC treatment (B)
	15,465 EUR
	0.0%
	21.73%



	100% of patients under AAD (C)
	8264 EUR
	56.43%
	9.08%



	100% of patients CA (D)
	10,696 EUR
	69.55%
	7.62%



	Optimal scenario (E)
	8890 EUR
	60.58%
	8.64%
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Table 4. Key values of potential situations after 5 years with the increase of effectiveness during CA due to the novel device.
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	Scenario
	Total Cost per Patient
	SR Patients
	Mortality





	Base case (A)
	10,343 EUR
	45.06%
	12.16%



	Base case with 82 % effectiveness of CA (A’)
	9872 EUR
	49.17%
	11.74%



	0 % of patients under treatment (B’)
	15,465 EUR
	0.0%
	21.73%



	100% of patients under AAD (C’)
	8264 EUR
	56.43%
	9.08%



	100% of patients CA (D’)
	8146 EUR
	75.77%
	6.87%



	Suboptimal scenario (E’)
	8152 EUR
	62.50%
	8.43%
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Table 5. Key values of the impact of the increase of ablations in Europe after five years with 25% more effectiveness of CA and including the price of the device.
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	Situation under

Assessment
	Number of

Ablations per Year
	Annual Savings in

Europe
	Increase of Patients in SR after 5 Years





	Base case
	283,500
	-
	-



	No increase of CA
	283,500
	250 mills EUR
	155,000



	Doubled CA
	590,000
	348 mills EUR
	573,500



	Quadrupled CA
	1,118,000
	600 mills EUR
	1,000,000
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