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Purpose: The effectiveness of poly (adenosine diphosphate–ribose) polymerase (PARP) inhibitor olaparib for metastatic castration-resistant prostate cancer (MCRPC) with multiple loss-of-function alterations in genes that are involved in DNA repair has been demonstrated. We aimed to evaluate the cost-effectiveness of genomic test-directed olaparib on MCRPC from the US payer perspective.
Methods: A partitioned survival model was adopted to project the disease course of MCRPC had at least one gene alteration in BRCA1, BRCA2 and ATM (Scenario A) and has alterations in any of all 15 prespecified genes (Scenario B) after next-generation sequencing test. The efficacy and toxicity data were gathered from the PROfound trial. Clinical probabilities related to survival were estimated from the reported survival probabilities in each PROfound group. Cost and health preference data were derived from the literature. The incremental cost-effectiveness ratio (ICER) was measured. Subgroup analysis and sensitivity analysis were performed for exploring the model uncertainties.
Results: Olaparib yielded an additional 0.063 and 0.068 of quality-adjusted life year (QALY) with the augmented cost of $7,382 and saved the cost of $ 1,980 compared to standard care in scenario A and B, respectively, which yielded an ICER of $116,903/QALY and a cost-saving option. The lower weekly cost related to olaparib treatment led to the dominant findings in scenario B. The varied results between scenario A and B could be partly explained by different the number need to screen for identifying eligible patients who could be administered with olaparib, which sharply augmented the costs of the olaparib arm in scenario A. Subgroup analysis and sensitivity analysis revealed the results were generally robust in both of two scenarios.
Conclusion: The genomic test-directed olaparib is a preferred option compared with standard care strategy for men with MCRPC who had any of all 15 prespecified genes.
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INTRODUCTION
Prostate cancer is one of the most common malignancies in men and a major cause of cancer deaths, accounting for 5.4% of the disease burden of all neoplasms, as reported by the GBD 2017 DALYs and HALE Collaborators, 2017 (2018). As the second leading cause of cancer death after lung cancer in the United States, the new cases and deaths of prostate cancer were estimated 191,930 and 33,330 for male Americans in 2020, respectively (Siegel et al., 2020). The recent overall incidence of prostate cancer has been decreasing over time due to the screening implementation, while the incidence of metastatic disease has been trending in the opposite direction (Attard et al., 2016). Metastatic castration-resistant prostate cancer (MCRPC) is a heterogeneous disease, whose annual incidence was about 36,100 in the United States (Scher et al., 2015). Although men with MCRPC could currently benefit from a wealth of effective treatment options, such as enzalutamide and abiraterone, the prognosis is still poor, whose median overall survival is varied from 9 to 13 months (He et al., 2020).
Deleterious aberrations in genes involved in repairing DNA damage, such as BRCA1, BRCA2 and ATM, were found in up to 30% of patients with prostate cancer (Bishop et al., 2019). Tumors with such gene alterations confer sensitivity to poly (adenosine diphosphate–ribose) polymerase (PARP) inhibition through multiple mechanisms, including trapping of PARP on DNA at sites of single-strand breaks (O’Sullivan et al., 2014). As an oral inhibitor of PARP, olaparib binds the catalytic domain of PARP1 leading to a reduction of PARylation and, therefore, to a defect in DNA repair (Lodovichi et al., 2019). Olaparib has been already used with success in pancreatic cancer and ovary cancer (Bao et al., 2016; Golan et al., 2019). The PROfound trial reported the efficacy and safety of olaparib for men with MCRPC who had any of all 15 prespecified genes that had direct or indirect role in homologous recombination repair and who had disease progression while receiving a new hormonal agent (de Bono et al., 2020; Hussain et al., 2020). The results revealed that olaparib markedly prolonged median progression-free survival (PFS) compared to the physician’s choice of enzalutamide or abiraterone in both the small sub-cohort anchoring with at least one of BRCA1, BRCA2 and ATM gene alterations (7.4 months vs. 3.6 months; hazard ratio [HR], 0.34; 95% confidence interval [CI], 0.25 to 0.47; p < 0.001) and big sub-cohort anchoring with at least one of 15 gene alterations (5.8 months vs. 3.5 months; HR, 0.49; 95% CI, 0.38 to 0.63; p < 0.001), and greater notably OS was also observed in both sub-cohorts (Hussain et al., 2020). Thus, the olaparib treatment seemed to be an attractive option for men who had disease progression while receiving enzalutamide or abiraterone and who had alterations in genes with a role in homologous recombination repair.
Due to the different prognosis of olaparib treatment in the two sub-cohorts and the high cost related to next-generation sequencing (NGS) test that should be used to prospectively identify patients with qualifying deleterious or suspected deleterious alterations, the following unclear question also needs to be elucidated: will the cost related to olaparib treatment compensate the cost of NGS test in both of two sub-cohorts? Will both of small and big sub-cohorts gain positive economic outcomes from the olaparib treatment. Herein, this analysis aimed to investigate the cost-effectiveness of olaparib in this context from the US payer perspective.
MATERIALS AND METHODS
Analytical Overview
A mathematical model combining a decision tree and partitioned survival model was established to measure the clinical and economic outcomes of olaparib and standard care for men with MCRPC who had disease progression while receiving a new hormonal agent. The characteristics of hypothetical patients were based on the PROfound trial (de Bono et al., 2020). The decision trees included two scenarios after the results of NGS testing was obtained (Figure 1): patients with at least one of the BRCA1, BRCA2 and ATM gene alterations (scenario A) and the patients with at least one of the BRCA1, BRCA2, ATM, BRIP1, BARD1, CDK12, CHEK1, CHEK2, FANCL, PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, and RAD54L gene alterations (scenario B). Because the gene alterations need to be confirmed before olaparib was prescribed, the cost related to NGS testing would be incurred in the olaparib strategy. The partitioned survival model included the following health states: progression-free disease (PFD), progressed disease (PD), and death. In the three health states, OS was partitioned into alive with progression-free survival (PFS) and alive and with PD. The proportion of patients alive at cycle t (one-week cycle) was estimated by the area under the OS curve, and the proportion alive with PFS was estimated by the area under the PFS curve. The proportion alive and with PD was estimated by the difference between the OS and PFS curves. The proportions of patients with PFS and OS were based on the results of the PROfound trial (de Bono et al., 2020), which was validated by comparing predicted PFS and OS results with the observed data.
[image: Figure 1]FIGURE 1 | Diagrams of the decision trees combining partitioned survival model. Scenario (A) considered the targeted population who had at least one of the three gene alterations, and scenario (B) had any of all 15 gene alterations. In all strategies related to olaparib treatment, the cost of NGS test would be considered, and no cost related to genomic test was augmented in standard care strategy.
Cost and quality-adjusted life-year (QALY) were calculated with an annual discount rate of 3% in both the olaparib and standard care arms (Sanders et al., 2016). The incremental cost-effectiveness ratio (ICER) was expressed as the incremental cost per additional QALY gained between the two competing strategies. When the ICER was lower than the willingness-to-pay (WTP) threshold of $150,000/QALY, cost-effectiveness was assumed according to the recommendation (Neumann et al., 2014). We also estimated the incremental net health benefit (INHB) and incremental monetary benefit (INMB) based on the following formulas: INHB(λ) = (μE1—μE0)—(μC1—μC0)/λ = ΔE—ΔC/λ and INMB(λ) = (μE1—μE0)×λ—(μC1—μC0) = ΔE×λ—ΔC, where μCi and μEi were the cost and effectiveness of olaparib (i = 1) or standard care strategy (i = 0), respectively, and λ was the WTP threshold (Craig and Black, 2001).
Clinical Data Inputs
PFS and OS in the olaparib and standard care groups were informed by the results of the PROfound trial (de Bono et al., 2020; Hussain et al., 2020) (at least the trial follow-up) and extrapolated over the model time horizon using standard statistical analyses described by Guyot et al. (Guyot et al., 2012). To avoid the effect of crossover from control therapy to olaparib on overall survival, the crossover-adjusted overall survival curves were adopted in the current analysis. R package “digitize” (version 0.0.4; https://github.com/tpoisot/digitize/) was used to gather the data points from the PFS and OS curves, and these data points were then used to fit the following parametric survival functions: Weibull, log-normal, log-logistic, exponential, generalized gamma, Gompertz and Royston/Parmar spline model and parametric mixture and nonmixture cure models. The eligible survival function was chosen based on the lowest value of the Akaike information criterion. The final survival functions of the olaparib and standard care in scenario A and B are shown in Table 1, and the goodness-of fit results are shown in Supplementary Appendix Tables S1 and S2. The validation plot, survival distribution, and HRs of the subgroups are shown in Supplementary Appendix Figures S1 and S2. Virtual patient-level data comprised event and censor times and were equal in number to the initial number at risk, which closely reproduced the digitized Kaplan–Meier curves. To reduce the uncertainty of exploring the long-term survival caused by the relatively low maturity of survival data in olaparib arm, the PFS and OS in olaparib arm after their observed time (18 and 24 months) were adjusted by multiplying the HRs for PFS and OS between the olaparib and standard care and the adjusted PFS and OS rate of standard care, respectively. The influences of the HRs for PFS and OS were checked with sensitivity and subgroup analyses. After disease progression, the data of patients who received subsequent treatment were collected from the PROfound trial (de Bono et al., 2020). Other key clinical inputs were summarized in Table 1.
TABLE 1 | key model parameters: Baseline values, ranges, and distributions for sensitivity analysis.
[image: Table 1]Cost and Utility Inputs
Direct medical costs were considered from a United States payer perspective, which was reported in 2019 United States dollars. The direct medical costs considered were as follows: drug acquisition costs, costs attributed to the patient’s health state, costs for the management of AEs, and costs of end-of-life care (Table 1). When necessary, cost estimates were adjusted for inflation to 2019 values using the Medical-care inflation calculator. (2020).
Based on the PROfound trial (de Bono et al., 2020), olaparib group received the standard dose of olaparib tablets (300 mg twice daily). Patients assigned to the standard care group received enzalutamide (160 mg once daily) or abiraterone (1,000 mg once daily, plus prednisone at a dose of 5 mg twice daily). The proportion of receiving enzalutamide was 54% (range: 45%–64%). Treatment continued until disease progression or unacceptable toxicity. The cost related to olaparib, enzalutamide and abiraterone treatments were collected from the literature and public database (CMS Drug Cost, 2019; Barqawi et al., 2019). In the United States, the price of olaparib, enzalutamide and abiraterone were discounted at 15% to account for contract pricing (Barqawi et al., 2019). After disease progressed, 35.2% in olaparib arm and 63.4% in the standard care arm received subsequent active therapy. The proportion of subsequent treatment regimens were extracted from the PROfound trial (Supplementary Appendix Table S3) (de Bono et al., 2020). The length of second-line treatment was derived from a previous study (Pollard et al., 2017). Other people who did not receive subsequent active therapy were assumed to be administered with supportive care. The costs of subsequent treatment regimens and supportive care were gathered from a cost study among United States patients with MCRPC(Massoudi et al., 2017). The cost related to follow-up was $146 per week (Wu et al., 2020). Each prostate cancer death event would augment the cost of $36,403 (Barqawi et al., 2019). The analysis included the costs related to managing grade ≥3 adverse events (AEs), which were extracted from the literature (Barqawi et al., 2019; Soto-Perez-de-Celis et al., 2019). Because identifying the eligible patients with gene alterations is necessary before the administration olaparib, the cost related to FoundationOne CDx next-generation sequencing test would be considered in the olaparib strategy (Gong et al., 2018). After the gene alterations screening, the incurred costs in those with negative gene alterations would be added into the olaparib strategy. The proportions of one or more of the 15 prespecified genes was 28%, where the proportions of BRCA1/2 and ATM gene alterations was 63% (de Bono et al., 2020). In the standard care strategy, no cost related to sequencing test was included.
Each Markov health state was assigned a health utility preference on a scale of 0 (death) to 1 (perfect health). We assumed the health utility preference was only associated with the disease status. The PFD and PD states related to MCRPC were 0.76 and 0.37 (Bremner et al., 2007; Barqawi et al., 2019), respectively. The disutility values due to AEs were included in this analysis (Amdahl et al., 2016). All AEs were assumed to be incurred in the first cycle. The duration-adjusted disutility was subtracted from the baseline PFD utility.
Analysis
To evaluate the robustness of the base-case result, one-way and probabilistic sensitivity analyses (PSA) were conducted. One-way sensitivity analyses were conducted for all parameters, and the estimated range of each parameter was based on either the reported or estimated 95% confidence intervals in the referenced studies or determined by assuming a 25% change from the base-case value (Table 1). In the PSA, a Monte Carlo simulation with 10,000 iterations was generated by simultaneously sampling the key model parameters from the prespecified distributions. A gamma distribution was selected for the cost parameters, a log-normal distribution for the HRs, and a beta distribution for probability, proportion and preference value parameters. Based on the data from 10,000 iterations, a cost-effectiveness acceptability curve (CEAC) was created to represent the likelihood that atezolizumab plus bevacizumab would be considered cost-effective at various WTP levels for health gains (QALYs). Subgroup analyses were performed for the prespecified subgroups that were reported in the trials by varying the HRs for PFS except the region subgroups. This analysis was based on the EQUATOR Reporting Guidelines (CHEERS, Supplementary Appendix Table S4).
RESULTS
Base-Case Analysis
In comparison with standard care, olaparib produced a marginal 0.100 overall life years and 0.063 QALYs in scenario A (Table 2), and 0.125 overall life years and 0.068 QALYs in scenario B. The olaparib treatment augmented the total cost of $7,382 compared with standard care in scenario A, which included the additional costs of $1,980 in the PFD state. In scenario B, the olaparib treatment saved the total cost of $6,950 in comparison with standard care, which was mainly driven by the reduced costs of $12,166 in the PFD state. The olaparib treatment led to an ICER of $116,903/QALY in scenario A and presented as a dominant option in scenario B, respectively. The INHB and INMB were 0.01 QALYs and $2,090 in scenario A and 0.114 QALYs and $17,109 in scenario B at the threshold of $150,000/QALY, respectively.
TABLE 2 | Summary of cost ($) and outcome results in base-case analysis.
[image: Table 2]Sensitivity Analyses
The one-way sensitivity analyses revealed that the model outcomes were most sensitive to the HR of OS and the cost of olaparib in both of scenario A and B (Figures 2A,B). Other parameters, such as the cost of standard care and utility scores, had medium and small impact on the outcome. However, none of the adjustments of these parameters could drive the INHBs to be lower than the break-even value (0 QALY).
[image: Figure 2]FIGURE 2 | Tornado diagram of one-way sensitivity analyses of olaparib vs. standard care in order of magnitude of the association in scenario A and B.
Based on the Monte Carlo simulation of 10,000 patients, the CEAC showed nearly 86% and 100% probabilities of olaparib being a cost-effective strategy in scenario A and B at the threshold of $150,000/QALY gained (Figure 3).
[image: Figure 3]FIGURE 3 | Cost-effectiveness acceptability curves of olaparib vs. standard care groups in scenario (A) and (B).
Subgroup Analyses
The subgroup analysis by varying the HRs of PFS suggested that olaparib treatment gained the positive trend of gaining INHB in all the subgroups in scenario A at the threshold of $150,000/QALY (Figure 4A), where the probabilities of cost-effectiveness were lower than61% in all subgroups. In scenario B, the olaparib treatment strategy gained a positive trend of gaining INHB in all the subgroups except the BRCA1, ATM, CDK12, CHEK2, PPP2R2A and RAD54 L gene alterations (Figure 4B). The economic outcomes in patients anchoring the BRCA2 mutations were more favorable than the res of alterations, such as BRCA1 and ATM alterations.
[image: Figure 4]FIGURE 4 | Subgroup analysis of incremental net health benefit (INHB) and probabilities of cost-effectiveness by varying the hazard ratios (HRs) of PFS in scenario (A) and (B). The vertical line indicates the point of no effect (INHB = 0), the blue circle indicates the median INHB, and the black line indicates the ranges of INHB adjusted by the HRs.
DISCUSSION
Based on the results of PROfound trial (de Bono et al., 2020), the current evaluation demonstrated olaparib therapy for the sub-cohort with MCRPC anchoring at least one of 15 gene alterations could be a cost-saving option even when the cost of NGS testing for gene alterations was considered. This preferred finding also kept in the subgroup and sensitivity analyses. Except for the subgroup with BRCA1, ATM, CDK12, CHEK2, PPP2R2A and RAD54 L alterations, the rest of subgroups were absolutely favored to the olaparib treatment because it yielded achieved 100% probabilities of cost-effectiveness and its ranges of INHBs were all greater than zero. The weekly cost of olaparib was relatively 39% lower than standard care, which could mainly explain the preferred finding. However, when olaparib was only prescribed for MCRPC with at least one of BRCA1/2 and ATM gene alterations, it will become to be cost-effective because the augmented cost would become positive with additional QALAYs, which yielded an ICER to be lower than $150,000/QALY. In this small sub-cohort, all of subgroups could gain positive INHBs compared to standard care. The following potential two reasons might explain these varied result between scenario A and B: 1) In the small cohort, the cost in PFD state of the olaparib arm was about 20% higher than the standard care arm, which might augment the cost related to olaparib treatment due to its longer treatment duration. Because the PROfound trial showed that the patients anchoring alterations except BRCA1/2 and ATM alterations have the comparable overall survival between the olaparib and standard care strategies (de Bono et al., 2020), it could be indicated that these patients could gain comparable health outcomes by consuming less health resources if the relatively lower-cost olaparib was administered; 2) Because the proportion of MCRPC with at least one of BRCA1/2 and ATM gene alterations was about 18% in the whole MCRPC(de Bono et al., 2020), the number need to screen was 5.6 for identifying eligible patients who could be administered with olaparib, which was two greater than MCRPC anchoring any of all 15 gene alterations. Therefore, the cost related to NGS testing sharply augmented the costs in PFD state of the olaparib arm, which could not be compensated by the lower weekly costs of olaparib in this small sub-cohort as the sub-cohort with MCRPC anchoring any of all 15 gene alterations done. This reason could be proved by the subgroup analysis in scenario B, which found economic outcomes were negative for the lower prevalence of alterations (BRCA1, ATM, CDK12, CHEK2, PPP2R2A and RAD54L) because of the higher number need to screen per individual gene alteration, and positive for the higher prevalence of alterations (BRCA2). Because the cost related to the gene alteration screening is a substantial factor, lowing the cost of NGS testing might drive the INHBs of olaparib vs. standard care to be more favorable as shown by one-way sensitivity analysis.
Because of the fact that prostate cancer is the most common cancer in Western countries and the various novel therapy alternatives, the cost of this illness will be substantial and rising. In this context, the documented possible savings or limitation of augmenting costs should be encouraged. Both abiraterone and enzalutamide are recommended as the standard care for the treatment of MCRPC for patients with no prior docetaxel treatment (Mohler et al., 2019). However, the economic evaluations showed both of them were unfavorable options compared to other therapies because their ICERs were above or around a regularly used WTP threshold for oncology drugs with a low probability of cost-effectiveness (Grochtdreis et al., 2018). To our best of knowledge, this is the first analysis to measure the cost-effectiveness of olaparib treatment and standard care for men with MCRPC anchoring any of all 15 prespecified gene alterations by synthesizing the latest clinical evidence through a modeling approach. The findings of one-way sensitivity analysis also demonstrated that the cost related to olaparib could play an active role in driving the economic outcomes, which suggested that lowing the cost related to olaparib could drive the INHBs of olaparib vs. standard care to be more optional in both the two sub-cohorts.
The subgroup analysis found that olaparib would achieve more INHBs compared to standard care in the subgroups with more favorable HR of PFS. It could be mainly explained by the fact that longer duration in the PFD state was associated with the higher health outcomes and lower costs in PFD state of the olaparib arm. However, longer duration in the progressed disease state was associated with the greater total costs of the olaparib arm than the standard care arm due to the crossover effect that patients in olaparib arm would receive relatively expensive abiraterone and enzalutamide treatment after disease progressed, and those in standard care arm would receive relatively cheaper olaparib treatment. When the HR of PFS was fixed, this crossover effect partly explained the results of one-way sensitivity analysis that more favorable HR of OS would result in less INHBs because of the relatively higher cost in the progressed disease state, which could not be compensated by the longer duration in the progressed disease state due to its relatively lower health utility preference. For saving more money and gain more health benefits, the above findings indicated that olaparib should be placed in front of hormonal agents for MCRPC with any of all 15 prespecified genes after disease progression while receiving a new hormonal agent.
There are several weaknesses in the study. Firstly, due to the lack of data, other PARP inhibitors, such as rucaparib and niraparib, were not included in this analysis, which have shown positive results in a small number of patients (Ratta et al., 2020). The present study needs to be updated when new clinical data become available. Secondly, by using the well-accepted approach, we explored the survival probabilities beyond the observation time of the PROfound study through the fitting of survival functions to the observed survival data. Thirdly, we did not project the budget impact of olaparib on society. A wide prescription of olaparib might mitigate the financial burden because its relatively lower weekly costs compared to standard care. Especially when olaparib is prescribed for MCRPC anchoring at least one of 15 gene alterations, the saved cost related to olaparib could compensate for the cost of NGS testing. Fourthly, because this analysis was conducted from the US context which had varied cost estimates and treatment patterns in comparison with other countries, the influence of cost and effects estimates should be examined when transferring economic data between countries (Knies et al., 2009). Finally, the costs of grade 1/2 adverse events were excluded from the present study. However, because the probability of grade 1/2 adverse events in the olaparib arm is comparable with the standard care arm (44% vs. 50%), this weakness may not be a major one. This speculation also could be implied by the findings in one-way sensitivity analysis, which suggested the costs related to adverse events only have a paucity of impact.
These estimates suggested that olaparib treatment was cost-effective option for men with MCRPC who had any of all 15 prespecified genes that had a direct or indirect role in homologous recombination repair and who had disease progression while receiving a new hormonal agent. These findings might be helpful in making a rational decision for the treatment of MCRPC. Because of the methodological flaws in the current analysis, more quality clinical and economic real-world data are needed in the future; we believe that this focus will provide more sound evidence as a framework for determining the value of different therapeutic alternatives in oncology.
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