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Editorial on the Research Topic 
Pharmacoeconomics in the era of health technology assessment and outcomes research to prioritize resource use, innovation and investment


Health economic evaluations in health technology assessment (HTA) focus on balancing the costs and expected benefits of interventions compared to the use of standard-of-care to leverage value to patients and healthcare payers. Pharmaco-economic (PE) studies, in particular, assess the therapeutic value of medical technologies, such as drugs or devices, and encompass multidimensional aspects, e.g., assessments of mutually exclusive drugs options, combination with pre-emptive pharmaco-genetic (PGx) testing to limit adverse reactions, or therapeutic drug monitoring as a precision medicine procedure. The extent to which findings of PE evaluations are translated into informed policy decisions depend on national healthcare systems and population expectations.
PE evaluations have the potential to streamline decision making and innovation in a wide range of therapeutic areas by determining whether the expense incurred by novel treatments is worthwhile, given the willingness-to-pay for health gains achieved, for example, measured as quality-adjusted life-years (QALY). The QALY conceptual framework was first introduced in the 1960s in studies on chronic renal failure (Klarmann et al., 1968): authors reported that the quality-of-life (QoL) with kidney transplant was 25% higher than that with dialysis. The cost per life-year gained by different therapeutic options was estimated with and without the quality adjustment. More than 50 years later, despite the inherent limitations and ethical issues, the QALY remains the most validated metric and generic measure of health to quantify the expected benefit in clinical studies.
Several instruments were developed to complement QALY metrics, such as descriptive disease-specific patient-reported outcomes (PRO), which have better face validity for clinicians. PROs provide unique insight into the outcomes of therapeutic interventions that are important to patients: they are derived from validated descriptive instruments, generic or disease-specific, which are adapted to languages and countries. The results are context specific: one should be cautious when applying them to different settings, as findings may not be transferable to other healthcare systems.
In an article on kidney transplantation, Girardin et al. analyzed the association between immunosuppressant medications and the QoL outcomes in 558 kidney transplant recipients in France, Germany, Spain, and Switzerland. VAS scores and EQ-5D utility scores were adjusted for patient characteristics and medical history. Both elicitation instruments delivered sound results for QoL in kidney transplant patients. Most patients received tacrolimus and mycophenolate mofetil in all four countries. During one-year of follow-up, a significant proportion of patients switched immunosuppressive therapy (according to country, from 20% to 40%), which was associated with worse QoL, irrespective of the initial medications. Although initial treatments were comparable, patient characteristics and evolving trends differed across countries more than between centers.
Several articles in our Research Topic address Research Topic in oncology, where emerging, expensive therapies have received much attention in recent years. Concerns on the clinical side include market entries on the basis of immature data on hard patient outcomes, most importantly overall survival (Prasad et al., 2015) (Paoletti et al., 2020), but also limited understanding of patient perceptions. Incorporating PROs in drug labels has been proposed as a means of giving more weight to cancer patient perspectives in regulatory decisions. A review of Food and Drug Administration (FDA) and European Medicines Agency (EMA) oncology drug labels by Cella et al. revealed relevant limitations and inconsistencies with respect to PRO inclusion, even potential biases towards positive outcomes. This indicates a need for improved and more harmonized guidance, to better inform drug prescribers and users.
Budget constraints are a common issue in most healthcare systems. While the prices of new oncology drugs are matter of growing concern even in high income countries (Godman et al., 2021), low- and middle-income countries, struggle with the costs of oncology drugs despite international price differentials (Al-Ziftawi et al., 2021). These issues are aggravated by restricted population access due to lack of universal healthcare coverage. Locally developed drugs may in some cases contribute to affordability, thus easing the economic burden on patients and their families. The work of You et al. exemplified this concern: the authors found that adebrelimab, an immune checkpoint inhibitor (ICI) developed in China as IgG4 monoclonal antibody against PD-L1, may be a cost-effective option for first-line treatment of extensive-stage small cell lung cancer, from the perspective of the Chinese healthcare system, even though earlier studies found other ICI not to be cost-effective in this indication in China. Lack of cost-effectiveness, partially driven by high drug prices and in some cases limited value for patients (Pontes et al., 2020), also occurs in industrialized countries. In the US study, Li et al. concluded that nivolumab (another ICI) is not cost-effective compared to sorafenib as a first-line therapy for advanced hepatocellular carcinoma. There were hints at cost-effectiveness differences between patient subgroups, specifically in patients with intermediate-stage disease (Barcelona Clinic Liver Cancer stage B).
Heart failure (HF) is an increasing health concern that imposes high costs and resource use. HF management stems from the use of highly cost-effective angiotensin converting enzyme inhibitors (ACEi) and β-blockers to the use of novel medication targets, such as ivabradine, vericiguat, or sodium-glucose cotransporter-2 inhibitors (SGLT2i) dapagliflozin and empagliflozin. Lim et al. reviewed pharmacoeconomic and cost-effectiveness studies of SGLT2i, ARNi, ivabradine, vericiguat, and omecamtiv. Pharmaco-economic analyses of empagliflozin in HF patients with Type 2 diabetes and dapagliflozin for HF with reduced ejection fraction remained below the willingness-to-pay thresholds in most middle- and high-income countries. Still, vericiguat was found cost effective at a higher cost per QALY threshold than SGLT2i. The authors concluded that although cost-effectiveness on newer medications, such as SGLT2i, ARNi, ivabradine, vericiguat, and omecamtiv in HF with reduced ejection fraction is established, there is still lower evidence for their use in HF with preserved ejection fraction that accounts for the majority of HF. Eventually, in low- and middle-income countries, the fundamental recommendation would be that patients be diagnosed early and treated with multiple, sourced renin-angiotensin drugs that remain highly effective and inexpensive rather than with expensive and a priori cutting-edge drugs.
Effectiveness and cost-effectiveness evaluation may be particularly challenging when pre-emptive measures are considered, such as pharmacogenomics (PGx) applied to prevent gene-drug related adverse reactions. Van der Wouden et al. found that nation-wide adoption of PGx-guided initial dose and medication selection of single actionable drug-gene interactions could potentially avoid fatal outcomes in 0.3% of patients taking medications such as clopidogrel, capecitabine, 5-FU, thiopurines or irinotecan: the expected cost would be €51000 per prevented death. Still, the evaluation of surrogate endpoints due to wrong drug selections or dosages remain a complex process that must be validated by probabilistic approaches and sophisticated statistic frameworks to address strong assumptions and uncertainty (Buyse et al., 2016; Ciani et al., 2022). Despite no manuscript was submitted in this field, gene therapies for patients with orphan diseases remain a key concern when developing cost-effectiveness decision-models, given the uncertainty in several situations and the enormous pressures put on health authorities to fund any new medicine in this area despite high prices (Luzzatto et al., 2018).
Ninomyia et al. explored a PGx-informed clozapine therapy and blood monitoring schedule based on novel SLCO1B3-SCLO1B7 variants in addition to HLA variants to leverage genotyping test sensitivity for the detection of clozapine-induced agranulocytosis and granulocytopenia (CIAG). By adding SLCO variants, the expected test sensitivity increased, whereas the specificity decreased (89.0%–86.9%) still increasing the overall risk predictability (Ninomiya et al.). Incorporating new SLCO variants to pre-emptively assess CIAG risk improved the effectiveness of PGx-guided clozapine administration: SNP-based predictive tests differ between ancestral groups due to alleles or haplotypes frequencies and varying patterns of linkage disequilibrium (Islam et al., 2022).
New diagnostic tests and drugs are being developed and tested as shown in the clinical articles published in this issue. They offer additional health benefits, which often require additional healthcare resources to be committed at a certain cost (Darlington et al.). To ensure patient access to these novel medications and diagnostic technologies, and to secure the sustainability of healthcare systems, several routes are explored. In addition to increasing the resources committed to healthcare (which is happening in most countries), reducing unnecessary care, and considering decremental cost-effective strategies are current options. The use of PGx allows to reduce risks as shown in two articles published in this issue: the implementation of molecular diagnostics should better identify the most suitable target populations for drugs and reduce overuse. A step further is the consideration of decremental cost-effective strategies. These become relevant in situations where a small health loss can be acceptable in exchange for a large monetary gain reallocated to the healthcare system. Methodologically, related studies follow similar principles as non-inferiority studies, which define an inferior margin of difference, yet acceptable, for therapeutic innovations versus the standard-of-care. The development of non-inferiority studies in recent years offers a range of possibilities for economic studies that would identify areas for disinvestment. However, transforming those studies into policies necessitates reassurance that the money saved will be efficiently used for the provision of healthcare. It might also be necessary to provide financial incentives to both health professionals and patients to overcome resistance to change or loss of revenue. For instance, different types of incentives are currently in place to limit the resource use related to medications, with positive incitements for physicians, pharmacists, and patients to foster the use of generic drugs or biosimilars.
Ultimately, HTA and PE could be considered foundation not only for outcome research, but also for comparative research regarding future innovations and investments in the development of precision medicine and personalized therapies.
The editors of the Research Topic would like to thank all the participating contributors for their valuable involvement in the success of the issue on HTA and PE.
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Aim: Prospective studies support the clinical impact of pharmacogenomics (PGx)-guided prescribing to reduce severe and potentially fatal adverse effects. Drug-gene interactions (DGIs) preventing potential drug-related deaths have been categorized as “essential” by the Dutch Pharmacogenetics Working Group (DPWG). The collective clinical impact and cost-effectiveness of this sub-set is yet undetermined. Therefore, we aim to assess impact and cost-effectiveness of “essential” PGx tests for prevention of gene-drug-related deaths, when adopted nation-wide.
Methods: We used a decision-analytic model to quantify the number and cost per gene-drug-related death prevented, from a 1-year Dutch healthcare perspective. The modelled intervention is a single gene PGx-test for CYP2C19, DPYD, TPMT or UGT1A1 to guide prescribing based on the DPWG recommendations among patients in the Netherlands initiating interacting drugs (clopidogrel, capecitabine, systemic fluorouracil, azathioprine, mercaptopurine, tioguanine or irinotecan).
Results: For 148,128 patients initiating one of seven drugs in a given year, costs for PGx-testing, interpretation, and drugs would increase by €21.4 million. Of these drug initiators, 35,762 (24.1%) would require an alternative dose or drug. PGx-guided prescribing would relatively reduce gene-drug related mortality by 10.6% (range per DGI: 8.1–14.5%) and prevent 419 (0.3% of initiators) deaths a year. Cost-effectiveness is estimated at €51,000 per prevented gene-drug-related death (range per DGI: €-752,000–€633,000).
Conclusion: Adoption of PGx-guided prescribing for “essential” DGIs potentially saves the lives of 0.3% of drug initiators, at reasonable costs.
Keywords: pharmacogenomics, cost-effectiveness, drug-related death, adverse drug reactions, precision medicine
1 INTRODUCTION
Pharmacogenomics (PGx)-guided prescribing promises to personalize drug therapy by using an individual’s germline genetic makeup to guide dose and drug selection (Weinshilboum and Wang, 2004; Relling and Evans, 2015). This ameliorates the conventional ‘trial and error’ approach of drug prescribing, thereby reducing risk of lacking efficacy and adverse drug events (ADRs) (Pirmohamed, 2014). ADRs are a significant burden for individual patients and society and are an important cause of emergency department visits and hospital admissions (Leape et al., 1991; Lazarou et al., 1998; Pirmohamed et al., 2004). The resulting economic burden in the United States has been estimated at $30 billion to $136 billion annually (Johnson and Bootman, 1995). Several prospective studies support the clinical impact of individual gene-drug interactions (DGIs) to either optimize dosing (Pirmohamed et al., 2013; Verhoef et al., 2013; Coenen et al., 2015; Wu, 2015; Henricks et al., 2018) or drug selection (Mallal et al., 2008; Claassens et al., 2019a). Additionally, both the Clinical Pharmacogenetics Implementation Consortium (CPIC) (Relling and Klein, 2011; Relling et al., 2020) and the Dutch Pharmacogenetics Working Group (DPWG) (Swen et al., 2008; Swen et al., 2011; Swen et al., 2018) have developed guidelines on incorporating PGx results into drug prescribing. Appropriate sub-groups have previously been identified for PGx testing, including cardiovascular (Chatzopoulou et al., 2022) (supportive-)oncology (Patel, 2021; Patel et al., 2021), geriatric and polypharmacy patients (Brixner et al., 2016). Nevertheless, ambiguity remains regarding whether and which PGx tests should be prioritized for implementation into routine care (Roden et al., 2018). In an effort to overcome this inconclusiveness and to direct clinicians on requesting relevant PGx tests, the DPWG developed the Clinical Implication Score, where DGIs classified as “essential” direct clinicians to request a single-gene PGx test pre-therapeutically to guide dose and drug selection of the interacting drug (Swen et al., 2018). The Clinical Implication Score is based on the severity of clinical consequences associated with the DGI, the level of evidence for the association, the number needed to genotype to prevent an ADR with Common Terminology Criteria of Adverse Events (CTCAE) grade ≥3, and the level of PGx information included in the drug label. “Essential” DGIs comprise of high-risk drugs and corresponding recommendations intend to prevent severe clinical consequences such as gene-drug-related death. Therefore, they may be considered a minimum list of DGIs for which pre-therapeutic PGx-testing should be performed.
While numerous implementation barriers have been overcome, pre-therapeutic PGx-testing for all “essential” DGIs is not yet routine care and significant barriers preventing adoption remain (Swen et al., 2007; Haga and Burke, 2008; Abbasi, 2016). A prominent barrier is the lack of reimbursement of single-gene PGx tests, despite the availability of numerous cost-effectiveness analyses (Wong et al., 2010; Plumpton et al., 2016). Reimbursement of PGx tests for “essential” DGIs may be supported by studies quantifying the impact and cost-effectiveness of wide-spread adoption. Here, impact on the most severe outcome, mortality, may be most impactful.
Although the incidence of DGIs, when adopted nation-wide, has been estimated (Schildcrout et al., 2012; Samwald et al., 2016; Bank et al., 2019) and the cost-effectiveness of numerous DGIs in single-gene scenarios have been determined (Wong et al., 2010; Plumpton et al., 2016), the collective downstream effect of “essential” DGIs on clinical outcomes and cost-effectiveness after wide-spread adoption remains undetermined. Here, we therefore aim to assess the collective impact and cost-effectiveness of PGx for DGIs categorized as “essential” to prevent gene-drug-related deaths when adopted nation-wide in Netherlands using a decision-analytic model. The decision analytic model bases the risk of gene-drug-related death on literature review, the incidence of drug initiation on Dutch prescription data, and the predicted phenotype category frequencies on a Dutch sample.
2 METHODS
2.1 Study Design
We developed a decision-analytic model to assess the number and cost of gene-drug-related deaths prevented with PGx-guided initial dose and drug selection for “essential” DGIs, among patients initiating potentially interacting drugs in the Netherlands when compared to standard of care in 1 year. DGIs were selected based on the following criteria: 1) the clinical implication score is “essential”, meaning that DPWG advises pre-therapeutic genotyping and 2) the DGI has clinical relevance score F (CTCAE Grade 5) and is therefore associated with gene-drug-related death for at least one predicted phenotype category. These selection criteria yielded the interactions between four genes (CYP2C19, DPYD, TPMT, and UGT1A1) and seven drugs (clopidogrel, capecitabine, systemic fluorouracil, azathioprine, mercaptopurine, tioguanine, and irinotecan). See Table 1 for an overview of selected gene-drug pairs. When the DPWG recommendations suggested either dose reduction or an alternative drug, this model assumed dose reduction as the intervention.
TABLE 1 | Selected “essential” gene-drug pairs, their potential consequences and DPWG recommendation per phenotype category.
[image: Table 1]2.2 Decision Analytic Model
The following model was used to calculate the number of gene-drug-related deaths prevented within 1 year:
[image: image]
NGDRDP = gene-drug-related deaths prevented; NDrug = number of drug initiators; PPheno = predicted phenotype category; AR = absolute risk of gene-drug-related death within 1 year; SoC = for standard of care; PGx = for pharmacogenomics guided initial drug and dose selection.; Drug, Pheno = for a specific drug and a predicted phenotype category.
The following model was used to calculate the cost of gene-drug-related deaths prevented within 1 year:
[image: image]
NDrug = number of drug initiators; PPheno = predicted phenotype category; CostPGx = single-gene test; CostHCP = physician and pharmacist time for interpretation and discussion of actionable PGx results; PGx = pharmacogenomics guided initial drug and dose selection; SoC = standard of care; Drug, Pheno = for a specific drug and a predicted phenotype category.
Finally, the cost per gene-drug-related death prevented was calculated by dividing cost by the number of deaths prevented both per individual DGI and overall.
2.3 Model Inputs
2.3.1 Number of Patients Initiating One of the Seven Drugs in the Netherlands
The number of patients a year initiating each of the seven drugs was estimated by multiplying the yearly number of users by the ratio of initiators and users. The yearly number of users was extracted from the Dutch nation-wide GIP databank from the most recent available year; azathioprine, clopidogrel, systemic fluorouracil and irinotecan from 2018, mercaptopurine and tioguanine from 2017 and capecitabine from 2014 (GIP Databank, 2021). For fluorouracil, only aggregated systemic and cutaneous data are reported in the GIP databank. To exclude the cutaneous users we multiplied total number of users with the percentage of systemic fluorouracil users in the Leiden University Medical Center (LUMC) in 2018. The ratio of initiators and users was extracted per drug from the LUMC electronic medical record (EMR) for 2013 until 2018. Here users were defined as those who had a prescription for that drug in their EMR in this period and initiators were defined as users who lacked a prescription for that drug before 2018. See Supplementary Table S1 for an overview of the used ratios and calculated number of nation-wide drug initiators.
2.3.2 Predicted Phenotype Category Frequencies
The predicted phenotype frequencies for the selected genes were derived from a Dutch sample (n = 1,023) (van der Wouden et al., 2019a). The variants tested to determine phenotype have been described in detail (van der Wouden et al., 2019a). The genotypes are translated into predicted phenotype categories based on functionalities as described in the DPWG recommendations (Swen et al., 2008; Swen et al., 2011; Swen et al., 2018).
2.3.3 Risk of Gene-Drug-Related Death
The most severe outcome among patients receiving standard of care, as reported in literature underlying the DPWG recommendations, associated with each “essential” DGI is shown in Table 1. Each DPWG recommendation suggests either a dose adjustment or selection of an alternative drug, to reduce the risk of both gene-drug-related deaths and other less severe ADRs. For our model, we extracted the absolute risk of gene-drug-related death within 1 year both in patients receiving the PGx-informed and standard of care (i.e., PGx uninformed) drug treatments for each predicted phenotype category independently, since the risk of gene-drug-related death varies across predicted phenotype categories. For example, the risk of fluoropyrimidine-induced toxicity increases with decreasing DPYD gene activity scores (GAS). Furthermore, when a PGx test is used to guide dose selection, individuals with an actionable phenotype (DPYD GAS 0–1.5) have a reduced risk of fluoropyrimidine-induced toxicity compared to individuals with an actionable phenotype using a normal dose. On the other hand, the risk of fluoropyrimidine-induced toxicity in individuals with a non-actionable predicted phenotype (DPYD GAS 2) will have the same mortality risk, regardless of being tested, since the dose is the same in both groups. Therefore, we have extracted the absolute risk of gene-drug-related death for each predicted phenotype category from the literature, across three groups: 1) tested-actionables (e.g., DPYD GAS 0, 0.5, 1 and 1.5 with PGx informed reduced dose), 2) non-actionables (e.g., DPYD GAS 2 with normal dose) and 3) untested-actionables (e.g., DPYD GAS 0, 0.5, 1 and 1.5 with normal dose). The actionable drug-gene pairs are categorized in Table 1.
A systematic methodology was used to select relevant publications from publications underlying the DPWG guideline which were suitable for risk extraction and is described in detail in Supplementary Table S2. In brief, six steps are performed chronologically until relevant publications have been selected from which absolute risk of gene-drug-related death for each of the tested and untested predicted phenotype categories can be extracted. The scientific rigor of publications decreases with each step and corresponds to the DPWG quality of evidence score (Swen et al., 2008; Swen et al., 2011). The first two steps select publications powered on mortality, the second two steps select publications powered on intermediate outcomes that are associated with mortality and the last two steps resort to additional literature search or estimation. Risk extraction is performed by using methodology corresponding to that step. Each extracted absolute risk of gene-drug-related death is given a certainty score based on the step in which publications are selected. The certainty score ranges from 4 (very certain) to 0 (very uncertain). An overall certainty score per DGI is calculated by taking the mean of the certainty scores of all tested and untested predicted phenotype categories. The systematic selection of publications and extracted absolute risks of gene-drug-related related deaths are described in Supplementary Table S3.
2.3.4 Predicted Phenotype Category Frequencies
The predicted phenotype frequencies for the selected genes were derived from a Dutch sample (n = 1,023). The variants tested to determine phenotype have been described in detail (van der Wouden et al., 2019b). The genotypes are translated into predicted phenotype categories based on functionalities as described in the DPWG recommendations.
2.3.5 Costs
Costs are estimated from a health care perspective, with a 1-year time-horizon, and are reported in Euros. The costs of different single-gene PGx tests were based on single-gene prices set in the LUMC in 2018 and on prices from the Dutch Healthcare Authority (NZa). This includes sample collection, analysis, and report of the predicted phenotype and dosing recommendation to the requesting pharmacist. The pharmacist time to record and discuss results with the physician and patient was set at 18 min. The physician time to discuss results with the pharmacist was set at 6 min. Time spent was multiplied by the hourly salaries of Clinical Pharmacists and Medical Specialists as standardized in Dutch Academic Hospitals in 2019 (Cao universitair medische centra, 2018-2020, 2020). The cost of drugs for both standard of care and PGx-guided treatments was calculated for a time-horizon of 1 year. The applied dose was based on the most common indication for the relevant drug and calculated using a base case of 75 kg and a body surface area of 1.7 m2. The price of drugs was extracted from the national drug price registry (Medicijnkosten.nl, 2021) by selecting the least expensive suitable dose and formulation. See Supplementary Table S4 for an overview of the costs used in the model.
2.3.6 Model Assumptions
The adoption of PGx test requesting among initiators was assumed at 100%, DPWG recommendation adherence was assumed at 100% and the dose of drugs to be as per protocol for the indications which were investigated in publications from which risk data was extracted. Regarding the target population and allele frequencies, the ethnicity was assumed Caucasian, and patients were assumed to use similar comedications as patients enrolled in studies from which risks were extracted.
2.3.7 Funding and Ethical Approval
This study was funded by the European Community’s Horizon 2020 Program under grant agreement No.668353 (U-PGx). The funder played no role in this study’s design, conduct or report. Ethical approval was not required for this analysis. The data inputs are collected from publicly available sources.
3 RESULTS
As shown in Table 2, on a population of 17 million Dutch inhabitants, 148,128 patients initiate one of seven drugs in a given year, of which the clopidogrel initiators form the largest group (79.6%).
TABLE 2 | Overall Costs of PGx-testing, pharmacist and physician time for interpretation and drug treatment.
[image: Table 2]3.1 Impact on Costs
The total costs of single-gene PGx-testing, interpretation, and additional drugs would be €21.4 million (mean €145 per patient), of which the relevant single-gene test comprises 90.7% (€19.4 million in total, mean €131 per patient). Of these drug initiators, 35,762 (24.1%) would have an actionable DGI, requiring an alternative dose or drug. Health care professional (HCP) discussion of these actionable results would cost €586,000 (€16 per actionable patient). The extra drug costs made for initiating PGx-guided drug treatment is €1.5 million (€10 per patient), of which €2.4 million additional costs as a result of alternative drug treatment and €941,000 costs saved as a result of dose lowering. Interestingly, PGx-guided drug treatment costs are cost-saving for most DGIs (range per cost-saving DGI: 0.7–4.6%), except the clopidogrel-CYP2C19 interaction where the drug costs are €2.8 million higher (€24 per patient, +162%) than standard of care. For the irinotecan-UGT1A1 interaction, the costs of drugs saved in the PGx-guided group surmounts the cost of PGx-testing and HCP interpretation combined, making the intervention cost-saving with €481,000 on irinotecan drug costs.
3.2 Number of Gene-Drug-Related Deaths Prevented
As shown in Table 3, PGx-guided initial dose and drug selection would relatively reduce total gene-drug-related mortality by 10.6% (range per DGI: 8.1–14.5%) and prevent 419 (0.3% of initiators) deaths per year. The average certainty score was 2.5 (fairly certain) when weighed for deaths prevented or for number of patients, and ranged from of 0 (very uncertain) to 3 (certain) for individual DGIs.
TABLE 3 | Cost-effectiveness of PGx-guided pharmacotherapy for gene-drug interactions to prevent gene-drug-related deaths.
[image: Table 3]3.3 Cost-Effectiveness Analysis
Preventing 419 gene-drug-related deaths with an increase of €21.4 million in healthcare costs, cost-effectiveness is estimated at €51,000 per prevented gene-drug-related death (range per DGI: €-752,000–€633,000). For the irinotecan-UGT1A1 interaction, PGx-guided treatment reduces both mortality and costs (resulting in a negative cost-effectiveness ratio).
4 DISCUSSION
Nation-wide adoption of PGx-guided initial dose and drug selection of “essential” DGIs can potentially save the lives of 419 (0.3% of drug initiators) a year at a cost of €51,000 per prevented death. The weighted average certainty score for this analysis 2.5 (fairly certain). In high-income countries an intervention is considered cost-effective when one gained quality-adjusted life year (QALY) costs less than a threshold between €20,000–60,000 (Nghiem et al., 2017). Since PGx-guided pharmacotherapy prevents gene-drug related deaths, it will contribute numerous QALYs; the magnitude of which is associated with the number of additional years that is gained by preventing the fatal gene-drug associated ADR. The investigated seven drugs are generally used to treat life-threatening diseases, and as a result, if treatment is effective and safe, patients will have a below-average though still considerable life-expectancy. Therefore, the additional cost of €51,000 per prevented death is well under the cost-effectiveness thresholds and can be considered reasonable and cost-effective.
4.1 Comparison to Current Literature
To our knowledge, we are the first to quantify both the collective impact and cost-effectiveness of nation-wide PGx-guided initial drug and dose selection for DGIs categorized as “essential” on mortality outcomes. Regarding collective impact, previous efforts have quantified the incidence of DGIs when adopted nation-wide (Schildcrout et al., 2012; Samwald et al., 2016; Bank et al., 2019). Bank et al. estimated that nation-wide adoption in the Netherlands of all DPWG recommendations would result in 23.6% of new prescriptions for PGx drugs would have an actionable DGI requiring adjustment of pharmacotherapy (Bank et al., 2019). However, the downstream impact on clinical outcomes were undetermined. In terms of cost-effectiveness, previous efforts have assessed individual drug-gene interactions but have not assessed the collective cost-effectiveness of “essential” DGIs. These include investigation of HLA-B*57:01 testing before abacavir initiation (Hughes et al., 2004), HLA-B*58:01 testing before allopurinol initiation (Plumpton et al., 2017), HLA-B*15:02 and HLA-A*31:01 before carbamazepine initiation and CYP2C9 and VKORC1 guided initial dosing of warfarin (Eckman et al., 2009). However, these DGIs were not considered “essential” by the DPWG and were therefore not included in our analysis. Consistent with individual DGIs investigated here, previous studies have shown the cost-effectiveness of UGT1A1 for irinotecan dosing (Gold et al., 2009; Butzke et al., 2016), CYP2C19 for clopidogrel dosing and alternative drug selection (Reese et al., 2012; Kazi et al., 2014), and TPMT guided initial dosing for thiopurines (Sluiter et al., 2019). Although a cost-minimization study for DPYD guided dosing has been performed (Henricks et al., 2019; Toffoli et al., 2019), its cost-effectiveness remains undetermined.
4.2 Model Design and Inputs
The outcome selected for this decision-analytic model is gene-drug-related death. This outcome excludes other, less severe, outcomes which may be improved by PGx-guided pharmacotherapy such as reduction in non-fatal ADRs or lack of drug efficacy. Excluding less severe but probably more prevalent gene-drug associated ADRs may therefore have resulted in an underestimation of the impact of PGx on patient outcomes. Taking these non-fatal ADRs into account would further confirm the cost-effectiveness of PGx-guided pharmacotherapy for “essential” DGIs. On the other side of the spectrum, while the PGx intervention decreases the risk of gene-drug associated ADRs, it may also increase risk of other negative effects such as loss of efficacy or increased risk for other ADRs. These are excluded from the current analysis and as a result we may have overestimated the (cost-)effectiveness. Regarding loss of efficacy, we expect equal drug exposures and benefit/risk among IMs and PMs receiving reduced doses and EMs receiving normal doses, as prospectively demonstrated (Henricks et al., 2018). The extent to which efficacy may be compromised is largest in drugs with a steep dose-response curve and where the default population dose is not at maximum effect or saturated receptor occupancy (Peck, 2018). Therefore, we do not expect that excluding loss of efficacy has affected our overall results much since efficacy was included in the intermediate outcome (which was a composite of death, cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke) for the most predominant DGI (clopidogrel-CYP2C19). The potential underestimation from excluding potential other ADRs can be illustrated by ADRs associated with the PGx-guided treatment. For example, although CYP2C19 guided treatment for clopidogrel dosing or alternative selection was non-inferior to treatment with ticagrelor or prasugrel at 12 months with respect to thrombotic events, treatment with ticagrelor or prasugrel resulted in higher incidence of minor bleeding (Claassens et al., 2019b). In this particular example, excluding minor bleeding from the mode has not affected the validity of our results, since minor bleeding do not result in drug-related death.
The time-horizon of the decision-analytic model was set at 1 year, consistent with the follow-up duration of the supporting trials. Ignoring impact beyond 1 year may have led to an underestimation of the benefit of the intervention. On the other hand, the imposed time-horizon overestimates the costs saved by the PGx intervention. In our current analysis we observed an overall cost increase for PGx-guided drug therapy when compared to standard of care which was driven by increased costs of PGx-guided alternatives for clopidogrel (increased cost of €2.8 million per year). Since clopidogrel is used life-long after a Transient Ischemic Attack, the additional drug costs will increase with an increasing time horizon. Additionally, we did not take into account potential dose or drug changes which may have occurred within standard of care, in the absence of a PGx test. If these changes were to be made within this 1 year time-horizon there would be no additional effect relative to the PGx intervention. This may be the case for drugs, such as fluoropyrimidines and thiopurines which may be dosed in standard of care upon other biomarkers, such as hematological counts.
Potential factors limiting the generalizability of the model are the underlying assumptions made. Firstly, to facilitate absolute risk extraction, we assumed each of the drug initiators to have one particular indication (as described in Supplementary Table S3) and to receive a corresponding standardized drug dose. However, some drugs included in the analysis can be applied for numerous indications. Patients with these other indications may have a different baseline risk of gene-drug-related death as a result of variation in general health or clinical monitoring. Additionally, the effectiveness of PGx-guided prescribing may also vary across indications due to different applied doses. For example, we performed risk extraction for thiopurines on publications including Inflammatory Bowel Disease patients. However, a minority of patients initiating thiopurines has other indications such as Acute Lymphatic Leukemia or Rheumatoid Arthritis, which are applied at higher doses and among patients who are monitored more closely for myelosuppression. Therefore risk of drug-induced death may be different than those with Inflammatory Bowel Disease. Secondly, we assumed the ethnicity of the target population be Caucasian and therefore limited publication selection for absolute risk extraction to those performed in predominantly Caucasian samples. Since allele frequencies vary across ethnicities, we would be hesitant to extrapolate the reported results to ethnicities not included in the underlying publications. While for TMPT (McLeod et al., 1999) allele frequencies are fairly constant across ethnicities, the frequency of actionable phenotypes are higher for UGT1A1 in Blacks and Hispanics (Leger et al., 2018), CYP2C19 in Asians (Zhou et al., 2017) and DPYD in Africans (Mattison et al., 2006) and therefore the current analysis underestimates cost-effectiveness in these ethnicities. Thirdly, the current model was constructed for the Netherlands. Since the effectiveness of the PGx intervention may be dependent on the quality of the health-care system we would be hesitant to extrapolate our results to counties with a different quality of health-care system. If both the healthcare system and ethnicity is similar, we would suggest extrapolating our results to other countries in proportion to the population size (17 million).
In this study, we estimated the number of drug initiators of the investigated seven drugs to be 148,128 per year, with 24.1% of initiators having an actionable DGI. A previous study estimated the number of drug initiators for 45 drugs with a DPWG recommendation in the Netherlands to be much higher at 3,628,597 new prescriptions per year, with a similar portion of those with actionable DGI (23.6 vs. 24.1%) (Bank et al., 2019). This discrepancy is a result of the reported study using dispersion data from community pharmacies serving primary care. In contrast, our study used data encompassing primary and hospital care. Additionally, the previous study excluded drugs only applied in hospital care such as capecitabine, fluorouracil, and irinotecan. However, similar numbers of drug initiators are reported to be applied both in primary and hospital settings: azathioprine (6,943 vs. 6,979), clopidogrel (98,709 vs. 117,900), mercaptopurine (2,598 vs. 2,177) and thiopurine (1,883 vs. 2,854). Despite a seemingly large discrepancy initially, these numbers confirm the accuracy of the number of yearly drug initiators in the presented model.
In the presented analysis, we limited the input of costs to PGx-testing, HCP interpretation, and drugs and thereby we have excluded the cost of hospitalization as a result of gene-drug-related ADRs which do not lead to death. Despite this limited perspective, we argue that we have been conservative in estimation of costs. For example, the cost of PGx tests were based on 2018 LUMC prices, which are higher than the current prices in 2020. This confirms the prediction that costs of genetic tests are decreasing. Although performed with a different PGx intervention and target population, PGx cost-savings have previously been estimated at $218 per tested patient (Brixner et al., 2016). Additional cost-savings that were excluded are the reduced healthcare utilization resulting from reduced dose switching or reduced clinical monitoring (Toffoli et al., 2019). As a result, we are conservative in the cost of preventing gene-drug-related deaths and underestimate additional cost-saving.
4.3 Limitations
A key limitation of our approach is that the selected publications for risk of gene-related death extraction were powered on intermediate outcomes and not on drug-induced mortality (those corresponding to a certainty score 3 and lower). However, we do not expect PGx studies to be powered on mortality since these would require large sample sizes. As a result, we had to resort to the extraction of the absolute risk of intermediary outcomes, such as drug-induced myelosuppression, that are known to be associated with gene-drug-related death and multiplied this with the risk of mortality as a result of this intermediary outcome. While the extraction of the risk of mortality and intermediary outcomes was performed systematically based on literature underlying the DPWG, the risk of death as a result of intermediary outcomes was non-systematic, driven by the investigators’ judgment of being suitable. Additionally, the majority of effect-sizes of PGx-guide prescribing to prevent gene-drug-related deaths are extracted from a number of observational studies. Ideally, these would be extracted from randomized controlled trials (RCTs) directly comparing PGx intervention to standard of care. However, we feel extraction from observational studies is substantiated since we do not expect RCTs to be performed for every individual DGI.
4.4 Future Research
The current study reports on seven “essential” DGIs in single-gene scenarios, but many more recommendations for actionable DGIs are available which intend to prevent non-fatal ADRs. From 2005 onwards the DPWG has developed 63 recommendations (Swen et al., 2008; Swen et al., 2011; Swen et al., 2018) and in parallel, the CPIC has devised 73 recommendations (Relling and Klein, 2011; Relling et al., 2020). In the near future, PGx delivery will shift from single-gene reactive model to a pre-emptive panel-testing model. Here, multiple pharmacogenes are tested simultaneously and recorded in the EMR in preparation of future prescriptions. Pre-emptive panel-testing may optimize both logistics and cost-effectiveness. This is supported by the observation that patients will receive multiple drug prescriptions with potential DGIs within their lifetime (Schildcrout et al., 2012; Samwald et al., 2016) and the fact that marginal acquisition costs of testing and interpreting additional pharmacogenes is near-zero (Roden et al., 2018). However, the pre-emptive nature may also reduce cost-effectiveness, as not all tested individuals will actually benefit from the testing. Therefore, as implementation of PGx transitions from a single-gene approach to a pre-emptive panel approach, future efforts should quantify the cost-effectiveness of a panel of pharmacogenes to guide dose and drug selection of the remaining DGIs for which guidelines are available and over a longer time-horizon.
5 CONCLUSION
We used a decision-analytic model to assess the cost-effectiveness of nation-wide PGx-guided initial drug treatment for seven DGIs categorized as “essential” by the DPWG in the Netherlands. We found that nation-wide adoption of PGx-guided initial dose and drug selection of “essential” DGIs can potentially save the lives of 419 (0.3% of drug initiators) at reasonable costs (€51,000 per prevented death). The weighted average certainty score was 2.5 (fairly certain). These results support nation-wide adoption of PGx-guided initial drug treatment for “essential” DGIs.
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Objective: Nivolumab improves overall survival (OS) and is associated with fewer adverse events than sorafenib for the treatment of advanced hepatocellular carcinoma (aHCC). However, the cost-effectiveness of nivolumab compared with sorafenib treatment for aHCC remains unclear. This study evaluated the cost-effectiveness of nivolumab and sorafenib in the treatment of aHCC.
Materials and methods: A partitioned survival model that included three mutually exclusive health states was used to evaluate the cost-effectiveness of nivolumab and sorafenib for treating aHCC. The clinical characteristics and outcomes of the patients in the model were obtained from the CheckMate 459. We performed deterministic one-way sensitivity and probabilistic sensitivity analyses to evaluate the robustness of the model. Subgroup analyses were also performed. Costs, life-years, quality-adjusted life-years (QALYs), incremental cost-effectiveness ratio (ICER), incremental net health benefits (INHB), and incremental net monetary benefits (INMB) were measured.
Results: The base case analysis showed that compared with sorafenib, treatment with nivolumab was associated with an increment of 0.50 (2.45 vs. 1.95) life-years and an increment of 0.32 (1.59 vs. 1.27) QALYs, as well as a $69,762 increase in cost per patient. The ICER was $220,864/QALY. The INHB and INMB were −0.15 QALYs and −$22,362 at a willingness-to-pay (WTP) threshold of $150,000/QALY, respectively. The probabilistic sensitivity analysis demonstrated that the probability of nivolumab being cost-effective was only 10.38% at a WTP threshold of $150,000/QALY. The model was most sensitive to the costs of sorafenib and nivolumab according to the one-way sensitivity analysis. When the price of sorafenib exceeded $0.93/mg or nivolumab was less than $24.23/mg, nivolumab was more cost-effective. The subgroup analysis illustrated that the probability of cost-effectiveness was >50% in the Barcelona Clinic Liver Cancer Stage B subgroups for nivolumab at a WTP threshold of $150,000/QALY. This study also showed that the probability of cost-effectiveness was <50% in most subgroups.
Conclusion: Nivolumab was not cost-effective, although it was associated with better clinical benefit and a favorable safety profile for the treatment of aHCC compared with sorafenib from the third-party payer perspective in the United States. If the price of nivolumab is substantially reduced, favorable cost-effectiveness can be achieved among patients with aHCC.
Keywords: nivolumab, sorafenib, cost-effectiveness, advanced hepatocellular carcinoma, partitioned survival model
INTRODUCTION
Hepatocellular carcinoma (HCC) comprises 75–85% of primary liver cancer cases, and is the fourth-leading cause of annual cancer deaths worldwide (Gordan et al., 2020). Although diagnosis of HCC at early stages will possibly obtain curative treatments, such as resection or liver transplantation, only 30–40% of patients with HCC receive an early diagnosis (Forner et al., 2018). Most patients with HCC are diagnosed at an advanced stage and have a poor prognosis (Park et al., 2015). Therapies for advanced HCC (aHCC) include sorafenib (multikinase inhibitors) that increase median overall survival (OS) to 12.3 months (Kudo et al., 2018). However, sorafenib is associated with a high proportion of drug-related adverse events (AEs), and outcomes remain poor. Consequently, treatment options for aHCC remain very limited, and the prognosis is poor.
For the past few years, immunotherapy for many tumor types, including HCC, has received great attention (Zakeri et al., 2022). Nivolumab, an anti-programmed cell death protein-1 (PD-1) antibody, inhibits immune checkpoint signaling (Cheung et al., 2021). Nivolumab treatment for several tumor types, such as melanoma (Weber et al., 2015) and non-small cell lung cancer (Borghaei et al., 2015; Brahmer et al., 2015), improves survival compared with chemotherapy. The CheckMate-040 trial demonstrated the efficacy and safety of nivolumab as second-line therapy for aHCC (El-Khoueiry et al., 2017). With the increasing economic burden of healthcare costs, value-based oncology is drawing more attention; therefore, nivolumab has garnered great attention as a leading immunotherapy approach (Pei et al., 2021). Nivolumab has been approved in many countries for the treatment of sorafenib-receiving patients with aHCC, relying on the results of the CheckMate-040 trial (El-Khoueiry et al., 2017).
Recently, a CheckMate 459 phase 3 randomized multicenter clinical trial (Yau et al., 2022) reported the clinical activity and favorable safety of nivolumab as a first-line treatment for aHCC compared with sorafenib. The results revealed that the median follow-up for OS was 15.2 and 13.4 months for nivolumab and sorafenib treatment, respectively. In addition, the median OS was 16.4 and 14.7 months for nivolumab and sorafenib treatment, respectively. Although these increases were not statistically significant, they suggested that nivolumab might offer a potentially better survival chance. Moreover, the most common adverse event (AE) was palmar-plantar erythrodysesthesia, the incidence of which was lower following nivolumab treatment (<1%) than sorafenib treatment (14%). Thus, nivolumab may be a potential first-line alternative treatment for aHCC. However, with this convincing clinical outcome, the concomitant high drug price has been in the spotlight. To the best of our knowledge, no cost-effectiveness analyses comparing nivolumab with sorafenib for aHCC have been published. Cost-effectiveness analyses are helpful for optimally distributing limited healthcare resources to clinicians and decision-makers; it is necessary to perform a cost-effectiveness analysis to compare the efficacy and cost of nivolumab. Thus, from the third-party payer perspective in the United States (USA), this study evaluated the cost-effectiveness of nivolumab as a first-line therapy for aHCC.
MATERIALS AND METHODS
Patients and Intervention
This study was performed in accordance with the Consolidated Health Economic Evaluation Reporting Standards (CHEERS, Supplementary Table S1) (Husereau et al., 2022). According to the People’s Hospital of Guangxi Zhuang Autonomous Region, since publicly available data from the literature and open database were used to conduct this study rather than individual patient-level data, institutional review board review and informed consent were not required nor obtained.
Hypothetical target patients with aHCC were obtained from the CheckMate 459 randomized clinical trial (Yau et al., 2022). Included patients were adults (aged ≥18 years), with a performance status of 0 or 1 on the Eastern Cooperative Group scale; no previous systemic therapy; no previous radiotherapy within 4 weeks before study drug commencement; and had to have adequate hematological, hepatic, renal, and cardiac function. According to the CheckMate 459 trial report (Yau et al., 2022), patients assigned to the nivolumab group received 240 mg nivolumab intravenously every 2 weeks, and those in the sorafenib group received 400 mg of sorafenib orally twice daily. When the disease progressed or unacceptable AEs occurred, alternate therapies were administered.
Model Structure
In this study, we performed an economic evaluation and constructed a partitioned survival model based on three mutually exclusive health states: progression-free survival (PFS), progressive disease (PD), and death (Figure 1) (Williams et al., 2017). The time horizon was 10 years, and more than 98% patients died in both treatment arms. The cycle length was 1 week. In the model, the proportions of patients with OS and PFS were determined based on the results of the CheckMate 459 trial (Yau et al., 2022). The area under the OS curve was evaluated for the proportion of patients alive, the area under the PFS curve was evaluated for the proportion of patients alive with PFS, and the difference between the OS and PFS curves was evaluated for the proportion of patients alive with PD.
[image: Figure 1]FIGURE 1 | The partitioned survival model consisting of three discrete health states. Abbreviations: HCC, hepatocellular carcinoma; P, partitioned survival model.
Clinical Data Inputs
The patients with aHCC in the nivolumab and sorafenib groups were determined based on the results of the CheckMate 459 trial (Yau et al., 2022). Both OS and PFS were extrapolated beyond the trial’s follow-up time horizon that was calculated based on the algorithm created by Guyot et al. (2012). The Kaplan–Meier (K-M) survival curves of OS and PFS data were obtained from the trial using GetData Graph Digitizer version 2.26 (Get Data Graph Digitizer, 2022) to extract the individual patient data points. These data points were then used to fit the following parametric survival functions: exponential, Weibull, gamma, log-normal, Gompertz, log-logistic, and generalized gamma distributions. Subsequently, according to the value of Akaike information criterion (AIC) and Bayesian information criterion (BIC), the best-fit parametric models for the reconstructed K-M survival curves were selected. The results of the survival functions and parametric models of nivolumab and sorafenib treatment are shown in Table 1, and the goodness-of-fit results are shown in Supplementary Table S2. Log-normal was used to fit the OS and PFS K-M curves of nivolumab and sorafenib, respectively (Supplementary Figure S1). The key clinical input data are listed in Table 1.
TABLE 1 | Key model inputs.
[image: Table 1]Cost
Direct medical costs were evaluated, including the cost of acquiring drugs, attributed to the cost of the patient’s health state, cost of supportive care, cost of terminal care, and AE-related costs (Table 1). The prices of acquiring drugs were collected from public databases (Centers for Medicare & Medicaid Services, 2022; RED BOOK online, 2022; Yau et al., 2022). The monitoring costs for patients with PFS and PD were $212 and $246 per cycle, respectively (Su et al., 2021). After the disease progression, about 57% of patients in the nivolumab group and 71% patients in the sorafenib group received second-line treatment according to published reports (Yau et al., 2022). The costs related to subsequent supportive care and terminal care were $39,875 and $8,488 per patient, respectively (Soto-Perez-de-Celis et al., 2019). The costs associated with severe adverse event (SAE, grade ≥3) management were sourced from the literature (Supplementary Table S3) (Patel et al., 2011; Barzey et al., 2013; Kacker et al., 2013; Hornberger et al., 2015; Wilson et al., 2017). All costs were adjusted to 2021 US dollars and were inflated to 2021 monetary values based on the Medical-Care Inflation data obtained from Tom’s Inflation Calculator (Tom’s Inflation Calculator, 2022), and these values are shown in Table 1.
Effectiveness
Health utility scores were assigned on a scale from 0 (death) to 1 (perfect health). Considering that health utilities for PFS and PD were not provided in CheckMate 459, we used health utility scores from the published literature (Shlomai et al., 2018). The utilities of PFS and PD related to aHCC were 0.76 and 0.68, respectively, which were obtained from an analysis of cost-effectiveness evaluating patients with HCC (Shlomai et al., 2018). The disutility values associated with AEs were also obtained from the literature (Amdahl et al., 2016).
Base Case Analysis
The incremental cost-effectiveness ratio (ICER), presented as the incremental cost per additional quality-adjusted life-years (QALYs) gained, was examined. Based on the published literature (Su et al., 2021), the WTP threshold in the United States was $150,000. When the ICER was lower than the WTP threshold ($150,000/QALY), cost-effectiveness was assumed according to the recommendations (Neumann et al., 2014). A 3% annual discount rate was derived for costs and utility outcomes (Sanders et al., 2016). We also calculated the incremental net health benefits (INHB) and incremental net monetary benefits (INMB) (Su et al., 2021). The INHB and INMB are computed according to 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 utility of nivolumab (i = 1) or sorafenib (i = 0), respectively, and λ was the WTP threshold.
Sensitivity Analyses
In this study, we performed one-way sensitivity analysis to identify significantly sensitive variables and evaluated the robustness of the results. One-way sensitivity analyses were performed based on different variables, such as costs and utilities, and the uncertainty of each variable was calculated according to 95% confidence intervals (CIs) reported in the literature or estimated by assuming a 25% variation from the fundamental parameters (Table 1). We also conducted probabilistic sensitivity analysis with 10,000 iterations, for which Monte Carlo simulations were used. All parameters determined a suitable distribution (Vaidya et al., 2014). A gamma, log-normal, and beta distributions were assigned to the cost parameters, hazard ratios (HRs), and proportion, probability, and preference value parameters, respectively. Subsequently, a cost-effectiveness acceptability curve was constructed to illustrate the possibility that nivolumab or sorafenib would be valuable at various WTP levels/QALYs gain.
Subgroup Analyses
Subgroup analyses were performed to explore the uncertainty of the outcomes caused by different patient characteristics. Subgroup analyses were constructed for the different subgroups derived from CheckMate 459 by varying the HR for OS, including geographical region, age, Barcelona clinic liver cancer stage, Child–Pugh score, disease cause, vascular invasion or extrahepatic spread, baseline alpha-fetoprotein, and baseline tumor-cell PD-L1 expression (Yau et al., 2022). Statistical analyses in this study were performed with hesim and heemod packages in R, version 4.0.5, 2021 (R Foundation for Statistical Computing).
RESULTS
Base Case Analysis
For base case analysis of the total patients with aHCC, nivolumab led to an increased effectiveness of 0.32 QALYs and 0.50 overall life-years, with an additional cost of $69,762 compared with the sorafenib arm. The corresponding ICER was $220,864/QALY. Furthermore, the INHB and INMB of nivolumab were −0.15 QALYs and −$22,362, respectively, at a $150,000/QALY WTP threshold compared with sorafenib (Table 2).
TABLE 2 | Summary of cost and outcome results in the base-case analysis.
[image: Table 2]Sensitivity Analysis
The results of the one-way sensitivity analyses illustrated that the primary drivers of the model outcome included the cost of sorafenib and nivolumab, as well as their utility for PD and PFS. This is because these factors have a considerable impact on the ICER (Supplementary Figure S2). The remaining parameters, such as HR for PFS and OS, were only moderately or weakly related to the outcomes and were not related to ICER exceeding the threshold of $150,000/QALY. We also evaluated the relevance of these key variables with the ICER between nivolumab and sorafenib. When the price of sorafenib exceeded $0.93/mg or nivolumab was less than $24.23/mg, nivolumab was cost-effective at a WTP threshold of $150,000/QALY (Supplementary Figure S3).
The results of the probabilistic sensitivity analysis were displayed by the cost-effectiveness acceptability curve (Figure 2). The probability of nivolumab being cost-effective increased as the WTP thresholds increased. Compared to sorafenib (89.62%), the probability of nivolumab being considered cost-effective was only 10.38% at a WTP threshold of $150,000/QALY for the total population. However, at a WTP threshold of $300,000/QALY, the probability of nivolumab and sorafenib being considered cost-effective was 95.14 and 4.86%, respectively.
[image: Figure 2]FIGURE 2 | Acceptability curves of cost-effectiveness for nivolumab versus sorafenib. Abbreviations: QALY, quality-adjusted life-year
Subgroup Analysis
The subgroup analysis was performed by varying the HRs for OS. Compared with sorafenib, nivolumab was associated with higher HRs in the subgroups of Barcelona clinic liver cancer stage B and without vascular invasion or extrahepatic spread [hazard ratio: 1.35 (95% CI: 0.86–2.11) and 1.14 (95% CI: 0.81–1.62), respectively]; hence, the results of subgroup analysis illustrated that nivolumab had >50% probability of being considered cost-effective in the Barcelona clinic liver cancer stage B subgroup at a WTP threshold of $150,000/QALY (Table 3). The probability of nivolumab being considered cost-effective was <50% in most of the subgroups.
TABLE 3 | Summary of subgroup analyses obtained by varying the hazard ratios (HRs) for overall survival.
[image: Table 3]DISCUSSION
In this study, we performed a cost-effectiveness analysis of nivolumab versus sorafenib for the therapy of aHCC, and the results of this study showed that compared with sorafenib, nivolumab was associated with incremental survival of 0.32 QALYs and incremental cost of $69,762 per patient. The calculated ICER was $220,864/QALY. One-way sensitivity analyses revealed that the cost of sorafenib and nivolumab was the most sensitive factor on the ICER, suggesting that the option between sorafenib and nivolumab could be made based on sorafenib and nivolumab costs. When the price of sorafenib exceeded $0.93/mg or nivolumab was less than $24.23/mg, nivolumab was cost-effective at a WTP threshold of $150,000/QALY. In this study, nivolumab was unlikely to be a cost-effective option at a WTP threshold of $150,000/QALY compared with sorafenib for the therapy of aHCC. According to the results of comprehensive deterministic and probabilistic sensitivity analyses, the results of this model are robust. The cost-effectiveness acceptability curves revealed that the probability of nivolumab being cost-effective was 10.38% at the WTP threshold of $150,000/QALY.
The cost-effectiveness of the therapy is substantially affected by the WTP threshold. A total of $100,000 or $150,000/QALY has been recommended as the WTP threshold in the United States (Bae and Mullins, 2014; Neumann et al., 2014). The ICERs of cancer drugs are often higher than those of other drugs. Even so, the Food and Drug Administration still approves new drugs to treat tumors based on their effectiveness in the United States. Many new drugs are used to treat tumors, despite an ICER greater than $100,000 or $150,000/QALY. An ICER of $220,864/QALY for nivolumab was shown in this study compared with sorafenib, suggesting that the ICER was higher than the WTP thresholds of $150,000/QALY. This result does not suggest antithesis to the use of nivolumab among patients with aHCC, but rather suggests that policymakers can maximize health gains by spending more resources on more cost-effective interventions (Neumann et al., 2014).
Because the cost of immune checkpoint inhibitor development is high, their prices are often high (Siddiqui and Rajkumar, 2012). Thus, it is common to see that an immune checkpoint inhibitor is not cost-effective as mentioned in the published literature (Verma et al., 2018). A study compared the cost-effectiveness of nivolumab with docetaxel in recurrent metastatic head and neck squamous cell carcinoma (HNSCC); although nivolumab exhibits clinical benefit in HNSCC treatment, it is not cost-effective based on the list price (Zargar et al., 2018).
To the best of our knowledge, this study is the first to conduct cost-effectiveness analyses of nivolumab versus sorafenib as first-line treatment for aHCC. Previously, immune checkpoint inhibitors have been discussed for the treatment of other malignant neoplasms, such as lung cancer, head and neck cancers, renal cell cancer, and melanoma (Verma et al., 2018). The clinical importance of this study is worth discussing. If the government successfully negotiates with pharmaceutical companies, the price of the drug may be reduced so that nivolumab can be cost-effective (Siddiqui and Rajkumar, 2012). As shown in this study, at a WTP threshold of $150,000/QALY, when the cost of nivolumab was less than $24.23/mg or the cost of sorafenib exceeded $0.93/mg, nivolumab was cost-effective.
The advantages of this study are worth noting. First, to our knowledge, this is the first assessment to evaluate the cost-effectiveness of nivolumab for the treatment for aHCC by combining the latest randomized clinical trial with a partitioned survival model. Second, compared to sorafenib treatment, the price is favorable, and cost-effectiveness was also estimated for nivolumab treatment among patients with aHCC. Third, patients and physicians may benefit from the economic information of subgroups when tailoring treatment decisions.
There were some limitations to this analysis. First, health outcomes that exceeded the follow-up time of the CheckMate 459 trial were assumed by fitting parametric distributions to the reported K-M OS and PFS data, which may have resulted in uncertainty in the model outputs. This limitation may not be a major factor according to the sensitivity analysis results, indicating that this finding is generally robust. Second, the CheckMate 459 trial is a phase 3 randomized clinical trial, and the parameters in the model are based on its results. Thus, the cost and effectiveness of the results may have been affected by biases within the trial. For example, the patients with aHCC enrolled in the CheckMate 459 trial were generally healthier than the general population of patients with aHCC. In addition, compared to patients in real-world practice, those who participate in clinical trials generally have better adherence to treatment.
CONCLUSION
From the third-party payer perspective in the United States, this study suggests that at a WTP threshold of $150,000/QALY and under current drug pricing, nivolumab was unlikely to be considered cost-effective as first-line treatment for patients with aHCC compared with standard treatment with sorafenib. A substantial price reduction for nivolumab may result in favorable economic outcomes. Economic outcomes may be improved by tailoring individual treatments based on patient factors. These results may help clinicians to use appropriate treatments for patients with aHCC.
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In a rapidly growing and aging population, heart failure (HF) has become recognised as a public health concern that imposes high economic and societal costs worldwide. HF management stems from the use of highly cost-effective angiotensin converting enzyme inhibitors (ACEi) and β-blockers to the use of newer drugs such as sodium-glucose cotransporter-2 inhibitors (SGLT2i), ivabradine, and vericiguat. Modelling studies of pharmacological treatments that report on cost effectiveness in HF is important in order to guide clinical decision making. Multiple cost-effectiveness analysis of dapagliflozin for heart failure with reduced ejection fraction (HFrEF) suggests that it is not only cost-effective and has the potential to improve long-term clinical outcomes, but is also likely to meet conventional cost-effectiveness thresholds in many countries. Similar promising results have also been shown for vericiguat while a cost effectiveness analysis (CEA) of empagliflozin has shown cost effectiveness in HF patients with Type 2 diabetes. Despite the recent FDA approval of dapagliflozin and empagliflozin in HF, it might take time for these SGLT2i to be widely used in real-world practice. A recent economic evaluation of vericiguat found it to be cost effective at a higher cost per QALY threshold than SGLT2i. However, there is a lack of clinical or real-world data regarding whether vericiguat would be prescribed on top of newer treatments or in lieu of them. Sacubitril/valsartan has been commonly compared to enalapril in cost effectiveness analysis and has been found to be similar to that of SGLT2i but was not considered a cost-effective treatment for heart failure with reduced ejection fraction in Thailand and Singapore with the current economic evaluation evidences. In order for more precise analysis on cost effectiveness analysis, it is necessary to take into account the income level of various countries as it is certainly easier to allocate more financial resources for the intervention, with greater effectiveness, in high- and middle-income countries than in low-income countries. This review aims to evaluate evidence and cost effectiveness studies in more recent HF drugs i.e., SGLT2i, ARNi, ivabradine, vericiguat and omecamtiv, and gaps in current literature on pharmacoeconomic studies in HF.
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INTRODUCTION
Heart failure (HF) has become recognised as a public health concern that imposes high economic and societal costs worldwide (Di Tanna et al., 2019) as populations age and grow rapidly. HF management stems from the use of highly cost-effective angiotensin converting enzyme inhibitors (ACEi) and β-blockers (BB) to the use of newer drugs such as sodium-glucose cotransporter-2 inhibitors (SGLT2i), angiotensin receptor neprilysin inhibitor (ARNi), ivabradine, vericiguat, and omecamtiv.
Cost of HF management comprises of several components such as hospital management for acute decompensation, physician and outpatient visits, pharmacological management, and home care. However, devised based treatments for mechanical circulatory support, such as implantable cardioverter-defibrillators, as well as new and emerging pharmacological treatment and diagnostics tests have now led to significant increases in HF-related costs. Relatedly, this has placed a huge burden on healthcare systems, and widespread implementation of all potentially beneficial therapies for HF could prove unrealistic for many nations, especially in low- and middle-income countries (LMIC) (Rohde et al., 2013).
In light of recent additions to HF treatment options, it is imperative to understand the economic implications relative to cost effectiveness profiles of the respective pharmacological options. Modelling studies of pharmacological treatments that report on cost effectiveness in HF can help to quantify the relationship between clinical outcomes and help to guide clinical decision making (Rohde et al., 2013).
The objective of cost-effectiveness analysis is to determine if the value of an intervention justifies its cost. More specifically, cost-effectiveness analysis estimates the incremental cost required to improve a selected clinical outcome (e.g., cost per year of life saved, cost per stroke prevented) (Weinstein and Stason, 1977). In estimating the cost-effectiveness ratio, cost is typically measured in dollars. Health benefit, however, may be expressed in a variety of ways. To facilitate comparisons across diseases, health benefit is often quantified as the gain in quality-adjusted life years (QALYs). QALYs are designed to capture the effects of an intervention on both length and quality of life and are calculated by estimating the years of life remaining for a patient following a particular treatment or intervention and weighting each year with a quality-of-life score (on a 0 to 1 scale) (National Institute for Health and Care Excellence, 2022). Specifically, time spent in less-than-ideal health is adjusted downward where the degree of adjustment is determined by the utility for that health state e.g., the utility for an individual’s present health state is 0.5 if the patient equates 2 years of life at their present health state with 1 year of life at ideal health (Rich and Nease, 1999).
In this article, we review evidence and cost effectiveness studies in more recent HF drugs i.e., SGLT2i, ARNi, ivabradine, vericiguat and omecamtiv, and gaps in current literature on pharmacoeconomic studies in HF.
TYPES OF COST EFFECTIVENESS ANALYSIS
Finite resource must be deployed effectively by policymakers in order for health progression while meeting new challenges and redressing inequities. This requires information on which interventions actually work, their cost, and experience with their implementation and delivery. Cost-effectiveness analysis is a way to examine both the costs and health outcomes of one or more interventions by comparing one intervention to another intervention (or the status quo) and approximating the costs required to gain a unit of a health outcome, e.g., a life year gained or a death prevented. Cost-effectiveness analysis helps identify ways to redirect resources to achieve more by demonstrating not only the utility of allocating resources from ineffective to effective interventions, but also the utility of allocating resources from less to more cost-effective interventions.
The decision tree
The simplest form of decision analysis models is the decision tree. Each mutually exclusive pathway begins with a “decision node” and goes through “chance nodes” to reach one of several “terminal nodes”. Payoffs are defined at each “terminal node” i.e., costs of healthcare and/or QALY. Incremental cost-effectiveness ratio (ICER) can be estimated by comparing the costs and QALYs for each pathway and treatment option (Thomas and Chalkidou, 2016). Decision trees are most useful when health events are clustered together without repetition, when health events occur quickly or not at all, and when ambiguity of treatment effects are clarified rapidly. A major limitation of a decision tree is its unidirectional flow and as such, may be more suitable for acute disease where all relevant outcomes can be captured in a short time period (Edlin et al., 2015a).
The Markov model
The Markov model (named after the Russian mathematician Andrei Markov) is a stochastic process that undergoes transitions from one state to another (Li and Zhang, 2009). In the healthcare context, it assumes that patients move between mutually exclusive health states in cycles of a specified length, with death being an absorbing state, because once an individual has entered the state, they must remain there. The probability of a patient remaining in the initial state or moving on into one of the other health states is captured in the model where transitions occur within a defined time period, known as a “Markov cycle”. In each model cycle, individuals have a certain probability of moving between health states, forwards and backwards. The length of model cycle can run for any period of time which allows for modelling up to a full lifetime of a patient (Edlin et al., 2015b; Graves et al., 2016; Komorowski and Raffa, 2016). In the case of heart failure, Markov models would be more ideal than decision trees. The main problem with Markov models is that they become very complicated when more states and more interactions between states are included, especially in the presence of time-dependent probabilities (Carta and Conversano, 2020).
Micro-simulation
Another decision analysis model is micro-simulation, an individual level state-transition model (Si et al., 2015). Micro-simulation models differ from decision tree or Markov frameworks by using individual level patient history to inform future risk; the other two models use cohort data and associate probability with the “average” patient (Briggs et al., 2006). Unfortunately, micro-simulations were rarely carried out in heart failure cost effectiveness analyses as most health utility estimates were derived from trial data (largely from the same trial for each particular drug). Further advantages and disadvantages of each type of analysis is shown in Table 1.
TABLE 1 | Types of cost effectiveness analyses and their advantages and disadvantages.
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Cost-effectiveness analyses can help to quantify the relationship between clinical outcomes and the economic implications of new pharmacological treatments in HF. Gathering evidence from these modelling studies will assist in advising clinical decision making in pharmacological treatment, especially due to substantial increase in costs of HF management and widespread implementation of all potentially beneficial therapies for HF could prove unrealistic for many. Table 2 shows a summary of the cost effectiveness studies included in this review.
TABLE 2 | Summary of cost effectiveness studies included in review.
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SGLT2i have recently risen in popularity in their use in HF. Several trials have been carried out to address this important knowledge gap, namely DAPA-HF, PRESERVED-HF, EMPA-REG OUTCOME, EMPEROR-Preserved, and SOLOIST-WHF. Multiple systematic reviews and meta-analysis have shown that SGLT2i reduce all-cause and cardiovascular mortality in HFrEF across subgroups of sex, age, and race, regardless of baseline diabetes status (Zannad et al., 2020; Cardoso et al., 2021; Tsampasian et al., 2021).
Dapagliflozin was the first SGLT2i approved for the treatment of HFrEF. Results from DAPA-HF have been used in multiple cost effectiveness studies (Mcewan et al., 2020; Yao et al., 2020; Krittayaphong and Permsuwan, 2021a; Liao et al., 2021b; Gil-Rojas et al., 2021; Isaza et al., 2021; Jiang et al., 2021; Parizo et al., 2021), of which two were multinational health economic analysis. One was simulated in Germany, Spain and United Kingdom (Mcewan et al., 2020), the other in the Asia-Pacific region (Korea, Australia, Taiwan, Japan, and Singapore) (Liao et al., 2021b). The Kansas City Cardiomyopathy Questionnaire (KCCQ) total symptom score was used for quality of life measure in DAPA-HF. McEwan et al. reported treatment with dapagliflozin increased life-years and QALYs by 0.58 and 0.48 respectively, and reduced lifetime hospitalisations for HF by 105 events per 1,000 patients (Mcewan et al., 2020). The threshold for willingness-to-pay used was £20,000/QALY where more than 90% of simulations were cost-effective. Isaza et al. reported an ICER of $68,300/QALY in the United States of America (USA) (Isaza et al., 2021) but Krittayaphong and Permsuwan reported an ICER of $2,191/QALY in non-diabetics and $1,527/QALY in diabetics. This substantial difference highlights the importance of local settings when calculating cost effectiveness. ICERs based on United States settings have a tendency to be higher due to higher drug unit costs (Hewitt et al., 2018). A study from China showed that dapagliflozin had a lower ICER than empagliflozin when compared to standard treatment in HFrEF (Jiang et al., 2021), indicating dapagliflozin may be the preferred choice of SGLT2i in HFrEF.
Fewer cost effectiveness studies have been conducted on other SGLT2i (Reifsnider et al., 2020; Liao et al., 2021a). Reifsnider et al. showed that empagliflozin had an ICER of £2,093/QALY using data from HF subpopulation data from the EMPA-REG OUTCOME trial (Reifsnider et al., 2020). Liao et al. used transitional probabilities derived from the EMPEROR-Reduced trial to demonstrate ICER of $20,508, $24,046, $8,846, $53,791, $21,543, and $20,982 in Taiwan, Japan, South Korea, Singapore, Thailand, and Australia respectively (Liao et al., 2021a).
Despite mounting evidence of the use of SGLT2i in HFrEF, there has been a lack of evidence of its use in heart failure with preserved ejection fraction (HFpEF) which accounts for the majority of all HF in the community. The EMPEROR-Preserved trial was designed to address this knowledge gap, followed by the PRESERVED-HF, SOLOIST-WHF, SCORED, and DELIVER trials. With the exception of DELIVER (which is expected to be published in 2022), the other trials have delivered promising results of the use of SGLT2i in HFpEF (Bhatt et al., 2020a; Bhatt et al., 2020b; Anker et al., 2021; Nassif et al., 2021; Packer et al., 2021; Solomon et al., 2021). DELIVER was designed to complement DAPA-HF which assessed the efficacy of dapagliflozin in patients with HFrEF, specifically in patients with and without diabetes. The results of both studies will be pooled to assess the effects of dapagliflozin across the spectrum of ejection fraction to allow for a wide range of patients with mildly reduced ejection fraction (Solomon et al., 2021).
Congestion and impaired renal function are hallmarks of all types of heart failure, including HFpEF, and appear to be ameliorated by SGLT2i. Therefore, SGLT2i may have beneficial effects across the range of LVEF by improving kidney function as chronic kidney disease is a major risk factor for adverse outcomes in HFpEF. SGLT2i also appear to improve diastolic function, reduce obesity, and visceral fat (including epicardial fat), reduce arterial stiffness, improve endothelial function, and reduce inflammation, all of which are important mechanisms of HFpEF pathogenesis (Solomon et al., 2021).
In line with recent NICE guidance (National Institute for Health and Care Excellence, 2021), the use of SGLT2i in the HFrEF population is beginning to increase. Hooper et al. (2021) found 85% of non-diabetic eligible patients were not treated with SGLT2i but predicted this figure is likely to fall significantly over the next year as awareness of this new treatment increases and local guidelines include this class of agent. Although the FDA has recently approved the use of empagliflozin in HFpEF, there is a lack of guideline-directed therapy for patients with HF with LVEF >40%.
Sacubitril/valsartan
Sacubitril/valsartan is the first angiotensin receptor neprilysin inhibitor (ARNi) for the treatment of HFrEF. PARADIGM-HF was a pivotal clinical trial that compared the effects of sacubitril/valsartan with enalapril and showed clinically relevant and statistically significant reduction in CV mortality and morbidity in patients with HFrEF (Krittayaphong and Permsuwan, 2018; Liu et al., 2021). This was followed by several smaller trials such as TITRATION, PRIME HF, EVALUATE-HF, PROVE-HF, PIONEER-HF, and TRANSITION. These trials highlight the range of use for sacubitril/valsartan, not only in chronic HF but also in the acute HF setting, suggesting the continuum of use across the outpatient and inpatient settings. However, CEAs have only been conducted in chronic HFrEF and acute decompensated HF.
PARADIGM-HF was a large, multicentre trial in the ambulatory setting while PIONEER-HF was designed specifically designed to assess outcomes in the acute in-hospital setting. This led to differing utility values from both trials and hence differing ICERs despite accounting for similar costs by Chin et al. (2020) and Perera et al. (2019). In this case, the studies by Perera et al. (2019), Gaziano et al. (2020), and Krittayaphong and Permsuwan (2021b) were the only ones which investigated acute decompensated HF, of which only the study from Thailand showed ICER below their local threshold.
A real-world effectiveness evaluation of sacubitril/valsartan by Proudfoot et al. (2021) indicated that most studies reported superior efficacy of sacubitril/valsartan in reducing the risk of HF hospitalisations, all-cause hospitalisations, and all-cause mortality as compared to standard of care. A significant improvement in NYHA functional class was observed, with studies reporting improvement in health-related quality of life (HRQoL). Although current guidelines for HF recommend ACEi/ARB as first line treatment, a systematic review by Tromp et al., 2022) has recently found that the combination of ARNi showed a smaller probability of all-cause mortality compared to ACEi/BB.
Despite regulatory approval in 2015, there has been poor uptake of sacubitril/valsartan for clinical use. As the drug acquisition cost of sacubitril/valsartan is higher than that of an ACEi, an estimation of expected costs and benefits is necessary for reimbursement by national payers in order to determine value for money. Various cost effectiveness analyses for sacubitril/valsartan in HF showed that the ICERs ranged from $1,890/QALY (Zakiyah et al., 2021) to $14,3891/QALY (Zueger et al., 2018). Although ICERs from most studies were below the implemented country-specific thresholds with the exception of Thailand and Singapore (King et al., 2016; Sandhu et al., 2016; Ademi et al., 2017; Van Der Pol et al., 2017; Gandjour and Ostwald, 2018; Krittayaphong and Permsuwan, 2018; Liang et al., 2018; Mcmurray et al., 2018; Zueger et al., 2018; Borges et al., 2020; Gaziano et al., 2020; Zakiyah et al., 2021), they were still less cost effective than dapagliflozin and empagliflozin. These studies used standard drug treatment of enalapril/lisinopril as comparators. With limited healthcare resources, compared with enalapril, sacubitril/valsartan may not be considered as a cost-effective strategy for chronic HF in Singaporean and Thai healthcare perspectives (Liu et al., 2021).
Ivabradine
Ivabradine is a selective If channel blocker that inhibits the pacemaker current of the sinoatrial node cells, which results in a reduced heart rate without affecting or lowering of blood pressure, or modification of cardiac contractility, or adverse modulating on the sympathetic system (Das et al., 2017; Badu-Boateng et al., 2018). The results from the SHIFT trial indicated that ivabradine therapy reduced CV death or hospitalisation, increased life expectancy and improved life quality in HFrEF. A range of economic evaluation studies of ivabradine simulated ICERs ranging from $10,616/QALY in Thailand (Krittayaphong et al., 2019) to $55,600/QALY in United States (Rashki Kemmak et al., 2021), indicating that ivabradine is more cost effective than sacubitril/valsartan but less than empagliflozin and dapagliflozin. In this case, SGLT2i should be added on to HFrEF treatment before ivabradine.
Vericiguat
Vericiguat is a novel oral soluble guanylate cyclase stimulator which enhances the cyclic guanosine monophosphate (cGMP) pathway by directly stimulating soluble guanylate cyclase through a binding site independent of nitric oxide (Armstrong et al., 2020b; Lombardi et al., 2021). In the VICTORIA trial, patients with HFrEF were found to have lower CV death and hospitalisation. Cost effectiveness models based on data from this trial compared vericiguat to standard of care, leading to an ICER of $82,448/QALY. This placed vericiguat generally within the same cost effectiveness region as sacubitril/valsartan.
In patients with HFpEF, there have been contradicting evidence from two different trials, where vericiguat improved the pre-specified exploratory endpoint of KCCQ Clinical Summary Score by mean 19.3 points in the SOCRATES-PRESERVED (Pieske et al., 2017) but the VITALITY-HFpEF found that vericiguat did not improve the physical limitation score of the KCCQ (Armstrong et al., 2020a). Although some differences in characteristics of the study population may have led to this difference in findings and the lack of benefit with nitrates and phosphodiesterase inhibitors suggest that direct soluble guanylate cyclase stimulation with vericiguat is ineffective, further study in this area is warranted before excluding its use in HFpEF.
Omecamtiv
Omecamtiv mecarbil is a direct cardiac myosin activator currently being studied in the GALACTIC-HF trial. It increases systolic ejection time and stroke volume, improves ventricular remodelling, and decreases natriuretic peptide concentrations in patients with HFrEF. Post hoc analysis of results from the GALACTIC-HF trial showed that omecamtiv mecarbil may provide a clinically meaningful reduction in time to first HF event or CV death in patients with severe HF (Felker et al., 2022). Currently, there are plans for FDA approval of the drug in the coming year (Tilyou, 2021). Cost effectiveness analyses based on results from the GALACTIC-HF trial will be useful in order to quantify the benefit of omecamtiv mecarbil once it has received regulatory approval.
GAPS IN STUDIES AND POTENTIAL FOR FUTURE DEVELOPMENT
Of all the pharmacological treatment measures reviewed in this article, SGLT2i have the most extensive cost effectiveness analyses. Evaluation of the aforementioned cost effectiveness analyses shows that sacubitril/valsartan has the greatest range of ICERs (Figure 1). Baseline CV mortality risk score is the most commonly evaluated model drive in pharmacoeconomic evaluation of HF. It should be noted that there are few studies that evaluate treatment time horizon and hospitalisation costs. Furthermore, there is clearly a lack of studies that model rehospitalisation changes explicitly, only one study in this review included hospital readmissions in its cost evaluation (Wu et al., 2020). This is empirical in the case of HF as patients with HF who have previously been hospitalised have elevated rehospitalisation rates and increased care costs (Rohde et al., 2013).
[image: Figure 1]FIGURE 1 | Range of incremental cost effectiveness ratios for dapagliflozin, empagliflozin, sacubitril/valsartan, ivabradine, and vericiguat in heart failure (HFrEF and HFpEF) patients.
Evaluation of the economic and societal implications of HF should take into account indicators of (re) hospitalisation which can provide crucial information beyond classification instruments and offer further details about patient profiles. However, one should be cautious with the use of generalised indicators for hospitalisation in a model structure due to potential for bias, as skewing in observations and related costs could occur in cases of multiple hospital visits (Di Tanna et al., 2019). The use of urgent heart failure visits as an endpoint could also be beneficial for modelling purposes as these visits which require intravenous diuretic therapy have been a component of the primary endpoint of several prior heart failure trials, including DAPA-HF, and have proven to be both prognostically similar to heart failure hospitalisations and similarly discriminative of treatment effects in several trials (Solomon et al., 2021).
Social perspectives as well as other costs can affect the cost effectiveness of various pharmacological treatment, especially if the drug of choice is costly, and these costs vary between countries. In evaluating cost effectiveness analyses, the threshold chosen by each country can have a significant impact on these results. Country income levels are likely to influence the ratio between the consumption value of health and threshold for health due to varying healthcare budgets. Limitations in increase of tax revenues are often a reason for constrained healthcare budgets (Woods et al., 2016), especially for LMICs. As drug costs differ in each country, the relative ratio of the new drug against the comparator tend to fluctuate. However, the disparity is more apparent in LMICs where low-cost generics of standard therapy (e.g., ACEi) are substantially cheaper that these newer drugs, and as such it may not be ideal to compare cost effectiveness analyses from high income countries to that of LMICs.
The disparity in choice of time horizons used in cost effectiveness studies reflects some variability in model structure. When simulated horizons are prolonged, respondent ICER tend to decrease (Yao et al., 2020). Variation in treatment time horizons affects the ICER as one that is too short may be unable to capture the benefit of the medication. For example, Zueger et al. (2018) showed an ICER of USD$143891 for sacubitril/valsartan when compared with enalapril over 5 years while King et al. (2016) showed an ICER of USD50959 over a lifetime (approximated over 40 years). Similar costs were taken into account for both studies, the main difference was he length of the time horizon. This should also be taken into account when evaluating cost effectiveness analyses. Moreover, there has been a shift in trend away from cost-effectiveness analysis carried out using clinical trial data (or extrapolations from these) towards a modelling-based approach for example using Markov modelling. The use of a Markov model in this case is more ideal as heart failure has a continuous risk over time and has the possibility of more than one major event (e.g., (re) hospitalization, death). The use of deterministic sensitivity/scenario analysis and/or probabilistic sensitivity analysis is also essential to assess in detail the parameter uncertainty and the impact of key variables in the cost-effectiveness profiles.
One of the limitations of this review is we are unable to address the cost effectiveness of ivabradine, vericiguat, and omecamtiv appropriately due to the lack of studies on these newer drugs. As such, there is a need to address this gap in knowledge as well as looking into CEAs of sacubitril/valsartan in other conditions of HF aside from chronic HF and acute decompensated HF.
Furthermore, cost effectiveness studies that evaluate pharmacological therapy in HFpEF remains unexplored. As HF patients with less severe conditions and greater ejection fraction may obtain less benefit from add-on therapy, the cost-benefit ratio of using expensive pharmacological therapy may be smaller, hence greater ICER. As such, some drugs may only be cost effective in certain subgroups of patients.
HF treatment may also be guided by testing for B-type natriuretic peptide (BNP). BNP is a cardiac neurohormone secreted from the ventricles in response to ventricular volume expansion and pressure overload (Moe, 2006), whereby its increased presence in the blood is indicative of a higher risk of heart attack, heart failure or death (Lainchbury et al., 2009; Pfisterer et al., 2009; Porapakkham et al., 2010). Many clinical studies now recommend the use of BNP testing for diagnosing acute HF instead of the common and non-invasive method of echocardiography (Doust et al., 2006; Yoo, 2014). However, there is uncertainty about the cost effectiveness of BNP testing. A systematic review by Jafari et al. (2018) concluded that the use of BNP testing in patients with heart failure may reduce cost compared to the symptom-based clinical care and increase QALY. Treatment of HF should not only take into account cost of treatment but also possible testing for markers such as BNP which may improve cost effectiveness of treatment. However, it is to be noted that there has been a lack of cost effectiveness studies of BNP testing in LMICs, hence, an area to be further investigated.
CONCLUSION
In order for more precise analysis on cost effectiveness analyses, it is necessary to take into account the income level in various countries as it is certainly easier to allocate more financial resources for the intervention, with greater effectiveness, in high- and middle-income countries than in low-income countries. Although cost effectiveness analysis on newer pharmacological treatments such as SGLT2i, ARNi, ivabradine, vericiguat, and omecamtiv in HFrEF have been established, there is still a paucity of evidence for their use in HFpEF.
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The identification of pharmacogenetic factors that increase the susceptibility to clozapine-induced agranulocytosis or granulocytopenia (CIAG) has received increasing interest. The SLCO1B3-SCLO1B7 variant (rs149104283) and single amino acid changes in human leukocyte antigen (HLA) HLA-DQB1 (126Q) and HLA-B (158T) were associated with an increased risk of CIAG. In this study, we evaluated the effectiveness and cost-effectiveness of adding the SLCO1B3-SCLO1B7 to HLA variants as a new pharmacogenomic (PGx) approach and explored the evolution of a cohort of schizophrenic patients taking long-term clozapine as a third-line antipsychotic medication. The decision model included probabilistic and deterministic sensitivity analyses to assess the expected costs and quality-adjusted life-years (QALYs). The current monitoring scheme was compared with the PGx-guided strategy, where all patients underwent pre-emptively a genetic test before taking clozapine, over 10 years. By adding the SLCO1B3-SCLO1B7 variant into HLA variants, CIAG sensitivity increased from 36.0% to 43.0%, the specificity decreased from 89.0% to 86.9%, and the probability of cost-effectiveness improved from 74.1% to 87.8%. The incremental cost-effectiveness ratio was £16,215 per QALY and remained below the conventional decision threshold (£30,000 or US$50,000 per QALY). Therefore, the SLCO1B3-SCLO1B7 variant, as an additional risk allele to HLA variants, increases preemptive test sensitivity and improves the effectiveness and cost-effectiveness of PGx-guided clozapine administration.
Keywords: clozapine, agranulocytosis, granulocytopenia, genotype testing, pharmaco-genomics (PGx), pharmaco-economics, human leukocyte antigen (HLA), schizophrenia
1 INTRODUCTION
In most Western and Asian countries, approximately 1%–3% of patients taking clozapine (CLZ) experience severe neutropenia that occurs within several weeks of treatment (J M Alvir et al., 1993). However, drug-induced granulocytopenia and agranulocytosis are distinct phenotypes with different etiologies, risk factors, evolution dynamics, and distinct outcomes. CLZ-induced neutropenia usually occurs after 1–2 weeks of exposure and is more frequent in Africans with low baseline leukocyte count, and the degree of neutropenia depends on the dose and duration. CLZ-induced agranulocytosis (CIA) typically becomes obvious 2–8 weeks after the initiation of therapy, has large idiosyncratic and genetic components, and is more frequent in Asians, females, and the elderly (Flanagan and Dunk, 2008); a low baseline leukocyte count was not associated with CIA.
A genome-wide association study detected that the human leukocyte antigen (HLA) region (single amino acid changes in HLA-DQB1 (126Q) and HLA-B (158T)) (Goldstein et al., 2014) and SLCO1B3-SCLO1B7 (rs149104283) (Legge et al., 2017) were associated with genetic susceptibility to CIA in European ancestry. The association of HLA and SLCO alleles with an increased risk of agranulocytosis suggests an immune-mediated mechanism combined with an altered function of drug influx transporter that could affect myeloid precursors translating into CIAG (CIA + CLZ-induced granulocytopenia (CIG)). Influx transporter polymorphisms with altered activity have also been implicated in further adverse reactions of simvastatin-induced myopathy (E. Link et al., 2008) and docetaxel-induced neutropenia (Chew et al., 2012). The SLCO1B3-SCLO1B7 (rs149104283) variant is an intronic single-nucleotide polymorphism to transcripts of the hepatic transporter genes SLCO1B3 and SCLO1B7 (Legge et al., 2017), which could at least partly explain the pharmacokinetic origin of neutropenia.
Pharmacogenomic (PGx) profiles and information could be integrated into clinical settings to reduce CLZ discontinuation for hematological concerns and to improve mental health outcomes. This is particularly topical because current strategies for monitoring leukocyte count in patients taking CLZ remain based on divergent national schemes that are not cost-effective (Girardin et al., 2014). For patients taking CLZ in the US, the UK, Switzerland, and Japan, HLA genotype-guided blood monitoring appeared to be a cost-effective strategy compared with either absolute neutrophil count monitoring or CLZ substitution by other less effective antipsychotics (Ninomiya et al., 2021); (Girardin et al., 2019).
In this study, we investigated whether adding the SLCO1B3-SCLO1B7 variants to the HLA PGx-guided approach is efficient to leverage the performance in predicting CIAG development in patients taking CLZ as a third-line antipsychotic medication.
2 MATERIALS AND METHODS
2.1 Decision analytic model and PGx-guided strategy
We evaluated the effectiveness and cost-effectiveness of adding the SLCO1B3-SCLO1B7 variant (rs149104283) to HLA variants as a new PGx approach in patients taking long-term CLZ (Figure 1).
[image: Figure 1]FIGURE 1 | Decision tree schematic. The “Standard-of-care (no genetic testing)” compared with the “PGx-guided treatment schedule.” CIAG, clozapine-induced agranulocytosis/granulocytopenia.
To compare the results with the current absolute neutrophil count monitoring schemes conducted in the UK as base-case, we used a decision model to explore the evolution of a cohort of adult men and women who received CLZ as a third-line antipsychotic medication.
To assess the model and parameter uncertainty and to test the robustness of findings based on increased PGx test sensitivity (after incorporating the SLCO1B3-SCLO1B7 variant), the Markov model included deterministic and probabilistic sensitivity analyses to calculate the expected costs and quality-adjusted life-years (QALYs) over 10 years. We compared current monitoring schemes with a “PGx-guided strategy,” where all patients underwent pre-emptively a genetic test before taking CLZ.
Derived from previous analyses, the decision model was based on two mutually exclusive strategies, namely, the “PGx schedule” and the “common schedule without genetic testing as a standard-of-care” (Ninomiya et al., 2021).
PGx-guided treatment schedule: In this scenario, all patients underwent genetic testing and were divided into two groups based on the presence of risk alleles. The risk of developing CIAG was higher in patients with risk alleles than in those without risk alleles. However, due to the low positive predictive value of this genetic testing (approximately 10%), not all patients with risk alleles developed CIAG. Furthermore, antipsychotic substitution was less efficient in achieving quality of life than clozapine treatment. Thus, having risk alleles does not indicate discontinuation of the CLZ treatment in clinical setting. Therefore, we set up a scenario analysis from the base-case where patients with risk alleles receive clozapine, and it is expected that a priori information of the specific patients with genetic risk would alert the psychiatrists’ attitude. The overall CIAG onset rate should be reduced with the psychiatrists’ awareness of the potential risk and sensitivity to CIAG in these patients. Genetic variants (rs149104283 and HLA-DQB1 (126Q) and HLA-B (158T)) will be considered as additional risk alleles, and prescribers should apply stringent blood monitoring or early “temporary cessation” of CLZ treatment to avoid the “complete discontinuation” of CLZ treatment, which are expected to reduce the overall CIAG onset rate. The CIAG prevention rate was set at 30%, based on previous findings (Ninomiya et al., 2021). Blood monitoring was conducted weekly in the first 18 weeks of CLZ treatment and then every 2 weeks, in accordance with the Clozaril Patient Monitoring Service (CPMS) protocol. If CIAG occurred, CLZ treatment was discontinued and switched to substitute antipsychotic treatment.
In the vast majority of cases, patients did not harbor risk alleles and follow the “Standard-of-care (no genetic testing)” (see below).
Standard-of-care (no genetic testing): This corresponds to the current monitoring schedule used in Japan and most Western countries.
In brief, during 18 weeks of CLZ treatment, weekly blood monitoring is performed, and after that, blood monitoring occurs every 2 weeks. However, if the white blood cell count (WBC) or absolute neutrophil count (ANC) decreases to <3,000/mm3 or 1,500/mm3, CLZ treatment should be discontinued (rechallenging for patients with CIAG is also prohibited unless the CPMS committee gives permission based on the clinical course) at that moment. The relaxation of the criteria for the entry to the UK CLZ central non-rechallenge database has been modeled recently (Oloyede et al., 2022).
In these models, the possibility of CLZ discontinuation due to WBC cutoff (<3,000/mm3) was not considered because the definition of “WBC count” does not usually indicate CLZ discontinuation (in such cases, the ANC usually decreased to 1,500/mm3) (Myles et al., 2018).
All patients received CLZ treatment and if CIAG occurred, CLZ treatment was discontinued and switched to substitutional treatment.
2.2 Population, model structure, and parameters
The target population was identical to that reported previously (Girardin et al., 2019): adult men and women from the UK with treatment resistance schizophrenia who are eligible for CLZ treatment. We used a Markov model for assessing the transition probability (cycle length: 1 month). The model incorporated the health status of the patients to reflect that they received either CLZ or substitute antipsychotic treatments.
Key driving parameters were previously identified: 1) CIAG prevalence (3.43%) (Freeman et al., 2016); 2) cost of treatment for CIAG (£469.48) (Jin et al., 2019); 3) cost of CLZ/day (£1.23) (National Health Service in the UK, 2019), (Heeg et al., 2008); 4) cost of substitute/day (£5.11), which was calculated by weighting the cost × the percentage of the first-line drugs used in the UK (risperidone: 21.5%, aripiprazole: 10.8%, olanzapine: 19.7%, quetiapine: 42.8%, and amisulpride: 5.2%), because one type of second-generation antipsychotic is commonly prescribed for schizophrenia in the UK (National Health Service in the UK, 2019), (Patel et al., 2014); 5) cost of genetic tests (£110: we assumed £100 for HLA typing and £10 for rs149104283 genotyping); 6) cost of regular blood test/month (£10.6); 7) utility for patients undergoing CLZ treatment (0.693), which was estimated from the report on the basis of the EQ-5D index score (Sullivan and Ghushchyan, 2006); 8) utility for patients undergoing substitute treatment (0.560), which was estimated from the report on use of standard gamble, rating scales, and paired comparison questions (Revicki et al., 1996); and 9) the CIAG prevention rate [30% (Ninomiya et al., 2021)] (Table 1). The costs related to medical fees were calculated according to the direct Medical Care Expenditure based on the National Health Service in the UK (April 2019) (National Institute of Public Health, 2019).
TABLE 1 | Input parameters.
[image: Table 1]Aggregated sensitivity and specificity of allelic variants [rs149104283 (Legge et al., 2017), HLA-DQB1 (126Q), and HLA-B (158T) (Goldstein et al., 2014)] were calculated as follows:
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The outcomes included the mean cost-per-patient and QALY-per-patient for calculating the incremental cost-effectiveness ratio (ICER) for 10 years.
Probabilistic sensitivity analysis was performed using Monte Carlo simulations by varying input parameters (95% confidence intervals or clinically reasonable ranges). We set the number of simulations to 100,000 based on randomly assigned parameters. We obtained the costs and QALY values for both strategies and calculated the ICER based on the following formula:
[image: image]
The discount rate of 3.5% was applied to the costs and QALYs. The cost-per-QALY thresholds were set at £30,000, as recommended in the UK guidelines (National Institute of Public Health, 2019).
The sample size of the combined CLOZUK and CIAG Consortium (CIAC) (229 cases and 13,553 controls) had 80% power to detect a relative risk (RR) > 3 with minor allele frequency (MAF) > 0.10 at p < 5 × 10–8. We defined “undetected risk variants” (RR ≤3; MAF, ≤0.10) that can be a detectable risk by increasing the sample size, with various allele frequencies and relative risks. To estimate the minimum number of cases required, we used the Genetic Association Study Power Calculator (Goncalo, 2017).
The sensitivity and specificity derived from MAF and relative risk for “undetected risk variants” and those from HLA-DQB1 (126Q), HLA-B (158T), and SLCO1B3-SLCO1B7 yielded calibrated sensitivity and specificity estimates. We set the cost for additional genetic tests ranging from £110 to £130 to reflect the probability.
All CEAs followed the Guideline for Preparing Cost-Effectiveness Evaluation to Consolidated Health Economic Evaluation Reporting Standards (CHEERS) guideline (Husereau et al., 2013).
TreeAgePro® (2019 version, TreeAge Software Inc. MA, United States) was used for the decision model, sensitivity analyses, and simulations.
3 RESULTS
Our findings indicated that if the SLCO1B3-SCLO1B7 variant was added to HLA variants, CIAG sensitivity increased from 36.0% to 43.0%, and the specificity decreased from 89.0% to 86.9%. Based on the CIAG incidence of 3.43% and test sensitivity of 0.43, the number of patients needed for genotyping was estimated as follows: (100/(3.43 × 0.43). Overall, 68 screened patients were needed to prevent one case of CIAG and 232 patients were needed to prevent one case of severe CIA (<500/mm3). These estimates approximate previous estimations with agranulocytosis prevalence but with lower single HLA genotyping sensitivity (Girardin et al., 2019).
From a pharmaco-economic perspective, the probability of cost-effectiveness improved from 74.1% to 87.8%, and the ICER was £16,215 per QALY, indicating that it remained well below the conventional decision threshold (£30,000 or US$50,000 per QALY).
Hence, the PGx-guided schedule appeared as an acceptable alternative to the current blood monitoring schedule (standard-of-care) (Figure 2). To comprehend the effects of specificity reduction, we conducted one-way sensitivity analysis for sensitivity and specificity, respectively (Figure 3). Better ICERs were obtained when we increased the sensitivity; however, the ICERs did not change when various specificities were examined.
[image: Figure 2]FIGURE 2 | Results of probability sensitivity analysis [HLA-DQB1 (126Q), HLA-B (158T) and rs149104283] (A) Cost-effectiveness acceptability curve (B) Scatter plot for incremental cost and effectiveness: green dots indicate ICERs within willing to pay (WTP) threshold and red dots indicate out of the threshold.
[image: Figure 3]FIGURE 3 | Results of one-way sensitivity analysis (A) Sensitivity analysis: varying “sensitivities” (B) Sensitivity analysis: varying “specificities”, ICER incremental cost-effectiveness ratio.
We considered a further scenario where the “undetected risk variants” have a relative risk of three and an allele frequency of 5%: we found increased CIAG sensitivity from 43.0% to 56.8% and the specificity decreased from 86.9% to 78.9% by adding the “undetected risk variants” into the HLA and SLCO1B3-SCLO1B7 (rs149104283) variants. Under these hypothetical conditions, the probabilistic estimate of the total cost was £4,278 and that for QALYs was 5.83134 for the PGx-guided strategy. The expected ICER was calculated at £11,819, and the probability of cost-effectiveness was 94.8%, indicating that even under the assumption of further undetected risk alleles, the PGx-guided strategy remained within the acceptable range of cost-effectiveness (Supplementary Figure S1).
Further results and findings associated with an increased relative risk and MAF scenario are provided in Table 2. The number of required cases will be increased obviously if the relative risk and allele frequency decrease. However, it is of note that the ICERs for any relative risk will be smaller than the ICER for the base-case (HLA + SLCO1B3-SLCO1B7 variants), if the MAF is greater than 2.5%.
TABLE 2 | The number of cases to obtain 80% power under various relative risk and allele frequency of SNPs, and ICER for each model.
[image: Table 2]4 DISCUSSION
To the best of our knowledge, this study is the first comparative cost-effectiveness analysis using two alternative strategies based on pharmacogenomic testing of the SLCO1B3-SCLO1B7 variant in addition to single HLA alleles. Furthermore, as future scenario analysis, if more risk variants will be detected and integrated into this model, even lower ICERs can be obtained as a collateral effect of incorporating additional PGx results.
CIAG or CIA alone impacted the number needed to genotype because the prevalence rates were significantly different (1% vs 3.43%). The pharmacoeconomic findings indicated that the extended PGx approach yielded an ICER of £16,215 per QALY, which remained well below the willing to pay threshold for one additional QALY (i.e., <£30,000/QALY or < US$50,000 per QALY). Furthermore, we used a probabilistic framework to explore joint parameter uncertainty and whether parameter variability is translated into outcome variability to capture the costs and consequences, as shown on the cost-effectiveness acceptability curve (Figure 2): incorporating the SLCO1B3-SCLO1B7 variant to HLA variants improved the probability of cost-effectiveness from 74.1% to 87.8%.
In this model, the genetic test sensitivity, which improved from 36.0% to 43.0%, largely contributed to cost-effectiveness improvement, even though the test specificity decreased marginally from 89.0% to 86.9%. This is supported by our probabilistic sensitivity analyses.
This result also indicates that increasing the “risk” variants improves PGx test sensitivity and cost-effectiveness. As mentioned in Table 2, even small risks have a significant impact on ICER. However, sensitivity limits exist, which largely depend on the novel PGx evidence.
Psychiatrists’ prior information for identifying the risk of CIAG could facilitate the use of CLZ, which has economic and clinical benefits for managing patients with treatment-resistant psychosis, such as schizophrenia, or neurodegenerative diseases with extrapyramidal syndromes. Even though the translation processes with clinical implementation of PGx, including proof of effectiveness and cost-effectiveness, have been emphasized (Swen et al., 2007), these findings expand the knowledge for optimizing resource allocation and wisely choosing campaigns (Cassel and Guest, 2012). Moreover, intensive blood monitoring requirements associated with CLZ prescription could delay drug initiation and impede patient recovery. Regulatory agencies, including the Food and Drug Administration, revised the requirements for blood monitoring and dispensing of CLZ with updated risk evaluation and mitigation strategies. Revisions include prescribing CLZ for patients with benign neutropenia and using algorithms and artificial intelligence-based tools for patients who benefited from atypical antipsychotic medications but had CIAG. Recently, a modeling study indicated that the CLZ rechallenging success after patients’ hematological parameters falls below particular thresholds, namely, the CLZ central non-rechallenge database (CNRD); the success rates were similar between individuals who did not meet the CNRD registration criteria and those who did meet those criteria (Oloyede et al., 2022).
The limitations of the study, considering preemptive implementation of PGx-guided CLZ prescription, are undoubtedly related to assumptions regarding the consequences of limited test sensitivity. As we considered the SLCO1B3-SCLO1B7 variant, genotyping performance remains the driving parameter for generalizable genetic testing. It is hardly advisable to stop blood monitoring without formal pilot studies and transition periods. The second limitation is the restricted long-term data in registries: this analysis could not extend beyond 10 years of observation without strong assumptions. Eventually, because we used a third-party payer perspective, we could incorporate neither intangible costs, such as productivity loss related to premature death, nor unintended follow-up benefit.
The study strengths are the key parameters derived from a large CIAG consortium. The decision analytical framework was built using various deterministic and probabilistic sensitivity analyses, with conservative estimates and scenarios, to provide robust results. The costs were derived from hospital statistics and diagnosis-related group rates derived from hospital admissions.
We concluded that adding risk alleles to HLA variants would increase test sensitivity and improve the effectiveness and cost-effectiveness of PGx-guided CLZ administration.
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Introduction: Regulatory agencies encourage the incorporation of the patient voices throughout clinical drug development. Patient-Reported Outcomes (PROs) offer one way of doing this and their use has markedly increased in many therapeutic areas, particularly oncology, in recent years. However, few oncology drug labels include PRO data and those which do, offer little consistency.
Objective: To provide multidisciplinary perspectives (patient, pharmaceutical industry, PRO researcher, regulatory expert) on PRO data in oncology drug labels.
Methods: PRO data in the labels of drugs approved by the Food and Drug Administration (FDA) and European Medicines Agency (EMA) for oncology indications between 2010 and 2020 were critically reviewed by authors who provided their insights on the advantages and disadvantages/gaps.
Results: Forty-six oncology drugs included PRO data in their labels. Differences were observed between FDA and EMA PRO labeling (e.g., PRO concept, use of tables and graphs to display PROs or reference to clinical meaningfulness). In providing their perspectives on the number and nature of PROs in labels, authors noted limitations including: the low proportion of oncology drugs with PRO labeling, limited PRO information in labels, lack of patient-friendly language, and potential bias towards positive outcomes. Lack of consistency within- and between-agencies was noted.
Conclusion: Despite regulatory agencies’ commitment to incorporate patient voices in regulatory decisions, availability of PRO information is limited in oncology drug labels. While several PRO guidance documents are available from regulatory and Health Technology Assessment agencies, harmonization of PRO guidance for labeling inclusion around the world is needed to better inform prescribers and consequently their patients in the process of shared medical decisions.
Keywords: quality of life, patient reported outcome instruments, patient care, PRO labeling, oncology
1 INTRODUCTION
In the last decade, the weight of patient voices and the release of several official guidelines from the US Food and Drug Administration (U.S. Department of Health and Human Services Food and Drug Administration, 2019) (FDA) and European Medicines Agency (EMA Committee for Medicinal Products for Human Use, 2019) (EMA), strongly encourage sponsors to include Patient-Reported Outcomes (PROs) in clinical trials in many therapeutic areas, particularly in oncology. Inclusion of PROs in the clinical development of new drugs (Bottomley et al., 2019) has long been advocated by patients and healthcare providers to provide a patient-centered holistic understanding of the potential benefits and/or concerns associated with new drugs.
Over the past 10–15 years, systematic consideration and formal incorporation of PRO data into regulatory (U.S. Department of Health and Human Services Food and Drug Administration, 2019; EMA Committee for Medicinal Products for Human Use, 2019; U.S. Department, 2009; FDA, 2017; U.S. Department of Health and Human Services. Food and Drug Administration. Oncology Center of Excellence, 2018) and health technology (Ara and Wailoo, 2011; HAS. Transparency Committee doctrine, 2019; Böhme et al., 2021; Scope et al., 2022) agencies considerations and guidance has increased. The FDA (CDER, 2019) and EMA (EMA, 2019) have expressed interest in the patient perspective in regulatory decision-making in oncology. Specifically, FDA’s Center for Drug Evaluation and Research Patient-Focused Drug Development task force drafted four guidance documents to provide a framework and enhance the incorporation of patient voices in medical drug development and regulatory decision making (CDER, 2019). EMA has published their future regulatory science strategy (EMA, 2019) which similarly highlights opportunities to incorporate PROs and patient preferences into drug development and risk-benefit assessment (EMA, 2019). Both agencies have also published oncology-specific PRO guidances (U.S. Department of Health and Human Services Food and Drug Administration, 2019; EMA Committee for Medicinal Products for Human Use, 2019). These guidance documents highlight a role for PROs to inform benefit-risk appraisal for new drugs, and describe the potential inclusion of PRO data in drug labeling (i.e., US Prescribing Information and EU summary of product characteristics) where the evidence supports it. However, while multiple PRO guidelines are available from regulatory and Health Technology Assessment agencies, they are not always consistent. With potential differing regulatory approval standards across regions and countries, guidance surrounding PRO may naturally differ. In addition, Health Technology Assessment agencies and regulatory agencies may have different objectives regarding their assessment of PRO evidence. Nevertheless, a more harmonized approach across regions and agencies is desirable to maximize the utility of data and to ensure that drug development companies have an unambiguous direction to follow during protocol development, endpoint positioning, and pre-specified analyses. Some innovative oncology treatments extend life expectancy; PRO data may provide patients and physicians additional information and context about benefit-risk profile in those settings where several treatment options are available offering similar survival benefit.
PROs are also becoming more important in payer decisions to assess the full value and added value of new therapies. Examples include guidance from the European Network for Health Technology Assessment (EUnetHTA. Guideline, 2013), European Society for Medical Oncology (Dafni et al., 2017) and Institute for Clinical and Economic Review (Institute for Clinical and Economic Review, 2020) which highlight the potential role of PROs in determining the full value of therapies. The Institute for Clinical and Economic Review Value Assessment Framework (Institute for Clinical and Economic Review, 2020) specifies that if PROs have not been collected in the manufacturer’s clinical development program, the Institute for Clinical and Economic Review conducts a comprehensive literature review to identify observational studies providing this information (Institute for Clinical and Economic Review, 2020).
In addition to other platforms such as social media, medical literature, Project Patient Voice (PPV) or scientific congresses, the drug label is a potential avenue to communicate the patient experience to physicians and patients to inform prescribing decisions, but few oncology drugs have been granted PRO labeling (ERG, 2019; Gnanasakthy et al., 2019). Such patient experience information in the drug label could be leveraged to develop lay summaries published by the EMA; similar initiatives are underway in the US and in Canada (Barnes and Patrick, 2019). Several hurdles preclude PRO inclusion in labeling, including large amounts of missing data, concern about bias introduced by open label or uncontrolled trial designs, lack of sufficient evidence for the validity of the PRO instrument, and failure to include PROs in the endpoint hierarchy for statistical testing (U.S. Department, 2009; Gnanasakthy et al., 2019; Basch et al., 2015). Furthermore, the label is restricted by space, with limited flexibility to allow for full data description (FDA, 2022).
The current study aims to:
1) Review and appraise PRO data in both FDA and EMA labels of oncology drugs approved between 2010 and 2020; and
2) Conduct an assessment of the PRO data in FDA and EMA labels of oncology drugs. Assessment focused on the (in)consistency, relevance and clarity of PRO data across labels, advantages and disadvantages of PRO data being included in drug labeling, and opportunities for improvement. Each author provided an independent assessment, covering patient, PRO researcher, regulatory expert, and pharmaceutical industry perspectives.
2 MATERIALS AND METHODS
2.1 Identification of patient-reported outcomes labeling in oncology
An initial list of oncology drugs with PRO labeling was obtained from PROLABELS™ (Mapi Research Trust), a database containing PRO data from the US and EU labels published by the FDA and EMA, respectively, where at least one PRO domain and/or instrument is mentioned in the efficacy or safety sections of the main documents (Mapi Research Trust, 2022). Drug approvals, revisions and withdrawals are reviewed daily and updated on the PROLABELS™ database within 1 month (Mapi Research Trust, 2022).
The search was conducted in December 2020. Filters included “neoplasms” for therapeutic area and “PRO” for type of outcome assessment. The FDA US Prescribing Information and the EMA EU summary of product characteristics of oncology drugs approved between January 2010 and December 2020 were reviewed to characterize the PRO labeling in terms of PRO concept (health-related quality of life, patient preference, symptom, functioning, health status), instrument used to assess the PRO, and the format (text and/or table or graphic) and text of the PRO labeling. Irrespective of the number of PRO concepts or endpoints included in the label, a single PRO labeling per drug per indication was used in our metrics. Details of the study design, the endpoint hierarchy and the PRO-related analyses were also captured when available. Drugs approved for oncologic diseases that are considered benign (e.g., leiomyoma) were excluded; overall, four FDA and one EMA labels were excluded. In addition, the label of generics used in oncology and approved during this period were also excluded to avoid double counting. The label of drugs taken off the market were also excluded but biosimilars were not.
2.2 Appraisal of patient-reported outcomes labeling
The PRO data in the labels were reviewed by all authors and critically appraised from their perspectives which included that of patients (n = 1; Collyar), PRO researchers (n = 4; Chassany, Cella, Reaney, Uribarren), pharmaceutical industry (n = 3; Chen, Mastey, Quek), and regulatory experts (n = 1; Chassany). Authors were asked to answer six questions from their perspective(s) (Supplementary Table S1); each author could assess the label from more than one stakeholder standpoint based on their backgrounds. The questions were designed by one of the authors and approved by all authors. Authors provided their insights on the advantages and disadvantages/gaps of PRO data being included in drug labeling (question 1); and (in)consistency of PRO data across labels (question 2). They were also asked how informative and clear PRO data in labels are (question 3), and about the relevance of the PROs in the labels to them and whether PRO data from labels are used differently compared to PRO data from scientific publications (question 4). Finally, they were asked about improvements they would like to see in PRO labeling (question 5) and other avenues that may be appropriate for communication and presentation of PRO data (question 6). Each author answered the questions independently.
3 RESULTS
3.1 Oncology drugs with patient-reported outcomes labeling
Between 2010 and 2020, out of 169 (FDA: n = 108; EMA: n = 139) drugs approved in one or more oncology indications, 46 drugs included PRO data for at least one oncology indication in the FDA [n = 9/108 (8.3%) drugs in nine indications] or EMA [n = 42/139 (30.2%) drugs in 53 indications] labels. Five drugs included PRO data in both, FDA and EMA labels (Table 1; Supplementary Table S2). Among the oncology drugs with PRO labeling approved by EMA between 2010 and 2020, 77% (n = 41/53) of them were approved from 2015 onwards. All FDA oncology drugs with PRO labeling were approved from 2014 onwards (data not shown).
TABLE 1 | Overview of EMA and FDA PRO labeling in oncology.
[image: Table 1]PRO concepts in the FDA labeling (n = 9) included symptoms in 6 [66.7% with three referring to a single symptom (pain: n = 2; short of breath: n = 1)], and patient preference in 3 (33.3%) labels (Table 1). PRO concepts in EMA labeling (n = 53) included health-related quality of life in 39 (73.6%), functioning in 11 (20.7%), symptoms in 17 (32.1%) and health utility in 11 (20.7%) EU labels (Table 1). The focus on symptoms at FDA is in line with their PRO Guidance (U.S. Department, 2009) which emphasizes the intended and direct effect of treatment (sign/symptom improvement), while the focus on health-related quality of life at EMA is in line with their guidance (EMA Committee for Medicinal Products for Human Use, 2019) emphasizing the relevance of “consequences for the daily life and social functioning” of these core signs and symptoms. The most cited PRO instruments differed largely between FDA and EMA labels, i.e., European Organisation For Research And Treatment Of Cancer core Quality of Life Questionnaire (EORTC QLQ-C30) and the EuroQoL-5 dimensions (EQ-5D) for EMA vs. patient preference questionnaires for FDA (Supplementary Table S3). These differences are unlikely due to differences in the data submitted to these agencies but probably to differing evidence-related standards between FDA and EMA. These differences were also observed for those oncology drugs with PROs in both, the FDA and EMA, label (e.g., pain progression in the FDA abiraterone label for chemotherapy-naïve metastatic castration-resistant prostate cancer vs. pain progression and Functional Assessment of Cancer Therapy—Prostate [FACT-P] total score in its EU label).
In terms of study designs leading to the PRO labeling, 4 (44.4% of nine studies) and 28 (49.1% of 57 studies) were open-label for FDA and EMA approvals, respectively and one EMA approval cited a single arm study (Table 1). Whilst this reflects the oncology trial landscape, with oncology trials more likely to be single arm, open label, and nonrandomized compared to non-oncology trials (Hirsch et al., 2013)—primarily for practical reasons—this is inconsistent with the FDA and EMA stated concerns about interpretability of PRO data when studies are not double-blinded (EMA Committee for Medicinal Products for Human Use, 2019; U.S. Department, 2009).
Although guidance from FDA (U.S. Department, 2009; CDER, 2017) and EMA (EMA. Guideline, 2016) suggests that alpha-controlled endpoints are prioritized for labeling, some labels included text suggesting that the PRO data was derived from exploratory analyses (as a function of being completed post-hoc or not being alpha-controlled). It is uncommon for labels to report the endpoint hierarchy or whether the analysis plan was specified with alpha allocation. Based on the label information and further research in the Assessment Reports of EMA approvals, and the clinical and/or Statistical Reviews of FDA approvals, 2 (22.2%) and 8 (15.1%) of the FDA and EMA PRO labelings, respectively, related either exclusively or partly on exploratory endpoint, and 1 (1.9%) of the EMA labelings to post-hoc analyses of a secondary endpoint (Table 1). Two of the FDA PRO labelings were based on primary endpoints (patient preference in both cases).
Most FDA (78%) and EMA (94%) PRO labelings were communicated solely as text provided in section 14 (“clinical efficacy”) of the FDA label and section 5.1 (“pharmacodynamic properties”) of the EMA label. Of the FDA and EMA labels with PRO labeling, only 2 (22.2%) and 3 (5.7%), respectively had a table, and 2 (22.2%) and 0 a graph. The two FDA labels with tables and/or graphs included both (Table 2).
TABLE 2 | Format used to communicate the PRO labeling.
[image: Table 2]Among FDA labels, tables were used to provide the proportion of patients who improved (fedranitib, ruxolitinib). In EMA labels, tables provided average score at each visit (padeliporfin), change from baseline (mixed model repeated measures for osimertinib), proportion of patients who improved (afatinib) and median time to deterioration (afatinib). Regarding graphs, FDA labels for two drugs (fedranitib; ruxolitinib) each had a bar chart and a waterfall plot (Figure 1).
[image: Figure 1]FIGURE 1 | Type of graphs used in FDA labels to commnicate PROs. (A) Proportion of patients achieving ≥50% reduction in individual symptom scores at the end of cycle six with non-zero baseline scores. (B) Percent change from baseline in total symptom score at the end of cycle six for each patient in the phase three study, JAKARTA. The graphs in (A,B) were taken from the US product insert of fedranitib (Inrebic®). These two types of graphs are also included in the ruxolitinib (Jakafi®) US product insert.
Among the nine drugs with PRO data in their FDA labels, 2 (22.2%) were descriptive with no numerical data, p-value or reference to statistical significance or clinical meaningfulness of the data. p-values were reported in four labels (44.4%; Table 2). Two (22.2%) included the threshold used in the responder definition to define within-person meaningful changes and reported the proportion of patients with meaningful changes (all standalone analyses; e.g., “≥50% reduction in Total Symptom Score in 40% in the INREBIC group and 9% in the placebo group” in the fedratinib FDA label).
Among the 53 drugs with PROs in their EU label, PROs were descriptive for 37 (69.8%) of them with no numerical data, or p-values, however seven of these EU labels mentioned whether the outcomes were statistically significant or not. Overall, p-values were reported for 15 (28.3%) drugs. In addition, 13 (24.5%) reported the threshold used in the responder definition, 2 (3.8%) the proportion of patients with meaningful changes and 17 (32.1%) referred to the clinical meaningfulness of the mean change data [with 10 (e.g., brentuximab and obinutuzumab) of these labels not reporting the threshold; Table 2].
3.2 Multidisciplinary perspectives
3.2.1 Advantages and disadvantages or gaps of patient-reported outcomes data in labeling
Each author, from their collective perspectives, identified between four and nine advantages to having PRO data included in drug labels. The authors generally felt that PRO data inferred meaningfulness to patients (i.e., it was measuring a concept of interest), providing a more complete perspective of the benefit-risk profile of therapies for patients (see Table 3). Communicating this PRO data through the label reflects a willingness of regulators to reflect the patient perspective in approval documents, encourages consideration by payers, and allows the information to be proactively shared with clinicians and patients; all things perceived as an advantage by the pharmaceutical industry and/or PRO researchers. Having data in label also infers high data quality which can both be used to supplement clinician assessments of treatments and inform use of those treatments in clinical practice—seen as an advantage by the patients (Table 3). The patients, PRO researchers and pharmaceutical industry also discussed the appreciation that different labels reflected different PRO data. While it may be appropriate to consider a core set of outcomes for capturing the patient perspective of oncology medication (U.S. Department of Health and Human Services Food and Drug Administration, 2019), overall PRO strategies must also be considered in light of the specific population, treatment, and study design for a drug development program, with additional non-core outcomes important in certain situations. The wide-ranging PRO label claims (by concept and instrument) was seen as an advantage.
TABLE 3 | Advantages and gaps of PRO data in drug labeling from different perspectives.
[image: Table 3]Each author also identified disadvantages or gaps in current PRO labels. These differed across authors. Incomplete PRO data included in labeling may create a false sense of relevance or importance while implying irrelevance for that which is not included, according to patients and the pharmaceutical industry. That is, where multiple PROs were collected to provide a holistic picture, but where only some of that PRO data is represented in labeling, the overarching impact of treatment on areas important to patients may be missing. While the criteria for defining a PRO measure as “fit for purpose” to support regulatory labeling are well-established (EMA Committee for Medicinal Products for Human Use, 2019), there is a lack of clarity in some cases as to why some PRO label claims have been granted while others have not. This was highlighted from PRO researchers and regulatory expert standpoints.
The lack of consistency in label language was also highlighted and authors were explicitly asked about the impact of this inconsistency across drug labels. Authors acknowledged that different indications, populations and treatment lines may necessitate different approaches to measure outcomes that are important to patients. They also acknowledged the large number of PRO instruments available to oncology researchers. Inclusion of broad concepts in labels was considered as a reflection of the heterogeneity of patient experience within and across diseases, and a sign of regulatory willingness to capture the diversity of relevant patient experiences (Table 3). The authors also acknowledged that different stakeholders have an interest in different concepts. However, this creates difficulties to compare PROs across alternative treatments when conducting (network) meta-analyses; authors highlighted the need to identify core outcome sets or common data elements to assess across studies for PRO instruments (Table 3). Consistency on analytical approaches is also needed. From a regulatory expert perspective, inconsistency limits the possibility to train regulators and clinicians in interpreting PRO results (Table 3). Further, the lack of consistency and valuation of PRO data can create an ill-informed clinical environment, with different information about different concepts being used to make inconsistent decisions and to relay confusing information to patients. It also makes drug development difficult due to lack of clarity and consistency. The pharmaceutical industry may assume a precedent which may be unfounded (e.g., expectations of certain domains or endpoints being better valued by regulatory agencies based on previous PRO labelings); nevertheless, as feasible and as early as possible, pharmaceutical sponsors can and should engage with the FDA review divisions about the acceptability of their PRO endpoints prior to trial initiation. A further gap in PRO labeling from the pharmaceutical perspective is the under-representation of open-label or single-arm study designs.
3.2.2 Clarity of patient-reported outcomes and applicability of patient-reported outcomes in labeling
From the patient and pharmaceutical industry perspectives, PRO data in labeling are not clear, and plain language summaries should be (but rarely are) included to aid interpretation for non-experts (Figure 2A). The lack of clarity means that the data is rarely used in clinical consultations (based on patients’ perspective), even though this is one of the goals of the collection of PRO data (Figure 2B). Even for experienced researchers and regulatory experts, it is important to present data in a way that facilitates interpretation of meaningfulness of the PRO findings. Specifically, clinical meaningfulness of the changes observed and the direction of improvement should be better specified in labels and should be consistent with other communications of PRO data, including publications (PRO researchers). More details on the methodology (pharmaceutical industry) and specificity of the data (regulatory expert) are also warranted. In addition, multi-item scales may be more informative than single item scales (PRO researchers) and should be prioritized where clear and easy to interpret (Figure 2A).
[image: Figure 2]FIGURE 2 | Authors feedback on (A) clarity of PRO data in labeling, (B) applicability of PRO data from labeling PRO data from publications, and (C) needed improvements in the context of PRO labeling.
Authors considered the applicability of current PRO labeling as limited because they do not capture the full patient experience; only one or few of the concepts assessed in the registrational trials are captured in the label [e.g., labeling restricted to pain using the Brief Pain Inventory for abiraterone in the chemotherapy-naive setting with no reference to any Functional Assessment of Cancer Therapy—Prostate (FACT-P) domains such as prostate cancer symptoms, and impact of prostate cancer on social and family well-being, functional well-being, emotional well-being, physical well-being and quality of life]. All authors considered that when PRO instruments are fit for purpose and data are reliable, the label should include the same PRO endpoints that are communicated in other forums, such as publications (Figure 2B) with appropriate caveats, and that this information should be presented separately from other data to facilitate clarity.
Existing PRO labels are used, in part, to guide pharmaceutical industry and PRO researchers on the PRO strategy development for new drugs; although this information alone is rarely sufficient without understanding and stating the reasons why PROs were or were not included in the label (Figure 2B).
3.2.3 Potential improvements in patient-reported outcomes in labeling
Numerous improvements were proposed by the authors, mainly related to the clarity and consistency of PRO data presentation (see Section 3.2.2), further guidance and transparency in the decision-making process, inclusion of non-traditional PRO data which is important for patient decision-making in clinical practice, and the inclusion of appropriately caveated PRO data from open-label and single arm studies where design constraints are relevant and justifiable (Figure 2C). These study designs are becoming more common in oncology to support accelerated approval (Kanapuru et al., 2017). Additional suggested changes are inclusion of findings that fail to show statistical significance but are clearly explained (opposed to assuming that absence of data indicates a negative finding/lack of data), and language that is more easily interpretable for communication by physicians to patients and caregivers. PROs that may not be eligible for labeling could still be endorsed by regulatory bodies and made available using platforms such as PPV; a pilot online platform launched by FDA in June 2020 to facilitate patients, caregivers and healthcare providers access to patient-reported treatment-related symptom data collected from oncology trials (FDA, 2022). At the time of the review, only one study was included in the PPV website (see Supplementary Material). Effort should also be made to accept and adapt existing validated PRO instruments in the interim rather than solely promoting development of new instruments which often take time for international validation and uptake and may not align with clinical trial schedules (PRO researchers; Figure 2C).
4 DISCUSSION
Our findings suggest that despite the commitments from FDA and EMA to advance patient-focused drug development to capture the patient’s voice in clinical research, the role of PROs in regulatory labeling is still suboptimal. Even with the recent increase in the number of drugs with PRO labeling granted by FDA and EMA, the number of drugs with PRO data in the label, and the level of information provided in the label, underrepresents the available PRO evidence for oncology drugs. Unlike clinical endpoints such as overall survival for which all relevant information is generally provided, 22% of FDA and 57% of EMA labels do not provide any numerical estimates or refer to whether the PRO outcomes were statistically and/or clinically meaningful. Difficulty to interpret the PRO data in the labels has also been reported by others (Gnanasakthy et al., 2022).
Most PRO labeling relate to a single PRO concept, even when the registration trial assessed multiple ones. Inclusion of only selected PRO data may reflect a decision of the drug sponsor to submit partial data only or may result from a regulatory restriction; our analyses are unable to discern between these two possibilities. While it can be argued that not all PRO data may be sufficiently and scientifically robust, relevant, and interpretable to be included in the label, some of these data could also be made available on online platforms such as the FDA’s PPV, launched in June 2020 to communicate patient-reported treatment-related symptom data collected from oncology trials that are not included in the FDA label (FDA, 2022). However, since its creation, PPV provides data from only a single trial.
One of the factors that has limited PRO inclusion in labels is the unblinded nature of many oncology studies. Although there is evidence that the potential open-label bias for self-reported outcomes is much smaller than initially considered (Atkinson et al., 2017; Chakravarti et al., 2018; Mouillet et al., 2020; Efficace et al., 2022), and both FDA and EMA have shown willingness to include PRO findings from open-label studies in some oncology and non-oncology labels (Roydhouse et al., 2019), FDA has maintained that patients may provide biased reports of symptoms in trials that are either unblinded, or where study allocation could be revealed by differences in visible side effects between treatment arms (U.S. Department, 2009; Gnanasakthy et al., 2016). EMA is also concerned about potential bias in open label randomized studies but acknowledges that in certain cases the clinical evidence can only be obtained using this study design (EMA Committee for Medicinal Products for Human Use, 2019). Overall, 4 (44%) and 28 (49%) PROs in FDA and EMA labels, respectively, originated from open-label studies.
Another factor precluding inclusion of PRO in labels is failure to include PROs in the analysis hierarchy, often relegating them as exploratory endpoints. However, this does not preclude inclusion of PRO in labels even when the PRO endpoints are not included in the multiplicity hierarchy. PROs in 2 (22%) of the FDA labels were based on either exploratory endpoints or exploratory analyses of secondary endpoints. For EMA approvals, only two labels (sonidegib; vandetanib) specify the exploratory nature of the endpoint, overall the PRO labeling was based on exploratory endpoints only or with secondary endpoints in seven and two cases, respectively. In addition, one PRO labeling (blinatumomab) was based on post-hoc analyses of a secondary endpoint. Based on patients feedback, they consider that all endpoints and analyses should be prespecified in the clinical trial protocol. The low number of oncology drugs with PRO data in the label may also be due to the increasing number of oncology trials assessing more than one indication and the challenges to collect PROs in these trials. However, while this may be true in early phase trials, the majority of phase three trials focus on a single indication.
Our appraisal identified several gaps and areas for changes. Lack of plain language in the labeling, difficulty to discern from all other data in the label and use of complex graphs (Brundage et al., 2015), result in an underuse of any label data by clinicians and patients. While the lack of consistency across labels in the reported PRO concepts and analyses reflects the differences in the patient experience across and within oncology diseases, authors highlighted the need to identify core outcome sets and common data elements to be assessed across studies, and to gain agreement on analytical approaches to be taken for consistency. In addition, PROs in labeling often come from blinded comparative studies only and are biased towards positive findings (i.e., improvement). Data from other study types such as open label, single arm or patient preference studies may be informative to patients and healthcare providers, with the right caveats to account for potential biases.
Our study has several limitations. Our findings may not be generalizable to other therapeutic areas or diseases, particularly in those where PROs are often primary endpoints in clinical trials. The recent Eastern Research Group, Inc. review of FDA labels showed that PRO labeling did not exceed 17% of labels in any therapeutic area for new molecule entities approved by FDA between June 2017 and June 2020, and approved by the FDA Center for Drug Evaluation and Research or Center for Biologics Evaluation and Research by 5 February 2021 (ERG, 2019). These percentages are not fully consistent with those reported by Gnanasakthy et al. (2022). The authors observed an important difference in the proportion of new drugs approved by FDA between 2016 and 2020 with PRO labeling across therapeutic areas and in particular between PRO-dependent and PRO-independent therapeutic areas when PRO dependency is defined as diseases that rely on PRO assessments to derive or construct the primary or secondary endpoints for the evaluation of treatment benefit by regulators. The average proportion of labels for PRO-dependent diseases with PRO labeling was 50.0% vs. 9.7% for non-PRO-dependent diseases and 3.2% for oncology labels (Gnanasakthy et al., 2022). The 3.2% is lower than our findings (8.3%) probably because of the exclusion of biosimilars in the Gnanasakthy et al. study. Finally, the number of authors providing perspectives from the different standpoints is not equal across the four stakeholders. While three authors provided their perspectives from a pharmaceutical company and four from a PRO researcher, only one patient gave insights from a patient standpoint and one from a regulatory expert standpoint. The patient and regulator expert’s perspectives may not represent the insights of the full patient and regulators communities, respectively.
Our review does not inform on the number of unsuccessful attempts from sponsors in pursuing PRO labeling or reasons for failure. The Eastern Research Group, Inc.’s recent assessment of the use of PROs in FDA labeling shows that only 6% of oncology drugs for which PROs were included in the submission package received PRO labeling (ERG, 2019). This suggests that the low proportion of oncology drugs with PRO data in the label is not due to PROs being assessed in only few clinical trials. However, future research should investigate the proportion of clinical trials that include PRO collection, the number and variety of instruments included in novel clinical trials, and the proportion of regulatory agencies’ reviews that include thoughtful assessment of PROs evidence that may not have led to the incorporation of PRO evidence in drug labels. Our analysis does not provide information on whether PROs were considered in the risk-benefit assessment conducted by FDA or EMA, either. Finally, the current study focused only on PROs; we did not assess the inclusion of other clinical outcome assessments (i.e., clinician-reported, observer-reported or performance outcomes). In our analysis, we also did not identify any oncology drug providing data on caregiver burden despite oncology diseases having a negative impact on caregiver health-related quality of life (Rha et al., 2015).
A strength of this review is that it used a multidisciplinary approach where different stakeholders critically appraised the status quo in PRO labeling. However, future research should also analyze perspectives from treating clinicians and assess if they review and benefit from PRO label data.
The authors acknowledge the great advances incurred in the inclusion of patient voices in regulatory decisions. However, like others (ERG, 2019; Gilead and Regeneron, 2022; Gnanasakthy et al., 2022), we advocate for more inclusion of meaningful patient experience in those decisions.
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Background: The findings of the CAPSTONE-1 trial showed that adebrelimab in combination with chemotherapy (etoposide-carboplatin) (ADCHM) is clinically beneficial as a first-line treatment for patients with extensive-stage small cell lung cancer (ES-SCLC), compared with placebo plus chemotherapy (PLCHM, etoposide-carboplatin). However, owing to the higher cost of adebrelimab, it is unclear whether ADCHM is cost-effective compared with PLCHM. This study aimed to evaluate the cost-effectiveness of ADCHM as a first-line treatment for patients with ES-SCLC from the perspective of the Chinese healthcare system.
Methods: A Markov model with three health states was developed to assess the cost-effectiveness of ADCHM as a first-line treatment option with ES-SCLC. Clinical data were obtained from the CAPSTONE-1 trial. Costs of the drug were calculated at national tender prices, and other costs and utility values were obtained from published literature. The outcomes included life years (LYs), quality-adjusted life years (QALYs), and incremental cost-effectiveness ratios (ICERs). One-way sensitivity analysis and probabilistic sensitivity analysis were used to validate the robustness of the model.
Results: The ADCHM group achieved 1.21 QALYs (2.47 LYs) for $25,312, whereas the PLCHM group achieved 0.81 QALYs (1.59 LYs) for $14,846. The ICER for ADCHM versus PLCHM was $25914 per QALY gained. The variables with the greatest impact on the model results were the utility value of progressive disease, the utility value of progression-free survival, and the price of adebrelimab (100 mg). At a willingness-to-pay threshold of $37,653/QALY, ADCHM had an 89.1% probability of being cost-effective compared with PLCHM.
Conclusion: ADCHM may be a cost-effective first-line treatment strategy for ES-SCLC from the perspective of the Chinese healthcare system.
Keywords: cost-effectiveness, adebrelimab plus chemotherapy, extensive-stage small cell lung cancer, first-line treatment, small cell lung cancer
1 INTRODUCTION
Worldwide, lung cancer has the second most frequent incidence and is the leading cause of cancer-related mortality, with approximately 1.8 million deaths reported in 2020, i.e., approximately 20% of all cancer deaths (Sung et al., 2021). Small cell lung cancer (SCLC), the most lethal subtype of lung cancer (Oronsky et al., 2017), has a 5-year survival rate of less than 7% (Karachaliou et al., 2016) and accounts for approximately 15% of all lung cancer types (Rudin et al., 2021); nearly two-thirds of SCLC cases progress to the extensive stage at the initial diagnosis (Oronsky et al., 2017). The median overall survival (OS) of patients with untreated extensive-stage SCLC (ES-SCLC) is dismal, at 2–4 months (Liu et al., 2020). Platinum-based drugs combined with etoposide chemotherapy are the standard treatment for ES-SCLC, however, the median OS is merely 9–11 months (Liu et al., 2020). Therefore, developing new treatment regimens for ES-SCLC is an urgent task.
Immune checkpoint inhibitors (ICIs) reduce immunosuppression in the tumor microenvironment and reactivate the anti-tumor function of T cells by inhibiting cytotoxic T lymphocyte-associated protein 4 and programmed cell death-1 pathway/programmed cell death receptor ligand-1 (PD-L1) (Kang et al., 2021). ICIs yield effective results in ES-SCLC treatment (Horn et al., 2018; Paz-Ares et al., 2019; Rudin et al., 2020), bringing new hope for survival among patients with ES-SCLC.
Adebrelimab, an ICI developed in China, is a human anti-PD-L1 monoclonal antibody. Wang et al. (2022) conducted a phase III clinical trial (CAPSTONE-1) in China to estimate the efficacy and safety of adebrelimab combined with chemotherapy (ADCHM) versus placebo combined with chemotherapy (PLCHM, carboplatin-etoposide) as the first-line treatment for ES-SCLC. The outcomes showed that as compared to PLCHM, ADCHM significantly improved the OS in previously untreated patients with ES-SCLC.
Although ADCHM offers clinical benefits for patients with ES-SCLC, its high cost limits its widespread use. Therefore, it is essential to evaluate the cost-effectiveness of ADCHM through a pharmacoeconomic approach to estimate the clinical benefits and potential financial consequences of ADCHM for patients with ES-SCLC and determine the rationale for its widespread use in the future. To our knowledge, no economic evaluations of ADCHM treatment for ES-SCLC have been conducted. Our study assessed the cost-effectiveness of ADCHM as a first-line treatment option for ES-SCLC from the perspective of the Chinese healthcare system based on the published results of the CAPSTONE-1 trial (Wang et al., 2022).
2 MATERIALS AND METHODS
2.1 Model construction
The study was designed following the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) reporting guidelines (Supplementary Table SA) (Husereau et al., 2022). The probabilities of progression-free survival (PFS) and OS were extracted using corresponding Kaplan-Meier survival curves from two treatment groups (ADCHM and PLCHM groups) in the CAPSTONE-1 trial by GetData Graph Digitizer (version 2.26) (Wan et al., 2019; Wang et al., 2022). Statistical analyses were performed using the R software (version 4.2.0) packages, “survival”, “survHE”, and “survminer.” Individual patient data were reconstructed into each Kaplan-Meier curve, and the data were fitted by the survival analysis method described by Hoyle et al. (Hoyle and Henley, 2011). The observation period and subsequent survival functions were obtained by fitting and extrapolating the Kaplan-Meier curves. The distribution functions (including exponential, Weibull, log-normal, and log-logistic) were examined to select the best-fit survival functions using the Akaike information criterion (AIC) and Bayesian information criterion (BIC), i.e., lower AIC and BIC values indicated a better fit (Ishak et al., 2013; Williams et al., 2017), and these values for various survival distribution functions for the PFS and OS curves are shown in Supplementary Table SB. Ultimately, the log-logistic distribution function, (S(t)= (1+(λt)γ)−1; S: survival probability, t: time cycle, λ: scale parameter, and γ: shape parameter), provided the best fit for PFS and OS data and was used to generate corresponding transition probabilities for ADCHM and PLCHM strategies (Table 1).
TABLE 1 | The basic parameters of the input model and the range of sensitivity analyses.
[image: Table 1]To simulate the cost and effectiveness of ADCHM as a first-line treatment for ES-SCLC compared with PLCHM, a Markov model was developed using TreeAge Pro 2022 (TreeAge Software, Williams-town, MA, United States). The model included three mutually exclusive health states, namely PFS, progressive disease (PD), and death (Figure 1). The time horizon of the model was 6.9 years (approximately 120 cycles), which was determined by the expected time for 99% of the hypothetical patients modeled to die. The cycle length was 21 days. During each cycle, patients either maintained their assigned health state or progressed to a new health state and were not allowed to return to their previous healthy state. The background mortality in China was not considered in our model, owing to the high lethality of ES-SCLC. According to the method described by Li et al. (2022), the transition probability from the PFS state to the death state was assumed as 0 in the Markov model, i.e., there was no direct transition from the PFS state to the death state. Total costs, life years (LYs), quality-adjusted life years (QALYs), and incremental cost-effectiveness ratios (ICERs) were the output data obtained from our model. Our cost-effectiveness analysis was conducted from the perspective of the Chinese healthcare system. We set the willingness-to-pay (WTP) threshold at $37,653/QALY (three times the gross domestic product per capita in China in 2021), as recommended by the World Health Organization, and the treatment regimen was considered cost-effective if the ICER was below our predefined WTP threshold.
[image: Figure 1]FIGURE 1 | The Markov model simulating outcomes for the CAPSTONE-1 trial. All patients with ES-SCLC started with PFS state and received treatment with ADCHM or PLCHM. ADCHM: adebrelimab in combination with chemotherapy (etoposide-carboplatin); ES-SCLC: extensive-stage small-cell lung cancer. PD: progressive disease; PFS: Progression-free survival; PLCHM: placebo plus chemotherapy (etoposide-carboplatin).
2.2 Clinical data
Clinical data were extracted from CAPSTONE-1, a phase III randomized controlled clinical trial conducted across 47 tertiary hospitals in China. Patients were enrolled based on the following criteria: 1) 18–75-year-old individuals with histologically or cytologically confirmed ES-SCLC; 2) those who were not treated previously with systemic therapy; 3) Eastern Cooperative Oncology Group (ECOG) performance status score of 0 or 1; 4) Response Evaluation Criteria in Solid Tumors (version 1.1) based inclusion, and at least 3 months of life expectancy (Supplementary Figure SB) (Wang et al., 2022). These patients randomly received ADCHM or PLCHM regimens. Carboplatin (area under the curve of 5 mg/mL/min) and etoposide (100 mg/m2 of body surface area) were administered per cycle for up to six cycles. Parallelly, adebrelimab (20 mg/kg) and placebo were administered to patients in the ADCHM group and the PLCHM group, respectively, until disease progression or unacceptable toxicity, for up to 24 months. Treatment with adebrelimab was discontinued in 5.2% of patients in the ADCHM group due to treatment-related adverse events for a median treatment duration of 8 cycles according to the CAPSTONE-1 trial (Wang et al., 2022). Further, to simplify the model, after patients developed disease progression, it was assumed that some patients received second-line chemotherapy (irinotecan + cisplatin), while the remaining received the best supportive care (Table 1). The CAPSTONE-1 trial (Wang et al., 2022) does not report the implementation of second-line chemotherapy, and thus, we utilized the results of Zhao et al. (2019), who conducted a retrospective study for assessing the efficacy of second-line chemotherapy in SCLC patients whereby the first-line standard therapy failed, to estimate the duration of chemotherapy (approximately 3.6 cycles) required for these patients. Each patient received the best supportive care after the failure of second-line therapy. In the CAPSTONE-1 trial, the median age of the patients was 62 years; therefore, we assumed a body surface area of 1.72 m2 (weight, 65 kg; height, 1.64 m) and a creatinine clearance rate of 70 ml/min to set the administration dose (Goulart and Ramsey, 2011; Zhu et al., 2018; Wang et al., 2022).
2.3 Costs and utilities
We only considered the direct medical costs, including the cost of drugs, tests, follow-up, end-of-life care, and management of adverse reactions of grade 3 or higher with an incidence greater than 5% (Table 1). The cost of drugs was obtained from the national tender prices (Yaozhi Net, 2022). However, adebrelimab is not yet on the market, and thus, we could not obtain its exact price. We estimated the plausible price of adebrelimab in China (converted to the price required per cycle) based on the price of sintilimab (Yaozhi Net, 2022), a drug developed in China ($334.9/200 mg). Other costs were sourced from published literature and adjusted to the prices in 2021 using the China Statistics Bureau Medical Price Index (National Bureau of Statistics, 2021). All costs were converted using the average exchange rate in 2021 and expressed in US dollars ($1 = 6.45 RMB). It should be pointed out that apart from body weight, body surface area, and creatinine clearance, no other parameters can affect the cost of drugs. As the relevant data on the quality of life were not available in the CAPSTONE-1 trial (Wang et al., 2022), the utility of PFS and PD was assessed from published literature in China (Table 1) (Kang et al., 2021). We considered the disutility of adverse reactions of grade 3 or higher with an incidence greater than 5% to reduce the impact of using the same utility values for both treatment groups in the model. Both costs and health utilities were discounted, and the discounted values were set at 5% per year (Table 1) (Liu et al., 2011).
2.4 Sensitivity analysis
To examine the robustness of the model, we conducted sensitivity analyses, including one-way and probabilistic sensitivity analysis (PSA). We performed a one-way sensitivity analysis for each variable to determine the factors that directly affected the ICER and the final results were presented in a tornado diagram. We adjusted the variables within a given range (Table 1). The range of all variables was their 95% CIs derived from the literature or assumed to be ± 20% of the baseline value in cases of lack of data. The lower and upper bounds of the discount rate were set at 0% and 8%, respectively (Liu et al., 2011). In PSA, to verify the effects of the parameters on the uncertainty of the results, 1,000 iterations were performed in the Monte Carlo simulations with all parameters assigned to appropriate distributions in the model. All probability and health utility parameters were assigned the beta distribution. The costs and creatinine clearance rates were assigned the gamma distribution. The body surface area was assigned the normal distribution. The relevant parameters in the distribution of PSA were calculated based on the baseline values and ranges of variation for the parameters (Table 1). Simultaneously, we repeated the calculation of the acceptable probabilities of cost-effectiveness with ADCHM by continuously increasing the price of adebrelimab. When the acceptable probability was less than 50%, at that point ADCEHM was no longer considered cost-effective as the first-line treatment for ES-SCLC as compared to chemotherapy. We used the prices of available imported ICIs, including pembrolizumab ($2777.98/100 mg) and nivolumab ($1434.11/100 mg) (Yaozhi Net, 2022), as the reference for adebrelimab to calculate the acceptable probabilities for ADCHM (converted by the dose required for one cycle). The results of PSA are represented as scatter plots and cost-effectiveness acceptability curves.
2.5 Subgroup analysis
Subgroup analyses were performed to assess the uncertainty in outcomes owing to different patient characteristics, including sex, age, ECOG performance status, smoking history, lactate dehydrogenase concentration at enrolment, liver metastases, brain metastases, disease stage, and PD-L1 tumor proportion score (Table 2). Due to the lack of sufficient survival data for each subgroup, for subgroup survival extrapolation, we assumed that all subgroups in the PLCHM group had the same survival function (log-logistic survival model) for PFS and OS and estimated the PFS and OS survival function for each subgroup of the ADCHM group based on the subgroup-specific hazard ratios (Table 2) extracted from the results of the CAPSTONE-1 trial (Wang et al., 2022), according to the method described by Hoyle et al. (2010). The ICERs and probabilities of cost-effectiveness acceptability were calculated for each subgroup. In the subgroup analysis, we did not change other parameters except for the subgroup-specific hazard ratios.
TABLE 2 | Results of subgroup analyses.
[image: Table 2]3 RESULTS
3.1 Base case analysis
The results of our study are expressed as LYs, QALYs, and ICER. The ADCHM group achieved 2.47 LYs and 1.21 QALYs at $25,312. In the PLCHM group, the effectiveness was 1.59 LYs and 0.81 QALYs at $14,846. The average incremental effectiveness and cost in the ADCHM group were 0.40 QALYs, and $10,466 respectively, relative to those in the PLCHM group. The ICER for ADCHM versus PLCHM was $25,914 per QALY gained (Table 3). At the WTP threshold of $37,653/QALY in China, ADCHM emerged as a more cost-effective treatment strategy than PLCHM.
TABLE 3 | Effectiveness and costs obtained from the model.
[image: Table 3]3.2 Sensitivity analysis
3.2.1 One-way sensitivity analysis
The outcomes of the one-way sensitivity analysis based on the model are presented in the tornado diagram (Figure 2), and the most influential variables were the scale parameter value of the PFS state in the PLCHM group, the utility value of PD, and the scale parameter value of the PFS state in the ADCHM group. Despite changing the values of these parameters, the ICER remained consistently below our predetermined WTP threshold. The variables exerting a relatively small impact on the results were the shape parameter value of the PFS state in the ADCHM group, the utility value of PFS, and the price of adebrelimab (100 mg).
[image: Figure 2]FIGURE 2 | One-way sensitivity analyses of ADCHM in comparison with PLCHM. ADCHM: adebrelimab in combination with chemotherapy (etoposide-carboplatin); ES-SCLC: extensive-stage small-cell lung cancer; ICER: incremental cost-effectiveness ratio; PD: progressive disease; PFS: Progression-free survival; PLCHM: placebo plus chemotherapy (etoposide-carboplatin).
3.2.2 PSA
The results of the PSA are presented in the scatter plot (Figure 3) and the cost-effectiveness acceptance curve (Figure 4). The probability that the ADCHM group was cost-effective as compared to the PLCHM group when the WTP threshold was $37,653/QALY was 89.1%. The probability of cost-effectiveness of ADCHM was 74.1% when the cost of adebrelimab (100 mg) was set at 1.5 times its original price. When adebrelimab (100 mg) was priced at $55.40, 2.15 times its original price, the probability that ADCHM treatment for ES-SCLC remained cost-effective as compared to PLCHM was 50%. When the market price of pembrolizumab or nivolumab was used as the reference for adebrelimab, the probability of ADCHM’s cost-effectiveness relative to PLCHM was 0.
[image: Figure 3]FIGURE 3 | A probabilistic scatter plot of the ICER between the ADCHM group and the PLCHM group. Each point means the ICER for 1 simulation. Ellipses are used to indicate 95% confidence intervals. Points that lie below the ICER threshold represent cost-effective simulations. ADCHM: adebrelimab in combination with chemotherapy (etoposide-carboplatin); PLCHM: placebo plus chemotherapy (etoposide-carboplatin); QALYs, quality-adjusted life years; ICER: incremental cost-effectiveness ratio; WTP: willingness-to-pay.
[image: Figure 4]FIGURE 4 | The cost-effectiveness acceptability curves for the ADCHM treatment option compared with the PLCHM treatment option. ADCHM: adebrelimab in combination with chemotherapy (etoposide-carboplatin); PLCHM: placebo plus chemotherapy (etoposide-carboplatin); QALY, quality-adjusted life year; WTP: willingness-to-pay.
3.3 Subgroup analyses
For most subgroups, the ICER for the ADCHM group as compared to the PLCHM group was below the WTP threshold of $37,653/QALY, ranging from $21,697/QALY in patients who never smoked (probability of cost-effectiveness, 93.7%) to $33099/QALY for PD-L1 tumor proportion score ≥1% (probability of cost-effectiveness, 63.1%). Only in the subgroup of patients with liver metastases, the ICER of the ADCHM group as compared to that of the PLCHM group was higher than $37,653/QALY, reaching $41,617/QALY (probability of cost-effectiveness, 46.3%) (Table 2).
4 DISCUSSION
According to the guidelines for the management of primary lung cancer (The General Office of the National Health and Health Commission, 2022), chemotherapy (etoposide combined with carboplatin or cisplatin) in combination with a PD-L1 inhibitor is recommended as the first-line treatment for patients with ES-SCLC. To our knowledge, only three studies have evaluated the cost-effectiveness of combination chemotherapy with PD-L1 inhibitors as a first-line regimen for ES-SCLC from the perspective of the Chinese health system (Li et al., 2019; Liu and Kang, 2022; Tong et al., 2022). However, their results suggest that PD-L1 inhibitor combination chemotherapy is unlikely to be cost-effective for ES-SCLC. Several studies (Zhou et al., 2019; Zhang L et al., 2020; Liu et al.,2021a; Ding et al., 2021; Lin et al., 2021; Wang et al., 2021; Zhu et al., 2021) evaluated the economics of PD-L1 inhibitor from a perspective outside of China showing that PD-L1 inhibitor combined with chemotherapy as the first-line regimen for ES-SCLC is not cost-effective as compared to chemotherapy, whereby the price of the PD-L1 inhibitor has a significant impact on the outcomes of the model, consistent with the findings in China.
A key factor that makes PD-L1 inhibitor plus chemotherapy a cost-effective option for treating ES-SCLC as compared to chemotherapy alone is the price of PD-L1 inhibitors in China. We inferred that the price of adebrelimab confers a great advantage over other PD-L1 inhibitors imported from abroad as it is an indigenously-developed PD-L1 inhibitor in China. In the CAPSTONE-1 trial (Wang et al., 2022), Wang et al. used adebrelimab for the first time as a first-line treatment option for patients with ES-SCLC, and their results suggested that ADCHM as compared to PLCHM as a first-line treatment option significantly improved the OS of previously untreated ES-SCLC patients. The median OS was significantly longer in the ADCHM group relative to the PLCHM group (15.3 months vs. 12.8 months, respectively); OS was higher in the ADCHM group than in the PLCHM group at both 12 and 24 months. The ADCHM group showed a reduced risk of progression or death, a higher objective remission rate, and a longer duration of remission. The safety of the combination of adebrelimab and chemotherapy was manageable, with a low incidence of treatment discontinuation due to adverse events. Thus, adebrelimab, a PD-L1 inhibitor, is a potential therapeutic option for ES-SCLC. However, the high prices of PD-L1 inhibitors (including adebrelimab) have significantly increased healthcare costs, thereby making them an uneconomical treatment option, especially in countries with limited healthcare resources, such as China. Therefore, it is essential to evaluate the cost-effectiveness of ADCHM for ES-SCLC. Based on the results of the CAPSTONE-1 trial (Wang et al., 2022), our findings suggested that ADCHM is a cost-effective first-line treatment option for ES-SCLC as compared to PLCHM. The results of the subgroup analysis showed that most subgroups of patients preferred treatment with ADCHM owing to >50% probability of cost-effectiveness as compared to PLCHM, except for subgroups with liver metastases. This is beneficial for patients with ES-SCLC, as it is the first cost-effective treatment option with PD-L1 inhibitors, a major innovative point highlighted in our study.
We were unable to obtain the price of adebrelimab because it is not yet on the market. The price of adebrelimab in our model was assumed based on the price of other indigenously developed PD-L1 inhibitors in China. Therefore, we varied the price of adebrelimab to obtain different results for the cost-effectiveness of ADCHM for treating ES-SCLC. The different cost-effectiveness results obtained from the different price settings for adebrelimab are expected to provide an important reference for the Chinese health insurance authorities when negotiating the price of adebrelimab. The results of the probabilistic sensitivity analysis showed that ADCHM would no longer remain a cost-effective treatment option if the price of adebrelimab (100 mg) goes beyond $54.40.
The selection of comparators in the model is an important issue to consider when performing a cost-effectiveness analysis. The combination of durvalumab or atezolizumab with chemotherapy as a first-line treatment option for ES-SCLC has been approved by the Food and Drug Administration but this was not assessed in our study (Oronsky et al., 2022). From a Chinese perspective analysis, neither treatment option is cost-effective compared to chemotherapy (Li et al., 2019; Liu and Kang, 2022; Tong et al., 2022). Liu et al. (Liu and Kang, 2022) concluded that durvalumab would require a 90% price reduction to remain cost-effective in the presence of the patient assistance program, while a larger price reduction would be required in the absence of the assistance program. Similarly, Li et al. (2019) concluded that atezolizumab would require a price reduction of 80% or more to become cost-effective. They did not consider the important context of the medical insurance reimbursement, which is consistent with our understanding from the Fujian Provincial Medical Insurance Bureau (http://ybj.fujian.gov.cn/) that neither dulvalumab nor atezolizumab is included in the medical insurance reimbursement list. Thus we believe it is reasonable to select chemotherapy as a comparator for the cost-effectiveness analysis of ADCEHM.
Our study has some limitations. First, owing to the lack of long-term survival data, we used a log-logistic survival model to infer survival tails beyond the observed time horizon, which may not accurately reflect real-world settings. Our cost-effectiveness analysis will be updated when long-term survival data are reported. Second, when patients experience disease progression, we placed some of them on second-line chemotherapy and others on best supportive care due to the lack of relevant survival data for the enrolled patients. Additionally, the duration of second-line chemotherapy was based on the findings of Zhao et al. (2019). This may not accurately reflect the current clinical practice conditions. We will analyze this issue further when relevant treatment costs and survival data for patients after progression are available. Third, we only considered adverse reactions of grade 3 or higher with a probability of occurrence greater than 5% in the model. We assumed that low-probability adverse events would not alter our conclusions. Sensitivity analyses also showed that the results of the model were insensitive to the parameters associated with adverse reactions (including incidence, cost of management, and disutility). Fourth, to simplify the model, we assumed a patient weight of 65 kg, a body surface area of 1.72 m2, and a creatinine clearance rate of 70 ml/min; one-way sensitivity analyses showed that the model results were insensitive to these parameters. Fifth, patients were allowed to undergo prophylactic cranial irradiation during the maintenance phase of treatment but prophylactic cranial irradiation was not included in this model owing to the small number of patients receiving brain irradiation in the CAPSTONE-1 trial and the lack of relevant treatment data. Sixth and the biggest limitation of the model is the lack of the actual price of adebrelimab since it is not yet available; we shall update our analysis when the price of adebrelimab is available. Seventh, we did not consider the direct transition from the PFS state to the death state in the Markov model, which may have an inevitable effect on the results of our model. Finally, we assumed that the survival function was consistent for all subgroups in the PLCHM group and constructed the survival function for each subgroup in the ADCHM group from subgroup-specific hazard ratios, which differed from the true survival function, owing to the lack of Kaplan-Meier survival curves for all subgroups in the CAPSTONE-1 trial. This subgroup analysis is an exploratory study, and thus, the results should be interpreted with caution. Despite these limitations, our findings provide a valuable reference for Chinese policymakers for formulating first-line treatment for advanced or metastatic ES-SCLC.
5 CONCLUSION
At present, ADCHM is not recommended as a first-line treatment option in the relevant ES-SCLC guidelines, as it is still under institutional evaluation. However, from the perspective of the Chinese healthcare system, our findings suggest that ADCHM is a cost-effective treatment option as the first-line treatment for ES-SCLC as compared to conventional chemotherapy. Our results provide an important economic rationale for the Chinese healthcare system to consider ADCHM as the first-line treatment option for ES-SCLC and the post-marketing pricing of adebrelimab.
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Background: HTA guidance has generally been driven by situations where innovative and usually more expensive technologies are compared to the prevailing standards of care. Cheaper and less efficacious interventions have received scarce attention, although strategies with minimal individual efficacy losses might produce collective health gains when savings are redistributed.
Purpose: This systematic review of health economic evaluations identified interventions that are both cost and outcome reducing to procure a list of candidate decrementally cost-effective technologies.
Data Sources: English language searches were performed in PubMed, EMBASE and ClinicalTrials.gov covering 2005 to September 2021.
Study Selection: Full economic evaluations reporting in English decrementally cost-effective health technologies based on RCT data, modelling or mixed methods.
Data Synthesis: After filtering 4,975 studies found through the systematic database search, 107 decrementally cost-effective health technologies (HTs) were identified. Nearly a third were services (n = 29) and similarly for drugs (n = 31). For over half of the studies (n = 54) health outcomes were measured in QALYs and the cost-utility ratios varied from €140 to €5 million saved per QALY lost, albeit with time horizons varying from 4 days of follow-up to lifetime extrapolations. Less than a quarter of the studies were carried out from the societal perspective.
Limitations: Despite including ClinicalTrials.gov as data source, unpublished studies may have been missed.
Conclusions: Our results show a growth in recent years in the number of economic publications demonstrating decrementally cost-effective HTs. Economic tools are needed to facilitate the adoption of such HTs by policy-makers at the national level to maximise health outcomes at the population level.
Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=95504, identifier CRD42018095504.
Keywords: systematic review, cost, economics, non-inferiority, health technology assessment
INTRODUCTION
Since the 1970s Health Technology Assessments (HTAs) have been increasingly used to evaluate the efficacy and costs of Health Technologies (HTs). Against a background of increasing demands on limited resources, HTAs have a growing impact on health policy. The typical situations met in HTA consist of incremental innovations that are characterised by cost increases and efficacy enhancements compared to usual standards of care. These innovations belong to the north-east quadrant of the cost-effectiveness (C-E) plane (Black, 1990). The north-east quadrant implies trade-offs on how much society is willing to pay for the extra efficacy, the theoretical and empirical foundations of priority setting, pricing and reimbursement decisions nearly always relate to this quadrant. The south-west quadrant (lower cost/lower efficacy) has been given even less consideration; a review of published C-E analyses reported that only 2% of C-E studies were for interventions associated with lower cost and lower efficacy (Nelson et al., 2009). In settings where resources are limited, the adoption of cost-reducing technologies may lead to budget reallocation in order to improve health outcomes in other domains even if they lead to slightly worse individual outcomes in a specific disease or patient subgroup. Nonetheless, in Europe the development and diffusion of better medical interventions are more common, given that clinical research stakeholders are mostly encouraged to investigate the improvement of care quality, or at least to demonstrate equal care quality (Kent et al., 2004).
However, in the last decade, non-inferiority trials have gained attention among health stakeholders. In these trials, an alternative treatment has an efficacy similar to, or at least not much worse than, the standard treatment, with possible advantages regarding safety, convenience, better compliance, or cost reduction. A search of the Cochrane Controlled Trials Register for two periods of 10 years (1999–2009 and 2009–2019) demonstrated that the total number of trials registered worldwide increased threefold (from 0.3 million to over one million) whilst the number of non-inferiority or equivalence trials increased fourfold (from 6 K to 29 K). Currently, there is no guidance on decision-making for decrementally cost-effective (d-CE) interventions (health technologies associated with a cost and efficacy reduction profile that is deemed acceptable) and the reticence in accepting a small loss in quality-adjusted life years (QALYs) has not been accommodated in routine reimbursement decisions. The definition of a non-inferiority margin is based on both statistical reasoning and clinical judgment, under the assumption that the difference (decrease) in effect will not be harmful to patients. The concept of applying a non-inferiority margin to economic evaluations has been explored for model-based studies and requires the intervention to be cost-saving, non-inferior for the clinical outcome and also non-inferior for the quality of life dimension as measured by QALYs. However it is unusual to estimate non-inferiority margins for QALYs (Xie et al., 2019). Non-inferiority studies provide good material for economic evaluations which study the joint distribution of costs and outcome and represent uncertainty on the cost-effectiveness plane or through the use of the net-benefit statistic (Briggs and O’Brien, 2001). In some cases, the trade-offs associated with implementing d-CE strategies have been measured, yet no policy decisions have been systematically implemented. (Dowie et al., 2015).
The objective of this systematic review was to identify d-CE studies published recently in order to inform researchers and decision-makers about the d-CE technologies currently available.
MATERIALS AND METHODS
This review was conducted in accordance with the five-step approach for systematic review of economic evaluations published in the “Expert Review of Pharmacoeconomics and Outcomes Research” journal (Thielen et al., 2016) (van Mastrigt et al., 2016) (Wijnen et al., 2016). The protocol was published on PROSPERO (Registration number: CRD42018095504) and was reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Protocols (PRISMA-P) guidelines (Moher et al., 2009).
Data sources and searches
Systematic electronic searches were conducted using PubMed, EMBASE and the Clinical Trials registry (https://clinicaltrials.gov/). Other databases were investigated with non-systematic searches such as Tufts, EuroCT, EBSCOhost, CRD York and ISRCTN as well as grey literature, published between 1st January 2005 and 4th October 2021. Manual searches were carried out using a snowballing technique and investigating citations found in pertinent articles. Full search strategies are provided in the Supplementary Appendix S1.
Study selection
The inclusion criteria, that studies should demonstrate decremental C-E, would normally require definition of a threshold related to the willingness to accept (WTA) a loss in QALY for monetary gain. However, the efficacy in C-E studies can be measured in natural units (e.g., mmHg for blood pressure, HbA1c for diabetes) or in health utilities (QALY, Disability-adjusted life years, or other). Given that our review covers multiple countries having different criteria for evaluating C-E and that we included studies with efficacy measured in natural units, we did not use a threshold to determine inclusion or exclusion of a study. When the decremental C-E ratio (d-CER) was calculated and a C-E plane used to show the uncertainty around these results, we were able to identify that the cloud of points fell at least 50% in the south-west quadrant. Where this information was not available in the article, we checked the confidence intervals of the disaggregated data (costs and efficacy) to estimate that a cloud would almost certainly be at least 50% in the south-west quadrant.
Whilst this review focussed on technologies with a very strong economic rationale for implementation balanced by a weak medical rational, such as the non-inferior medical efficacy, when a health technology is found to be non-inferior to the comparator, the HT is not necessarily decrementally cost-effective as shown in Figure 1. The bottom four horizontal lines represent non-inferior technologies compared to usual care. Even in the event that the economic evaluation demonstrates large potential cost savings, two of these four (the two closest to the x axis) would not result in a d-CER since these technologies are actually superior to usual care. The top four horizontal lines results have not been shown to be non-inferior, yet there is a possibility that a C-E ratio for two of the examples shown could be of interest given that the point value is within the non-inferiority margin and the confidence intervals are right skewed from the margin value (as shown by Δ). Whilst from a clinical point of view, the classic rules of inference based on using the p-value to demonstrate significance of (in this case) non-inferiority are still applied, these are arbitrary rules and not relevant to the decisions which are informed by health economic evaluations (Claxton, 1999).
[image: Figure 1]FIGURE 1 | Non-inferiority studies and decremental cost-effectiveness.
The search was conducted according to the following inclusion criteria: 1) the interventions were applied to human subjects; 2) the interventions were evaluated in a full economic evaluation as defined in Drummond et al. (Drummond and Jefferson, 1996) thus comparing at least two HTs with assessment of both costs and outcomes; 3) the interventions were evaluated in countries defined as an upper-middle-income or high-income economy according to the World Bank’s 2018 country classification by income level; 4) the interventions were traditional HTs according to the WHO definition: “the application of organized knowledge and skills in the form of medicines, medical devices, vaccines, procedures and systems developed to solve a health problem and improve quality of life”; 5) the interventions should be d-CE compared to the standard of care; 6) studies should be written in English.
Publications reporting on methodological issues, discussion articles, partial economic evaluations, HT including a generic component, comment letters and editorials were excluded. We excluded duplicates found in more than one database. The reasons for exclusion for each study were reported on a PRISMA flowchart (Figure 2). Studies comparing generic drugs to the commercial variety were excluded from the review. Biosimilar products, that are not identical to the original branded biologic and that must have their own clinical data and pharmacovigilance, were included. We carried out a systematic search of trials as well as protocols characterised as equivalence or non-inferiority results and for which an economic analysis was planned.
[image: Figure 2]FIGURE 2 | PRISMA flowchart of study selection.
Data extraction and quality assessment
The results of the search strategy in PubMed, Embase and ClincialTrials.gov were exported and managed in Excel files and Rayyan QCRI (https://rayyan.qcri.org/). Study selection was based on the inclusion and exclusion criteria and was carried out in double. Two reviewers (XC and RS) independently screened titles and abstracts using the inclusion criteria. Secondly, the full-text version was screened in double by three reviewers (XC, LBS, RS) and a final decision made with respect to the inclusion/exclusion criteria. Any disagreement or conflicting views between the reviewers over the eligibility of specific economic evaluations was resolved by discussion or the final judgment of a fourth reviewer (MD). Both stages of the selection process were piloted and if necessary modified. Studies found through trial registry records or published protocols were considered for in-depth investigations when the clinical non-inferior or equivalence results were published and an economic evaluation was planned for these trials. Internet searches were conducted to ascertain if any economic results had been published and in case of inconclusive findings, investigators were contacted to determine if an economic evaluation had been carried out or why the economic results had not been diffused.
We reviewed four checklists for quality assessment: Drummond Checklist (Drummond and Jefferson, 1996), Philips checklist (Philips et al., 2006), CHEERS checklist (Husereau et al., 2013) and the CHEC list (Evers et al., 2005), one for bias (Adarkwah et al., 2016) and three for transferability (Drummond et al., 2009) (Wijnen et al., 2016) (Welte et al., 2004). The three components of quality, bias and transferability had a certain amount of overlap in the questions and we collated the questions and eliminated redundancy from the different sources to create a reduced list shown in Supplementary Materials Appendix 3. The final list used for screening full text articles had 22 questions. In order to calculate a quality score, a value of 1, 0.5, 0 or not applicable (NA) was given to each question. A score of 1 indicated that the reviewer considered that the article fully satisfied the question. A score of 0 indicated that the paper did not satisfy the criteria at all. The score of 0.5 was awarded when it seems that some attempt had been made to address the question but that it was not completely adequate. The option NA was selected in cases where it was not appropriate to answer the question. For example, if the time horizon was 1 year or less then discounting would not be carried out and NA was coded for this question (item 10 on the checklist). The overall score of the paper was the sum of the score for each question divided by the number of applicable questions.
Data synthesis and analysis
Publication information, study characteristics and findings from the included studies, related to the research question, were gathered in a database form using Excel. The data extraction list from Wijnen et al. (Wijnen et al., 2016) was used as a basis and other items were included that are directly related to non-inferiority or equivalence trials such as study analysis approach of intention to treat versus per protocol. When the d-CER was not reported, it was calculated where possible by dividing the differential cost and the differential effect (QALY, Life Years, other) found in the text. Given the different locations, years of study and country-specific elements such as different currencies, the costs were converted into a common currency and price year using the CCEMG—EPPI-Centre Cost Converter as recommended in the five step methodology, which enable us to convert and adjust the d-CER of each article to 2022 euros (€) (https://eppi.ioe.ac.uk/costconversion/).
RESULTS
In total, 4,975 records were found from PubMed, EMBASE, ClinicalTrials.gov and the manual searches. The latter included the results retrieved by using the snowballing technique among the rest of databases such as Tufts, EuroCT, EBSCOhost, CRD York and ISRCTN. After filtering studies according to the inclusion criteria, we found 107 published d-CE economic evaluations, representing 107 days-CE HTs as shown in the PRISMA flowchart (Figure 2). The scope of the articles varied considerably and not all of the published economic evaluations reported the d-CER; when it was not possible to be calculated, the information was shown in disaggregated form. The full list of included studies with key characteristics is available in the supplementary material (appendix 2). Nearly 30% of the 107 HTs were services (n = 29) and similarly for drugs (n = 31). These papers, that were predominantly about cancer, cardiovascular diseases, musculoskeletal disorders and respiratory diseases, were almost equally split between new/alternative technologies (n = 54) and strategies that were using the same technology (n = 53) such as drug tapering studies. Over half of the studies were publicly funded (n = 67) and were primarily carried out in the USA (n = 28) and the UK (n = 23) which reflects the importance and quantity of economic studies in general carried out in those countries. Over half of the economic evaluations were conducted alongside randomised control trials (n = 65).
For the studies where it was possible to calculate the decremental cost-utility ratio, it ranged from €151 to €5,044,460 saved per QALY lost. Table 1 shows the key characteristics of interventions with a point estimate of the cost utility ratio above €100,000 saved per QALY lost. The time horizons varied from 4 days to lifetime extrapolations in the case of modelling studies. For over half of the studies (n = 54) health outcomes were expressed in QALYs, in other cases effectiveness was measured in natural units or functional scales.
TABLE 1 | Key characteristics of studies with a point estimate of the cost utility ratio greater than €100,000/Qaly lost.
[image: Table 1]In total, 78% of the studies evaluated had high or very high quality, bias and transferability scores. Over 90% of the studies included in this review clearly stated their objectives and population characteristics. Only 28 of the economic analyses were carried out from the societal perspective and this typically meant an estimation of productivity costs in terms of absenteeism from work and cost of caregiving. The costs estimated rarely included out of pocket payments or private health insurance payments that can be important in some countries despite universal coverage and social health insurance. Generalisability of the results to other settings were discussed in 73% of papers and ethical and distributional issues were only addressed in two-thirds of papers. For 25% papers no sponsorship information was communicated.
The expanded search to conference abstracts, posters, published protocols and ClinicalTrials.gov registry entries for equivalence or non-inferiority trials, a total of 48 records were identified for in depth investigation and the first authors were contacted to investigate if an economic evaluation had been published. Only 21 replies were received and of these just four studies had a publication available, which were not d-CE.
DISCUSSION
This review aimed to summarise the existing economic studies of decrementally cost-effective technologies published since 2005. Given its international nature and the variety of effectiveness endpoints, no threshold was used to characterise whether costs savings associated with a loss of health were acceptable or not. However, it is under debate whether or not the willingness to pay (WTP) value would be the same as the willingness to accept value. The societal point of view indicates that WTA is usually higher than WTP, potentially with double the cost difference for one QALY lost than the WTP for one QALY gained (Kievit et al., 2016). The net monetary benefit approach has been advocated, however it still requires a decision on the acceptable loss of efficacy for the non-inferiority condition to be met, as well as scenarios on the decision maker’s willingness to accept thresholds (Xie et al., 2019).
The 54 studies which used QALYs as the measure of outcome reported a wide range of d-CERs, from an unacceptable €151 to a high € 5,044,460 saved per QALY lost, with a fair share of them reporting results above €100,000 saved per QALY lost. However, the C-E results of the studies cannot be directly compared due to methodological differences such as the different economic perspectives, different discount rates and different health systems.
In the Netherlands, the WTA is considered to be € 80,000 saved per QALY lost, although this value has not been officially stated and we had applied this threshold value in our review, we would have excluded more than 30% of the papers. A previous systematic review on d-CE HTs, conducted over the time period 2002–2007, identified just eight d-CE interventions (Nelson et al., 2009).
Besides the growth of economic evaluations published in the recent years and the conservative approach of the above-mentioned study only d-CE interventions being at least $100,000 cost saving for each QALY lost were included. However, there could be other reasons for the higher number of studies found in our review. For example, 46 out of 66 RCT-based economic evaluations were based on non-inferiority or equivalence clinical trials and non-inferiority clinical trials are being performed with a greater frequency every year (Murthy et al., 2012). These trials are usually undertaken to test the hypothesis that the new technology will provide better safety at the cost of an acceptable reduction in efficacy. The addition of an economic analysis using QALYs as outcomes in that situation is highly relevant because 1) the new technology can be cost reducing and 2) both safety and efficacy are covered by the generic health related quality of life measure. Moreover, the time period covered by our review included the austerity measures on healthcare spending caused by the global financial crisis which has been a key driver to decision making based on maximising collective health benefits while controlling costs. Curbing overtreatment and rational prescribing is another key topic in healthcare and nearly half of the 107 days-CE HTs we found were dose reduction/de-escalation interventions (OECD and European Union, 2018).
Next steps of research would involve investigating the opportunity cost generated by implementing d-CE HTs in national settings to identify how to displace the financial savings to maximise population’s health outcomes. For example, using results from the PIVOT trial, it is has been estimated that switching 45,000 HIV patients in the UK from triple antiretroviral therapy to the clinically non-inferior protease inhibitors monotherapy (until viral load rebound) would lead to cost savings that could be used to generate 22,354 QALYs elsewhere, including 1,486 lives prolonged and 6,735 life-years gained (Oddershede et al., 2016). The potentially collective health gains under limited resources have also been described in a model by Arbel et al., which has been used by the German health system when comparing alternative interventions under a pre-specified budget constraint (Arbel and Greenberg, 2016) . A less expensive and less effective therapy might add more QALYs in a target population when there are budget constraints (Birch and Gafni, 2004). However, cost saving is rarely the primary reason for choosing a particular treatment strategy. In case of HIV, for example, the WHO rejects the provision of cheaper and less effective treatments in any situation, to avoid the establishment of a double standard of care. It can be argued that it should be mandatory for health professionals to provide the best available option to their patients, but from a broader societal perspective, decision makers may claim that is more important to achieve equity in the supply of medical innovations (Persad and Emanuel, 2017). Since 2010, in OECD countries, the expenditure on health has remained relatively flat within a global context of budget constraint. Policy recommendations for implementing slightly less effective medical interventions, but at significantly lower cost, might represent a more effective use of resources to provide additional health gains to the population (Kent et al., 2004) (OECD and European Union, 2018).
Having identified these 107 days-CE HTs, the question remains for policy makers on which of these could be implemented. Interventions that are highly d-CE for pathologies with a significant burden of disease would probably be most pertinent for investigation by HTA agencies and medical associations. Overcoming the reticence of stakeholders to look into the south-west quadrant of the C-E plan and find consensus for a WTA threshold is a context sensitive issue.
One HT found by this systematic review was based on a RCT that demonstrated that for patients with active rheumatoid arthritis, having failed conventional synthetic disease-modifying anti-rheumatic drugs (csDMARD) mono-therapy, triple therapy was non-inferior to the biological disease-modifying anti-rheumatic drugs (bDMARDs) with Methotrexate. The economic analysis estimated an average reduction in QALY of -0.017 and cost savings of $977,805 per QALY lost, mainly attributable to the lower drug costs of csDMARDS (O’Dell et al., 2013) (Bansback et al., 2017). In terms of implementation in Europe, there are different eligibility criteria for reimbursement of bDMARDs depending on the country. For example, in France, where bDMARDs are up to 30 times more expensive than csDMARDs, the eligibility criteria for bDMARD reimbursement do not require minimal disease duration nor that a certain number of csDMARDs fail prior to prescribing a biologic therapy. The percentage of French patients treated with a combination of three csDMARDs was less than 1% in the ESPOIR cohort of 2018. In the UK, where NICE recommends biologics for patients with RA only if the disease activity is severe and has not responded to treatment with a combination of csDMARDs, the National Clinical Audit for RA indicated that at least 46% of English patients received a combination of csDMARDs at some point (HAS, 2019) (Firth et al., 2016). The launch of biosimilar bDMARDs can further affect prescribing habits: the sales of biosimilar Etanercept (Benepali®) increased by 172% in France from 2017 to 2018 (Medic’AM, 2018). However, biosimilars are still relatively expensive compared with csDMARDs and thus triple therapy remains the least costly option in people failing csDMARD monotherapy. Since prescribers do not always follow the HTA guidelines, the question of how to motivate them to do so should be addressed. In addition to reimbursement policy, incentives such as novel payment models to encourage use of a less expensive but much cheaper technologies compared to usual care may be necessary (Hutton et al., 2014).
Despite the increased number of d-CE papers found, it is possible that some studies are not published due to the results being unable to demonstrate non-inferiority, equivalence or in the case of superiority trials, health gains, despite the possibility that an economic evaluation may have unearthed d-CE interventions in some of these cases. A technology that is proven non-inferior (ie possibly inferior but within an acceptable margin for clinical outcome) cannot expect a price premium and will usually be launched at a discounted price (10–15% for example) relative to the comparator. In that sense, policy makers and payers have already answered the question of the equivalence margin for costs, although probably did not consider the joint distribution of costs and effects whether they be clinical outcomes or QALYs. Innovative new frameworks may need to be developed to help policy decisions (Xie et al., 2019).
The comparability of study results was limited by the heterogeneity of endpoints in studies that did not use QALYs, and by the lack of standardization in the selection of non-inferiority margins for clinical trials (Waliszewski et al., 2020). We did not address the ethical process of ensuring that disinvestment decisions are acceptable by the population at large (Pace et al., 2020).
CONCLUSION
This systematic review has revealed a growth in recent years in the number of economic evaluations of d-CE HTs and identified 107 HTs that are d-CE compared to usual care. Some of these HTs, that represent a potentially large cost saving for a small loss in efficacy, can be examined by decision-makers for uptake in different setting. Economic and policy tools are needed to facilitate the adoption of a decrementally cost-effective health technology in different settings since this should contribute towards the maximisation of population health outcomes.
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Objective: This study was aimed to investigate the cost-effectiveness of all available programmed death 1 (PD-1) inhibitors combined with chemotherapy in the first-line treatment of advanced esophageal squamous-cell carcinoma (ESCC) from the Chinese healthcare system perspective.
Methods: A partitioned survival model with a 3-week cycle and a 10-year time horizon was constructed based on a network meta-analysis. The survival data and utility values were derived from clinical trials, and the direct medical costs were collected from public drug bidding database and published literature. Total costs, quality-adjusted life-years (QALYs) and incremental cost-effectiveness ratios (ICERs) were calculated. Scenario, one-way and probabilistic sensitivity analyses were performed to assess the uncertainty around model parameters.
Results: Compared with mono-chemotherapy, toripalimab, sintilimab and camrelizumab plus chemotherapy were cost-effective treatment regimens, while serplulimab, pembrolizumab and nivolumab plus chemotherapy were not cost-effective options. Toripalimab plus chemotherapy provided the highest QALYs of 0.95 with the lower cost of $8,110.53 compared to other competing alternatives. The robustness of the base-case results was confirmed by scenario and one-way sensitivity analysis. At a willingness-to-pay threshold of three times per capita gross domestic product ($38,351.20) in 2021, the probability of toripalimab plus chemotherapy being the optimal option was 74.25% compared with other six competing alternatives.
Conclusion: Toripalimab plus chemotherapy represented the most cost-effective option as the first-line therapy for advanced ESCC patients in China.
Keywords: cost-effectiveness, esophageal squamous-cell carcinoma, PD-1 inhibitors, first-line therapy, chemoimmunotherapy
INTRODUCTION
Esophageal cancer is the fifth most common malignancy and the fourth leading cause of cancer-related death in China (Sung et al., 2021; Zheng et al., 2022). Esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma represent the predominant histological type, with the former accounting for approximately 85% of cases (Arnold et al., 2020). Many esophageal cancers are unresectable at first diagnosis (Rustgi and El-Serag, 2014). Standard fluoropyrimidine or paclitaxel plus cisplatin-based chemotherapy is recommended as first-line treatment for patients with advanced or metastatic ESCC(Muro et al., 2019). The clinical benefits, however, remain limited in patients with advanced or metastatic ESCC receiving standard of care, with a median overall survival (OS) of fewer than 1 year (Ajani et al., 2019; Shah et al., 2023). Therefore, discovering revolutionary treatment strategies to improve prognosis becomes a pressing need in these populations.
In recent years, immune checkpoint inhibitors targeting programmed death 1 (PD-1) or programmed death-ligand 1 (PD-L1) have emerged as promising antitumor regimens across multiple malignancies, including esophageal cancer (Constantinidou et al., 2019). Several prior randomized studies have demonstrated that PD-1 blockade provided significant survival benefits as second-line treatment for advanced ESCC(Kato et al., 2019; Huang et al., 2020). Further, ESCORT-first (Luo et al., 2021), CheckMate-648 (Doki et al., 2022), KEYNOTE-590 (Sun et al., 2021), ORIENT-15 (Lu et al., 2022) and JUPITER-06 (Wang et al., 2022) respectively confirmed that camrelizumab, nivolumab, pembrolizumab, sintilimab and toripalimab combined with chemotherapy produced encouraging antitumor activity compared with mono-chemotherapy. As a result, the five chemoimmunotherapies mentioned above have been in succession approved by the National Medical Products Administration and recommended by the Guidelines of Chinese Society of Clinical Oncology (CSCO, 2022). In 2021, Camrelizumab officially entered the National Reimbursement Drug List (NRDL) negotiation through an 85.2% price reduction for patients with locally advanced or metastatic ESCC, which has progressed after first-line chemotherapy (Cai et al., 2021). The other PD-1 inhibitors covered by the NRDL, such as sintilimab and toripalimab, did not yet include indications related to esophageal cancer.
A published network meta-analysis (NMA) involving five clinical trials with 3,163 patients has investigated the efficacy and safety differences between diverse chemoimmunotherapies in first-line treatment for advanced ESCC (Li et al., 2022). The results proved that toripalimab plus chemotherapy achieved the longest OS [hazard ratio (HR): 0.58, 95% confidence interval (CI): 0.43–0.78], while camrelizumab and sintilimab combined with chemotherapy engendered the longest progression-free survival (PFS) (HR: 0.56, 95% CI: 0.46–0.68) than other treatment examined (Li et al., 2022). Recently, the ASTRUM-007 trial revealed that serplulimab plus chemotherapy significantly improved PFS (HR: 0.60, 95% CI: 0.48–0.75) and OS (HR: 0.68, 95% CI: 0.53–0.87) versus mono-chemotherapy for advanced ESCC, but with a manageable safety profile (Song et al., 2023). Considering the lack of head-to-head clinical trials, clinicians confronted insurmountable quandaries in making appropriate treatment options for a given patient based on the available evidence alone, and that is before taking into account relative costs. Therefore, with the enthusiasm of health technology agencies towards life-cycle health technology assessment (Drummond et al., 2008), the selection of optimal treatment options for decision-makers essentially depended on comparative cost-effectiveness (Sanders et al., 2016; Dai et al., 2022).
Most published economic evaluations have assessed the cost-effectiveness of camrelizumab (Zhang et al., 2021), nivolumab (Liu et al., 2022), pembrolizumab (Zhu et al., 2022a) and sintilimab (Ye et al., 2022) compared to chemotherapy in the first-line setting for advanced ESCC. However, the cost-effectiveness between all available first-line chemoimmunotherapies for patients with advanced ESCC was still uncertain. As such, we aimed to evaluate the cost-effectiveness of all first-line chemoimmunotherapies for the treatment of advanced or metastatic ESCC, namely, camrelizumab, nivolumab, pembrolizumab, serplulimab, sintilimab, and toripalimab combined with chemotherapy, and mono-chemotherapy, from the perspective of Chinese healthcare system to better inform reimbursement policy and achieve optimal health resource allocation.
METHODS
Patients and treatment
This study was guided by the Consolidated Health Economic Evaluation Reporting Standards 2022 (CHEERS 2022) updated reporting guidelines (Supplementary Table S1) (Husereau et al., 2022). This economic evaluation was based on modelling techniques and published literature, and did not require approval of the institutional research ethics board because no real human participants or animals were involved.
A hypothetical cohort of patients, aged at least 18 years, with histologically or cytologically confirmed unresectable locally advanced, recurrent, or metastatic ESCC with the same characteristics as those patients enrolled in ESCORT-first (Luo et al., 2021), CheckMate-648 (Doki et al., 2022), KEYNOTE-590 (Sun et al., 2021), ASTRUM-007 (Song et al., 2023), ORIENT-15 (Lu et al., 2022) and JUPITER-06 (Wang et al., 2022) clinical trials. Eligible patients received one of seven first-line interventions: (1) Chemotherapy (Cisplatin, 75 mg/m2, day 1 plus Paclitaxel, 175 mg/m2, day 1 or Fluorouracil, 800 mg/m2, days 1 through 5; 3-week); (2) Camrelizumab (200 mg; 3-week) plus chemotherapy; (3) Nivolumab (240 mg; 2-week) plus chemotherapy; (4) Pembrolizumab (200 mg; 3-week) plus chemotherapy; (5) Serplulimab (75 mg/kg; 2-week) plus chemotherapy; (6) Sintilimab (200 mg; 3-week) plus chemotherapy; (7) Toripalimab (240 mg; 3-week) plus chemotherapy (Supplementary). After disease progression, we assumed that the remaining patients would receive subsequent best supportive anti-cancer regimens to accurately capture the cost-effectiveness associated with first-line treatment.
MODEL CONSTRUCTION
A partitioned survival model was constructed with three exclusive health states [PFS, progression-disease (PD), and death] to portray disease progression and treatment efficacy (Figure 1). The cycle length was 3 weeks, which was consistent with the treatment protocol in clinical trials, and half-cycle correction was implemented to calibrate the timing of events. The 10-year time horizon was adequate to guarantee that ESCC patients completely entered the terminal state. The primary endpoint of the model included overall costs, quality-adjusted life years (QALYs), and incremental cost-effectiveness ratios (ICERs; incremental cost per additional QALY gained) for pairwise comparison between chemoimmunotherapy-related groups. According to China Guidelines for Pharmacoeconomic Evaluations, a discount of 5% was applied to health outcomes and costs beyond the first year over the time horizon (Liu et al., 2020). All costs were adjusted to 2022 prices with the local Consumer Price Index and converted into US dollars (1$ = 6.33 CNY). As recommended by the World Health Organization (Marseille et al., 2015), 3 times per capita gross domestic product (GDP) in China in 2021 ($38,351.20) was implemented as the willingness-to-pay (WTP) threshold to investigate the most cost-effective competing alternatives.
[image: Figure 1]FIGURE 1 | The structure of the partitioned survival model. (ESCC, esophageal squamous-cell carcinoma).
Clinical inputs
As a result of the absence of head-to-head clinical trials comparing chemotherapy and all available chemoimmunotherapies, a systematic review was conducted in February 2023 to identify randomized controlled trials (RCTs) of relevant treatment strategies in advanced ESCC. Web of Science, PubMed, Embase, and Cochrane Library databases were searched using search terms: “camrelizumab or nivolumab or pembrolizumab or serplulimab or sintilimab or toripalimab or PD-1 or PD-L1”, “chemotherapy”, “esophageal squamous cell cancer or esophageal cancer or esophageal carcinoma” and “randomized clinical trial or randomized controlled trial”. The literature search identified 157 publications (Supplementary Figure S1). After rigorous screening, a total of six relevant phase III RCTs with 3,683 patients were included in the systematic review and network meta-analysis. The basic characteristics and bias risk assessment of included studies were summarized in Supplementary Table S2, Figure S2. The results of the network meta-analysis were shown in Supplementary Table S3.
GetData Graph Digitizer 2.26 (http://www.getdata-graph-digitizer.com/) was applied to extract PFS and OS data points from the Kaplan-Meier curves reported in the six RCTs (Supplementary Table S4, S5). To optimally extrapolate the lifetime survival outcome, Guyot’s parametric survival models were considered for each endpoint of chemotherapy (Guyot et al., 2012), including Exponential, Weibull, Log-logistic, Log-normal, and Gompertz distributions (Supplementary Table S6, Figures S3, S4). Weibull distribution provided eligible survival function based on clinical plausibility, statistical goodness-of-fit (Akaike Information Criterion and Bayesian Information Criterion), and visual examination (Latimer, 2013). The estimated shape parameters (γ) and scale parameters (λ) were shown in Table 1.
TABLE 1 | Key clinical inputs.
[image: Table 1]The baseline hazards for chemotherapy were estimated by averaging the patient survival data fitted by Weibull distribution (Supplementary Figure S5). We then derived the expected survival curves for chemoimmunotherapies by applying the HRs to the reference arm of chemotherapy. The Weibull parameter γ for chemoimmunotherapies was equal to the reference arm, and the Weibull parameter λ for chemoimmunotherapies was calculated as λ for reference arm multiplied by the HRs between alternative treatments and mono-chemotherapy (Hoyle et al., 2010).
Cost inputs
Our model considered only direct medical costs, which included drug costs, subsequent treatment, hospitalization expense, routine follow-up and radiological examinations, and administration costs associated with adverse events (AEs) (Table 2). To estimate drug costs, we calculated the average winning bids in 2023 from YAOZHI database (https://data.yaozh.com/), which aggregated the latest price data around the country. The default height of 165 cm and body weight of 65 kg, with an average body surface area (BSA) of 1.72 m2 were assumed for the Chinese ESCC patients to determine the dosage and expenditure of chemotherapies (Liu et al., 2022). Other healthcare-related costs were retrieved from recently published literature (Liu et al., 2022; Shen et al., 2022). Grade 3 or above AEs with an incidence of greater than 5% reported in the clinical trial were included as they exerted a considerable effect on the course of survival and treatment, including anemia, neutropenia, leukopenia, stomatitis, nausea, fatigue, vomiting, hyponatraemia, hypokalemia and pneumonia (Liu et al., 2022; Shao et al., 2022; Zhan et al., 2022). For each treatment regimen, the management cost of serious AEs were determined by multiplying the unite cost (per event) by the corresponding incidence rate.
TABLE 2 | Basic parameters input to the model and the ranges of the sensitivity analyses.
[image: Table 2]Health state utility
Health state utilities were estimated based on the EuroQoL five-dimension, three-level questionnaire reported from a double-blind, randomised phase 3 trial, which recruited participants with metastatic or locally advanced gastric or gastro-oesophageal junction adenocarcinoma (Wilke et al., 2014). The baseline utility values for PFS and PD states were 0.75 and 0.60, respectively, which were in compliance with previously published cost-effectiveness analyses (Yang et al., 2021; Liu et al., 2022). The disutility values caused by grade 3 or above treatment-related AEs were considered by multiplying the duration-adjusted disutilities by the prevalence rates of specific AEs (Lloyd et al., 2006; Nafees et al., 2017; Cai et al., 2021; Shao et al., 2022) (Table 2).
Scenario and sensitivity analyses
We performed four scenarios to examine how our model was impacted by time horizon, utility values, BSA and subsequent treatment strategies: first, health utility values from published economic evaluations associated with ESCC were employed to further validate the base-case results (Zhang et al., 2020; Marguet et al., 2021; Zhang et al., 2021); second, shorter time horizon (2, 5, and 8 years) was conducted in this scenario; third, the reasonably lower or higher weight and BSA (58 kg, 1.60 m2 and 80 kg, 1.98 m2) were investigated; fourth, according to guidelines and clinical trials (CSCO, 2022), after disease progression, we assumed that the proportion of patients receiving immunotherapy, targeted therapy, chemotherapy and BSC in the chemotherapy and chemoimmunotherapy groups were 10% and 20%, 10% and 10%, 20% and 25%, and 60% and 45%, respectively.
One-way and probabilistic sensitivity analyses (PSA) were conducted for input parameters to explore the robustness of our results. In the one-way sensitivity analyses, the estimated range of variables were either based on reported 95% confidence intervals or determined by assuming a 20% deviation from the base-case values to appraise their degree of impact on ICERs. On the basis of China Guidelines for Pharmacoeconomic Evaluations, the range of discount rate was set as 0%–8% (Liu et al., 2020). The results were represented by Tornado diagrams. For the PSA, 10,000 Monte Carlo simulations was generated by simultaneously sampling all crucial variables from the pre-specified statistical distributions. Gamma distribution was selected for costs, log-normal distribution for HRs between the competing alternatives, and beta distribution for utility values and proportions (Briggs et al., 2012). The results of PSA were presented in cost-effectiveness acceptability curves (CEAC), which illustrated the probabilities of each competing strategy being cost-effective at various WTP thresholds.
RESULTS
Base-case results
The base-case results were shown in Table 3. Compared with mono-chemotherapy, the ICERs of toripalimab, sintilimab, and camrelizumab combined with chemotherapy were $14,047.53/QALY, $18,622.34/QALY, and $29,771.17/QALY, respectively, all were lower than WTP threshold. The ICERs of serplulimab, pembrolizumab, and nivolumab plus chemotherapy versus mono-chemotherapy were $170,911.36/QALY, $211,350.41/QALY, and $400,768.95/QALY, respectively, all were more than WTP threshold. In the pairwise comparison between all competing treatments, toripalimab plus chemotherapy yielded the highest QALYs (0.95) with lower cost ($8,110.53) and represented high-value option for advanced ESCC patients at the current price and WTP threshold.
TABLE 3 | Base-case results.
[image: Table 3]Scenario and sensitivity analyses results
Across all scenario analyses, the general conclusions of the primary analyses were robust and reliable, namely, toripalimab plus chemotherapy was the most cost-effective option against competing regimens (Supplementary Tables S7, S8, S9, S10). One-way sensitivity analyses demonstrated that HR-related parameters, drug costs, utility values and BSA played a considerable role in the base-case results, but alterations in these variables did not significantly alter the conclusion (Supplementary Figure S6). At the WTP thresholds of 3 times per capita GDP in China, the CEAC revealed that approximately 74.25%, 23.38%, and 2.37% probabilities of toripalimab, sintilimab, and camrelizumabplus chemotherapy being cost-effective options in simultaneous comparisons of competing strategies (Figure 2).
[image: Figure 2]FIGURE 2 | Cost-effectiveness acceptability curves indicating the probability of each treatment regimen to be cost-effectiveness in the treatment of advanced esophageal squamous-cell carcinoma at various willingness-to-pay thresholds in China.
DISCUSSION
To our knowledge, this is the first study to comprehensively appraise the cost-effectiveness of currently available first-line chemoimmunotherapies for patients with advanced ESCC from the Chinese healthcare system perspective. Our findings indicated that toripalimab, sintilimab, and camrelizumab combined with chemotherapy were cost-effectiveness compared to chemotherapy. Toripalimab plus chemotherapy was the most cost-effective treatment paradigm under the current WTP threshold by virtue of the highest QALYs and lower cost. The base-case results were upheld by the scenario and sensitivity analyses.
Toripalimab was the first approved PD-1 inhibitor developed independently by Chinese pharmaceutical companies, which not only greatly reduced transportation costs compared to imported immunotherapeutic agents, but also provided more substantial price reductions than comparable inhibitors (Tian et al., 2022). Therefore, toripalimab could be more accessible and widely applied for Chinese patients. The NMA demonstrated that sintilimab and camrelizumab plus chemotherapy provided more significant improvements in PFS and OS than nivolumab and pembrolizumab plus chemotherapy. Due to the considerable price advantage and accessibility, sintilimab and camrelizumab plus chemotherapy may be appropriate alternatives for advanced ESCC patients. Serplulimab, a novel domestic PD-1 inhibitor, plus chemotherapy for first-line treatment has not shown an economic advantage, although it may be cost-effective in patients with extensive-stage small cell lung cancer (Zhu et al., 2022b). Therefore, a substantial price reduction for serplulimab was essential to improve patient affordability. Moreover, PD-1 inhibitors plus chemotherapy improved clinical benefits as first-line therapy for advanced ESCC patients, at the cost of greater but controllable toxicity including increased frequency of serious AEs (Li et al., 2022). However, one-way sensitivity analyses showed that these tolerable toxicity-related costs and disutilities exerted a minimal impact on cost-effectiveness and, hence, would not substantially alter the results.
In recent years, the Chinese self-developed innovative PD-1 inhibitors have gradually provided better survival benefits, clinical tolerability and cost-effective treatment options for various cancer patients. This situation is mainly driven by the centralized price-negotiated mechanisms to improve the accessibility and afordability of patients (Zhang et al., 2022a; Zhang et al., 2022b). The National Medical Products Administration, previously called the China Food and Drug Administration, has strengthened regulatory capacity and launched a series of priority procedures to expedite the development, review and approval of innovative anti-cancer medicines (Zhou et al., 2017; Zhang et al., 2022a). Furthermore, to temper rapidly increasing costs, value-based pricing and national medical insurance negotiations became critical criterion for innovative drugs to be covered by national medical insurance (Si et al., 2020; Tang et al., 2020). These mechanisms have reduced drug prices by half, safeguarding both patient affordability and the sustainability of medical insurance (Zhang et al., 2022b).
To date, several economic evaluations were relevant to ours and warrant discussion. Zhang et al. (Zhang et al., 2021) estimated the cost-effectiveness of camrelizumab plus chemotherapy in the first-line treatment of advanced or metastatic ESCC based on ESCORT-first clinical trial, and suggested that camrelizumab plus chemotherapy might not be cost-effective compared with standard chemotherapy in China. Nevertheless, this previous assessment used non-negotiated prices for camrelizumab, which are no longer relevant at present, as the medical insurance negotiation mechanism has dramatically improved accessibility for patients. Zhu et al. (Zhu et al., 2022a) and Liu et al. (Liu et al., 2022) evaluated the cost-effectiveness of pembrolizumab and nivolumab combined with chemotherapy from the Chinese healthcare system perspective, respectively, and the conclusions aligned well with those of this analysis. Nivolumab and pembrolizumab combined with chemotherapy was extremely unlikely to be economical compared to chemotherapy (Malmberg et al., 2022), and substantial price reductions or generous patient assistance programs were required to improve affordability (Howard, 2014). The latest economic evidence suggested that sintilimab and toripalimab plus chemotherapy were cost-effective compared with chemotherapy regimens in the first-line treatment of patients with advanced ESCC(Shao et al., 2022; Fang et al., 2023). Our results were consistent with available studies. Camrelizumab, sintilimab, and toripalimab plus chemotherapy were high-value innovative options for advanced ESCC patients in China.
Our study had some limitations that merited discussion, many of which were governed by data availability and model assumptions. Foremost, because the head-to-head clinical trial was unavailable, an indirect comparison was performed based on NMA to evaluate all available chemoimmunotherapies as first-line treatment for advanced ESCC, although there was moderate heterogeneity in the pairwise comparison. Second, we assumed best supportive care as the primary treatment after disease progression, which might be different from the actual clinical situations. Scenario analysis demonstrated that the alternative of subsequent treatment options would not substantially alter the outcome of the base-case analysis. Third, since the utility values of specific health states were limited in China, the utilities and disutilities were determined based on published clinical trial, which might cause some deviations in the cumulative QALYs. Fourth, due to the absence of data, the costs and disutilities associated with grade 1/2 treatment-related AEs were excluded from this model, although one-way sensitivity analyses implied that only minimal impact on the base-case results. Fifth, PD-L1 expression was enriched in ESCC patients. Prior economic evidence indicated that PD-1 inhibitors were potentially more sensitive to PD-L1-positive ESCC patients against overall population (Zhu et al., 2022a; Liu et al., 2022; Shao et al., 2022). Because PD-L1-positive was inconsistently defined across clinical trials, subgroup analyses were not feasible in this study. Consequently, subgroup analyses based on head-to-head trials or real-world data warranted further studies to support healthcare decision-making and precision medicine.
CONCLUSION
In summary, our findings showed that toripalimab, sintilimab, and camrelizumab combined with chemotherapy were cost-effective treatment options over chemotherapy, and toripalimab plus chemotherapy was the most cost-effective regimen compared with other competing alternatives as the first-line treatment for advanced ESCC patients in China.
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Introduction: Patient-Reported Outcomes (PRO) integrate a wide range of holistic dimensions that arenot captured within clinical outcomes. Particularly, from induction treatment to maintenance therapy, patient quality-of-life (QoL) of kidney transplant recipients have been sparsely investigated in international settings.
Methods: In a prospective, multi-centric cohort study, including nine transplant centers in four countries, we explored the QoL during the year following transplantation using validated elicitation instruments (EQ-5D-3L index with VAS) in a population of kidney transplant patients receiving immunosuppressive therapies. Calcineurin inhibitors (tacrolimus and ciclosporin), IMPD inhibitor (mycophenolate mofetil), and mTOR inhibitors (everolimus and sirolimus) were the standard-of-care (SOC) medications, together with tapering glucocorticoid therapy. We used EQ-5D and VAS data as QoL measures alongside descriptive statistics at inclusion, per country and hospital center. We computed the proportions of patients with different immunosuppressive therapy patterns, and using bivariate and multivariate analyses, assessed the variations of EQ-5D and VAS between baseline (i.e., inclusion Month 0) and follow up visits (Month 12).
Results: Among 542 kidney transplant patients included and followed from November 2018 to June 2021, 491 filled at least one QoL questionnaire at least at baseline (Month 0). The majority of patients in all countries received tacrolimus and mycophenolate mofetil, ranging from 90.0% in Switzerland and Spain to 95.8% in Germany. At M12, a significant proportion of patients switched immunosuppressive drugs, with proportion varying from 20% in Germany to 40% in Spain and Switzerland. At visit M12, patients who kept SOC therapy had higher EQ-5D (by 8 percentage points, p < 0.05) and VAS (by 4 percentage points, p < 0.1) scores than switchers. VAS scores were generally lower than EQ-5D (mean 0.68 [0.5–0.8] vs. 0.85 [0.8–1]).
Discussion: Although overall a positive trend in QoL was observed, the formal analyses did not show any significant improvements in EQ-5D scores or VAS. Only when the effect of a therapy use was separated from the effect of switching, the VAS score was significantly worse for switchers during the follow up period, irrespective of the therapy type. If adjusted for patient characteristics and medical history (e.g., gender, BMI, eGRF, history of diabetes), VAS and EQ-5D delivered sound PRO measures for QoL assessments during the year following renal transplantation.
Keywords: immunosuppressant, kidney transplant patient, quality of life, PROMS, VAS (analog visual scale), EQ5D 3L, transplantation, international cohort study
1 INTRODUCTION
Kidney transplantation remains the treatment of choice for chronic renal failure. Monitoring procedures and indicators after organ transplantation generally include surgical suite, long-term survival, and complication rates. Monitoring quality-of-life (QoL) is gaining importance as complementary outcome measures, especially because of the need of real-world data on patient wellbeing and intense resource utilization. Clinicians, researchers, and health authorities acknowledge the importance of considering patient-reported outcomes (PROs) alongside biomarkers or genetic characteristics, as multidimensional aspects of individualized treatments and for further health technology assessment (HTA) purposes. Research into health services recently focused on improving patients’ health-related QoL, particularly if long-term and expensive therapies with narrow therapeutic index are used: standardized and validated elicitation instruments are needed to derive patient-reported outcome measures (PROMs). PROMs integrate a wide range of multidimensional effects related to the initiation of immunosuppressive drugs and maintenance protocols, including health utility indexes. However, they have been sparsely considered before and after transplantation in international cohort studies, including kidney transplant recipients (KTR). Principal goals of the EU-TRAIN consortium regarding PROMs are: to provide multidimensional findings for translation to end users (clinicians and KTR), to address unmet needs on new biomarker-guided therapies, and to fill the gap related to the preponderant role of immune-suppressants on QoL.
There are disease-specific questionnaires developed for transplant patients or individuals with chronic renal failure, such as the Modified Transplant Symptom Occurrence and Symptom Distress scale derived from 59 items (MTSOSD-59R) (Kim and Jang, 2020) or the Kidney Disease and Quality-of-Life (KDQOL-36) (Chong et al., 2018). The implementation of such elicitation instruments in a routine QoL survey during follow-up (FU) visits remained difficult to achieve in larger scale, due to the number of items, language issues, and nuances between proposals in the questionnaires.
This first study aims to describe QoL in a multi-centric population of patients receiving immunosuppressive therapies to sustain kidney transplantation and contain organ rejection, by implementing PROMs based on validated short questionnaires, such as the EQ-5D-3L index and the Visual Analogue Scale (VAS) score.
2 MATERIALS AND METHODS
2.1 Participants
The EU-TRAIN (EUropean TRAnsplantation and Innovation) prospective cohort of kidney transplant patients is a Consortium for Research and Innovation Framework Programme H2020 that includes four countries (France, Germany, Spain, and Switzerland) and nine transplantation centers based in university hospitals.
Briefly, EU-TRAIN (https://eu-train-project.eu/) was an international, multicenter, prospective trial aiming at implementing the use of clinical decision support system to 1) evaluate non-invasive biomarkers in peripheral blood predicting anti-donor immunological activation, to 2) monitor the risk of transplant rejection without invasive procedures and measure improvement in therapy response after kidney transplantation. Eventually, we aim to assess the effectiveness and QoL and, ultimately, cost-effectiveness of the new diagnostic and monitoring approaches to improve productive and allocative efficiency in European healthcare systems.
More specifically, the primary objectives were 1) the stratification of KTR using non-invasive biomarkers for the risk of allograft rejection in the first year post transplant; 2) the re-classification of rejection diagnoses (SOC histopathology procedures) by the gene expression profiling in allograft biopsies (“Low-risk” and “High-risk” clusterings).
From November 2018 to June 2021, the total patient population included 542 KTR, out of which 491 KTR categorized by age, gender, current medications, physical characteristics (e.g., weight, height), medical history, estimated Glomerular Filtration Rate (eGFR) that determines the stage of kidney disease and the type of allograft donor. A wide range of non-invasive biomarkers will be prospectively assessed, such as T- and B-cell ELISpot assays, donor specific antibodies, blood targeted transcriptional profiling, donor-derived cell-free DNA (liquid biopsy), and ultimately AI-based predictors (e.g., algorithms, machine learning). Main indications to KT were glomerulopathy 19% (n = 104), polycystic kidney disease 14% (n = 75), chronic interstitial nephropathy 13% (n = 69), vascular nephropathy 12% (n = 63), and mixed origins 10% (n = 55). Further etiologies were post-renal diseases 5% (n = 26), diabetes 4% (n = 23), IgA nephropathy 4% (n = 23), and malformative nephropathy 4% (n = 20). All other causes represented 15% (n = 84).
The number of living donors were 107 (20%), 457 KTR (84%) had dialysis before kidney transplantation, and the average duration of dialysis was 3.3 years (min. 0.1 - max. 35 years).
During the 3 months following KT (M3), the rate of biopsies was 60% (n = 327) and biopsy proven acute rejection (BPAR) was 7% (n = 24). Between M3 and 12 months (M12), the rate of performed biopsy was 61% (n = 330) and BPAR was 6% (n = 21). CMV (Cytomegalovirus) reactivation was found in 11% of KTR (n = 60). The rate of BK virus (BKV) reactivation was 5% (n = 28) and BKV-associated nephropathy was found in 4% of KTR (n = 22). At M12, the total number of reported infections (outside BKV and CMV) was 821, the gastrointestinal events 361, and the total number of adverse drug events (ADE) was 3,553 (antibiotics and antifungal medications were the main agents responsible for ADE, n = 755).
Some indicators were not available from the KTR cohort due to the missing observations related to the COVID-19 pandemic and the relatively short observational period.
Local institutional ethics committee approvals were obtained for all nine centers.
2.2 Instruments
We used EQ-5D-3L instrument with permission from the EuroQol Group and VAS scale to measure patients’ QoL (Rabin and de Charro, 2001; Rabin et al., 2014). The EQ-5D-3L provides a simple description of patient self-perceived health status covering five health dimensions: Mobility, self-care, usual activities, pain/discomfort and anxiety/depression, with three response options (no problems, some problems, and severe problems). The patient response is transformed into a code with underlying value ranging from perfect health to worst possible health, and the EuroQol Group has already developed a methodology for eliciting value sets for the 3L version in most European countries. We used the value sets for France (Chevalier and de Pouvourville, 2013), Spain (Badia et al., 2001) and Germany (Greiner et al., 2005) in this study to derive EQ-5D scores. Whilst there is no EQ-5D-3L value set available for French-speaking part of Switzerland (Geneva), we used the value set from France as we considered it the most comparable to the patient and hospital settings in Geneva.
The self-reported VAS measures the patient health state and general wellbeing on a scale from 0 to 100, where 0 reflects the worst imaginable health status and 100 the best health status. It is a health summary score used in the clinical and economic evaluation of healthcare as well as in population health surveys (Dolan, 1997; Kullberg et al., 2005).
2.3 Study medication
In this prospective observational study, no therapeutic intervention was assessed. KTR received immunosuppressants after transplantation according to immunosuppressive protocols based on international standards. The following immunosuppressants were used as maintenance therapy to control graft rejection: Calcineurin inhibitors (tacrolimus (Tac) or ciclosporin (Cic), mutually exclusive prescription); IMPD inhibitors (mycophenolate mofetil (Mmf); and mTOR inhibitors (everolimus, sirolimus, mutually exclusive prescription).
Generally, KTR received first Tac, while fewer ones got Cic, together with Mmf as SOC. In cases of signs of nephrotoxicity, allograft rejection or certain infections, such as CMV) or BKV, or progression of neoplasms (Iaria et al., 2007), immunosuppressant therapies were switched or mTor inhibitor was added as a second line treatment.
2.4 Procedure
Elicitation of EQ-5D and VAS estimates were collected at baseline (M0, <24 h before transplantation) and after 1 year (M12). Validated EQ-5D in four languages (English, French, German, Spanish) were used. To ensure harmonization per protocol between countries and transplantation centers, a common eCRF (electronic case report form) was designed and developed by Consortium members. Data was entered by the principal investigators or sub-/co-investigators in the electronic case report form (eCRF), and patient data was anonymized on the electronic case report form (eCRF). Only authorized persons (principal investigators and sub-/co-investigators) were able to access the eCRF at the study sites.
2.5 Data analysis
We derived QoL based on data from EQ-5D and VAS, measured at inclusion (month M = 0) and at FU visit (M12), alongside descriptive statistics at inclusion, per country and hospital center. We calculated the proportions of KTR with different immunosuppressive therapy patterns and non-missing observations at baseline and at FU visit (month M = 12), taking into account those who switched to other therapies over the course of 1 year. We assessed the variation of EQ-5D and VAS scores between baseline (at inclusion) and FU visit (M12).
Finally, we investigated associations between QoL measures (EQ-5D and VAS) and types of therapies using generalized linear models, estimated in the FU visit (M12) (GLM, family binomial, link logit, Stata software, 17.0). The unadjusted model results were presented alongside results adjusted for potentially important background explanatory variables: gender, history of diabetes, body mass index (BMI), and estimated renal function at M12. The results of all models were transformed to average marginal effects for ease of interpretation. Average marginal effects show how, on average, a dependent variable (VAS or EQ-5D in our case) changes when the levels of the explanatory variables change (or at a one-unit change of the explanatory variables). Additionally, we explored whether the improvement in QoL over the course of 12 months (measured by EQ-5D or VAS) was associated with immunosuppressive therapies, taking into account cases of switching to other therapies. We used logit models (Stata software, 17.0) for both elicitation instruments (EQ-5D and VAS), with binary dependent variable taking the value of 1 if the QoL measure increased at FU visit M12 compared to baseline, and 0 otherwise. The results of the logit model (unadjusted and adjusted) were reported in odds ratios.
3 RESULTS
3.1 Sample characteristics
Among 542 KTR included in the EU-TRAIN trial, we received individual patient data from 491 KTR who completed at least one QoL questionnaire at initiation or baseline (Month 0 = M0), whereby the French hospitals collected information on the majority of the study sample (71%, n = 349) (Table 1). Overall, 286 KTR completed only the VAS questionnaire (273 KTR with non-missing background characteristics), 214 KTR completed only the EQ-5D questionnaire (204 with non-missing background characteristics), and 212 KTR completed both EQ-5D and VAS questionnaires.
TABLE 1 | Descriptive characteristics of the patient sample at baseline.
[image: Table 1]The mean age ranged from 55 to 61.7 years, whereby the KTR in Spain were on average of older age than in the other countries. In all nine transplantation centers, the majority of KTR were males while the proportion varied from 54% (hospital in Germany) to 86% (hospital in Spain). The vast majority of KTR had several comorbidities (84%–100%), whilst there was a larger variation in the smoking history (17%–57%) and diabetes history (3%–43%). Mean eGFR at baseline was lowest in the University hospitals of Geneva (6.6 mL/min/1.73 m2) and highest in the Spanish centers (17.0 mL/min/1.73 m2). BMI ranged from 24.8 kg/m2 in France to 28.0 kg/m2 in Spain.
The proportions of KTR receiving various immunosuppression therapies at baseline and at FU visit (M12) are detailed (Figure 1). The majority of KTR in all countries (>90%) received SOC at baseline (Tac and Mmf). However, at M12, multiple KTR switched therapies, with percentages varying from 20% in Germany and Spain to 40% in Switzerland (Figure 1).
[image: Figure 1]FIGURE 1 | Proportion (%) of patients with immunosuppressant therapies, at baseline and at visit M12.
The impact of glucocorticoids on QoL was hardly assessable because they were used in high dose during the induction phase followed by tapering dosages. Therefore, their influence on patient QoL is hardly feasible without strong assumptions: 511 (94.63%) recipients had glucocorticoids after the KT with dose tapering during the study period. Thus, 415 (92%) had still low dose prednisone 5–40 mg/d after 3 months (M3) and 391 (90%) had lower dose (5–15 mg/d) after 12 months (M12).
3.2 Quality-of-life among KTR with various immunosuppressive therapies
Mean VAS scores at baseline were systematically lower than EQ-5D scores, with total means of 0.68 VAS versus 0.85 EQ-5D: statistically significant differences existed between countries (Table 1). Overall, QoL measured by VAS and EQ-5D showed a positive trend over the period from baseline until the FU visit (M12) (Figure 2). KTR who switched therapies had lower EQ-5D and VAS scores than KTR keeping their therapies, especially in the case of EQ-5D (Figure 2). Additionally, VAS scores, although generally lower than EQ-5D, showed a larger increase over time for all therapy groups: mean EQ-5D score changed from 0.85 to 0.88, and mean VAS changed from 0.67 to 0.79.
[image: Figure 2]FIGURE 2 | Mean EQ-5D scores and VAS scores by therapy type at baseline and in the last visit (trend) among only those people with non-missing EQ-5D and VAS scores (N = 205). *Overall mean EQ-5D score changed from 0.85 to 0.88, and mean VAS changed from 0.67 to 0.79
Bivariate and multivariate analysis using generalized linear models showed that KTR who kept standard care therapy (Tac and Mmf) had significantly better EQ-5D and VAS scores at M12 than KTR in the group of therapy switchers, by eight percentage points (pp) in EQ-5D and four pp in VAS (Tables 2, 3). The analysis also indicated a trend for higher scores in KTR with therapies based on Tac, mTOR, Cic, and Mmf. Additionally, the eGRF was positively and significantly associated with QoL measured by EQ-5D and VAS; males tended to have higher EQ-5D score than females, and the history of diabetes was associated with a worse VAS score (Tables 2, 3).
TABLE 2 | EQ-5D at closing visit M12 and improvement of EQ-5D over the whole observation period.
[image: Table 2]TABLE 3 | VAS scores at closing visit M12 and improvement of VAS score over the whole observation period.
[image: Table 3]Finally, although there was overall a positive trend in QoL (Figure 2, confidence intervals are presented in Appendix Table 1), the logistic regression analysis estimating the probability of improved EQ-5D or VAS during the obervational period, it did not show any significant results (Appendix Table 2). Only in specification where the effect of a therapy use was separated from the effect of switching (Tables 2, 3), the VAS score showed to be significantly worse if the KTR switched therapy during the FU period, irrespective of the immunosuppressive therapy.
TABLE A1 | 95% Confidence intervals corresponding to the Figure 2 data points.
[image: Table A1]TABLE A2 | Improvement in raw scores (EQ-5D or VAS from baseline to visit M12, presented in odds ratios).
[image: Table A2]4 DISCUSSION
To our knowledge, this was the first prospective, international, multicenter study including 542 renal transplant patients that evaluated non-invasive biomarkers and immunosuppressants on PROMs. We described QoL in patients receiving immunosuppressive therapies at initiation and at (M12) and explored whether there was any improvement in QoL over the whole observation period. We found that QoL measured by VAS scores were systematically lower compared to EQ-5D and different QoL outcomes were observed at (M12) depending on the elicitation instrument (EQ-5D or VAS), and when KTR needed to switch immunosuppressants (versus kept standard treatment). Specifically, KTR switching therapies had lower scores in EQ-5D and VAS scores at FU visit than KTR receiving SOC (Tac and Mmf) in the first year following renal transplantation, most likely reflecting reactive changes of immunosuppressants due to adverse events. Looking at QoL improvements over the whole observation period, individuals who switched therapies were significantly less likely to improve VAS scores than non-switchers. There were no significant improvements in QoL over the observation period that was attributed to a specific treatment. Additionally, other parameters (gender, eGFR, BMI and the history of diabetes) were associated with different QoL outcomes and considered for the adjustment.
There is still a lack of common agreement regarding interpretation discrepancies between VAS ad EQ-5D values (Badia et al., 1999; Brazier et al., 2003; Lamers et al., 2006; Golicki et al., 2015). Differences in the elicitation method could provide credible explanations: the VAS provides a direct valuation of the respondent’s health state, while EQ-5D descriptive system is converted into an index score using specialized country-specific population-based value set and statistical routine (Grandy and Fox, 2008). Population-based value sets used in the current study from France, Germany, and Spain (Badia et al., 2001; Greiner et al., 2005; Chevalier and de Pouvourville, 2013) used the time trade-off (TTO) technique to elicit EQ-5D health values. TTO is a choice-based measure using hypothetical scenarios, often considered more reliable and accurate for health valuation, since it characterizes health decisions and not only health states (Dolan, 2000; Craig, 2009). Thus, differential framing and eliciting method between the VAS and TTO-based EQ-5D scores may lead to observed differences in values (Craig, 2009). Empirical studies showed evidence of a weak to moderate correlation between VAS and TTO values when performed at the same time, whilst there was a strong correlation between VAS and measures of health status (e.g., pain, physical functioning or clinical symptoms) (Bakker et al., 1994; Green et al., 2000; Lamers et al., 2006).
In this study the EQ-5D scores exceeded VAS scores, which was in line with the majority of previous studies (Brazier et al., 2003; Bernert et al., 2009; Kang et al., 2014; Burstrom et al., 2020). This finding was observed earlier as a result of disproportionate point interval, reflecting a large gap between the EQ-5D-3L values attached to poorest health state (33333) and next poorest states (e.g., 33323) (Badia et al., 1999). Such a value gap may be especially prominent in our sample of patients receiving immunosuppressive therapies after kidney transplantation who are likely to indicate poorer health states. Similarly, value gaps have been reported in other settings, such as in cardiology after acute coronary syndromes (Gencer et al., 2016; Laurencet et al., 2016) and major adverse cardiovascular events associated with COVID-19 (Tessitore et al., 2021).
We acknowledge limitations inherent to these findings issued from the EU-TRAIN cohort study. First, because of the observational nature of the study, the results did not provide any causal inference. This is particularly true if someone assumes that untoward evolution of a renal transplant might be associated with changes in immunosuppressive therapies that would fail to improve renal function or graft survival. Second, possibly for cultural reasons, the proportions of fully completed questionnaires differed significantly across centers: missing data were more frequent in Spain than in other centers. We also lacked background information about non-responders to identify any clue regarding response biases. Third, some initial therapeutic combinations are overrepresented (>90% of RTR took Tac + Mmf) and appeared to perform better according to EQ-5D: again, no inference could done be since patient selection bias could not be excluded (transplant patients will remain on initial therapy if the evolution is favorable). Fourth, in spite of mandatory therapeutic drug monitoring (TDM) requirements, the formal adherence to treatment (compliance) has not been assessed, e.g. using specific elicitation methods, such as the validated Basel assessment of adherence to immunosuppressive medications scale (BAASIS®) in kidney transplants (Marsicano et al., 2013). TDM data were not sufficiently detailed to assess medication compliance deviations (i.e., detailed blood sampling time with respect to drug intakes).
Strengths of the study are new insights into a wide range of medical management aspects based on PROMs, including adaptation of immunosuppressant therapy that could not be driven by laboratory parameters. Despite the initial SOC were comparable, patient characteristics and evolving trends differed across countries more than between centers. In addition, the statistical model was adjusted taking into account relevant parameters, such as the medical history and residual renal function that impacted significantly on the QoL and related health utility indexes. Finally, in line with previous studies on PROMs, we could provide evidence that VAS and EQ-5D are complementary instruments that delivered sound estimates for multidimensional FU and QoL: both elicitation methods discriminated various therapeutic outcomes, if adjusted for medical history and patient characteristics.
Future perspectives include the investigation on whether actionable data analytics could promote efficient IKR monitoring with less invasive procedures: targeted allograft protocol biopsies to predict allograft rejection based on a series of non-invasive biomarkers and other predictors are expected to facilitate patient FU, increase QoL, and reduce procedural costs.
Undoubtedly, the involvement of PROMs becomes an integral part of international cohort studies to issue recommendations in addition to clinical outcomes. Furthermore, health technology assessment (HTA) could be carried out as ancillary analisis through the development of decision models (Markov modelling, Monte-Carlo simulations, and probabilistic sensitivity analyses) to extrapolate expected effects over longer time-horizons than trials.
Beyond clinical and health economic aspects, this preliminary study lays the groundwork for future analytical frameworks to streamline pivot decision and innovation in transplantation medicine and nephrology. We expect that, on the long-term, findings derived from PROMs will help clinicians, public health authorities, and policymakers to take informed decision when revising guidance in renal transplantation standards and immunosuppression protocols.
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Variable Base value Range Distribution Source
Min Max
Log-logistic survival model of PFS
ADCHM group
Scale (A\) 0.1489507 0.119161 0.178741 Log-logistic Wang et al. (2022)
Shape (y) 2070122 1.656098 2484146 Log-logistic Wang et al. (2022)
PLCHM group
Scale (\) 01767604 0.141408 0212112 Log-logistic Wang et al. (2022)
Shape (y) 3377706 2702165 4053247 Log-logistic Wang et al. (2022)
Log-logistic survival model of OS
ADCHM group
Scale (\) 006284631 0.050277 0075416 Loglogistic Wang et al. (2022)
Shape (y) 1924522 1539618 2309426 Log-logistic Wang et al. (2022)
PLCHM group
Scale (\) 007650712 0.061206 0.091809 Log-logistic Wang et al. (2022)
Shape (y) 2665497 2132398 3198596 Log-logistic Wang et al. (2022)
ADCHM: Incidence of AEs
Neutrophil count decreased 0.757 0.606 0.908 Beta Wang et al. (2022)
White blood cell count decreased 0461 0369 0553 Beta Wang et al. (2022)
Platelet count decreased 0383 0306 0.460 Beta Wang et al. (2022)
Anemia 0278 0222 0334 Beta Wang et al. (2022)
PLCHM: Incidence of AEs
Neutrophil count decreased 0754 0.603 0905 Beta Wang et al. (2022)
White blood cell count decreased 0379 0303 0455 Beta Wang et al. (2022)
Platelet count decreased 0336 0269 0403 Beta Wang et al. (2022)
Anemia 0284 0227 0341 Beta Wang et al. (2022)
Cost ($)
Neutrophil count decreased 8421 6737 101.05 Gamma Li et al. (2021)
White blood cell count decreased 466.00 372.80 559.20 Gamma Zhang et al. (2021)
Platelet count decreased 1054.00 84320 1264.80 Gamma Peng et al. (2022)
Anemia 508.20 40656 609.84 Gamma Zhang et al. (2021)
Carboplatin (100 mg) 410 328 492 Gamma (Yaozhi Net, 2022)
Etoposide (100 mg) 121 097 145 Gamma (Yaozhi Net, 2022)
Irinotecan (100 mg) 27490 21992 32988 Gamma (Yaozhi Net, 2022)
Cisplatin (100 mg) 1174 939 14.09 Gamma (Yaozhi Net, 2022)
Adebrelimab (100 mg) 2577 2062 3092 Gamma Yaozhi Net, (2022)
Routine follow-up per cycle 7386 59.00 88.64 Gamma Kang et al. (2021)
Tests per cycle 152,09 121.67 18251 Gamma Kang et al. (2021)
Best supportive care per cycle 359.00 28720 430.80 Gamma Kang et al. (2021)
End-of-life care 2176.00 1740.80 2611.20 Gamma Kang et al. (2021)
Utility value
PES 0673 0538 0.808 Beta Kang et al. (2021)
PD 0473 0378 0.568 Beta Kang et al. (2021)
Disutility due to AEs
Neutrophil count decreased 020 0.16 024 Beta Nafees et al. (2017)
White blood cell count decreased 020 016 024 Beta Naees et al. (2017)
Platelet count decreased 0.19 0.15 023 Beta Nafees et al. (2017)
Anemia 0073 0.058 0.088 Beta Nafees et al. (2017)
Body surface area (m?) 172 1.38 206 Normal Zhang P. F et al. (2020)
Creatinine clearance rate (ml/min) 70 525 87.5 Gamma Liu et al. (2021b)
Discount rate (%) 5 0 8 Fixed Liu et al. (2011)
Proportion
Receiving chemotherapy in the ADCHM group 040 032 048 beta Wang et al. (2022)
Receiving chemotherapy in the PLCHM group 052 042 062 beta Wang et al. (2022)
Receiving best supportive care in the ADCHM group 060 048 072 beta Wang et al. (2022)
Receiving best supportive care in the PLCHM group 048 038 058 beta Wang et al. (2022)

#The price of Adebre

progressive disease; PFS: Progression-free survival; PLCHM: placebo plus chemotherapy (etoposide-carboplatin).

ab is assumed based on the price of sintilimab; ADCHM: adebrelimab in combination with chemotherapy (ctoposide-carboplatin); AE, adverse event; PD:
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Subgroup PES HR (95% CI) OS HR (95% CI) ICER ($/QALY) Cost-effectiveness
probability (%)

Sex

Male 0.72 (0.57-0.90) 072 (0.57-0.92) 30357 737

Female 0.55 (0.33-0.90) 0.62 (0.37-1.05) 24584 87.9
Age

<65 years 0.70 (0.54-0.91) 071 (0.54-0.93) 29505 771

265 years 0.62 (0.43-0.89) 0.70 (0.48-1.00) 26978 821
ECOG performance status

0 0.62 (0.35-1.10) 0.83 (0.46-1.52) 30188 67.1

1 0.69 (0.56-0.87) 0.69 (0.55-0.87) 28657 78.1
Smoking history

Current or former smoker 0.76 (0.60-0.96) 0.75 (0.59-0.95) 32887 634

Never smoked 0.44 (0.27-0.71) 059 (0.37-0.95) 21697 9.7
LDH concentration at enrolment

<ULN 0.70 (0.52-0.95) 059 (0.42-0.82) 27243 818

>ULN 0.64 (0.48-0.85) 0.83 (0.62-1.11) 29593 744
Liver metastases

Yes 0.74 (0:51-1.07) 092 (0.65-1.31) 41617 463

No 0.64 (0.50-0.83) 061 (0.46-0.81) 26167 865
Brain metastases

No 0.65 (0.53-0.81) 0.68 (0.55-0.85) 27283 85.1
Disease stage

¥ 0.68 (0.55-0.83) 0.72 (0.58-0.90) 28909 80.6
PD-LI tumour proportion score

<1% 0.68 (0.54-0.85) 0.6 (0.52-0.83) 27822 802

21% 0.70 (0.34-1.45) 0.72 (0.33-1.59) 33099 63.1

ECOG, eastern cooperative oncology group; HR, hazard ratio; LDH,

survival; QALY, quality-adjusted life years; ULN, upper normal limit.

, lactate dehydrogenase; OS, overall survival; PD-L1, programmed cell death receptor ligand-1; PFS, progression-free
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Regimen Incremental
Total cost, $ 14,846 25312 10,466

Overall LYs 159 247 0.88

Total QALYs 0.81 121 0.40

ICER, §

Per LY 11,851

Per QALY 25914

ADCHM: adebrelimab in combination with chemotherapy (etoposide-carboplatin);
ICER: incremental cost-effectiveness ratio; LY: life year; PLCHM: placebo plus
chemotherapy (etoposide-carboplatin); QALY: quality-adjusted life year.
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Low. o middicincome counry

Abbreviations: ICER, Incremental Cost Effectiveness Ratio: QALY Quality Adjusted Life Years: SoC.

Comparator ICER per QALY

USDS5.946
SoC. USDE8,300
SoC. USDS5,541.00

USDS2,191 for non-
diabetics; USDS1,527 for

disbetics
UsDss277
UsDs9980

SoC UsDsi2305
UsDsie70s
UsDs23.227
a2

S0 €5
€906

SoC USDS3,108 - 3638

SoC USDS83.650

SoC UsDsI27.6

SoC UsDS6916.69
UsDs20508
UsDS21046

SoC UsDssi6
UsDsI791
Usps21513
Usps20982

SoC 209
€20400

Enalapril €260
€nam

Enalapril enm

Enalapril AUDSH0513

Enalaprl €200

Enalapri uspsa1 s
USDS34727 (de novo
iniiation)

Enalapril USDS10234 (ate
initiation)
USDS35871 (early
iniiation)

Enalapril UsDS50959

Enalapril UsDS857.11

Enalapril UsDS3.5126

Enalapril UsDS55.198

Enalapril UsDsIL970

Enalapril AUDST7889

Enalapril 1760

USDS44531 (NYHA Class
1); USDSS8194 (NYHA

isinopril

Class 1)

Enalapril €193

Enalapril USDS245067

Enalapril USDS189

Enlapril Crsoss

Enalapril USDS143891

Soc AUDSIA905

Soc £8,498 for HR 275 bpm.
£13764 for HR > 70bpm

Soc UsDs24920

Soc coss

Soc UsDS6s15

Soc USDSS7

S0 UsDSS2448

Discount
rate

Cost: 5%;

Cost: 3%;
B 3%

Cost: 3%
B 3%

Cost: 35%
ERE35%
Cost: 3%;
B 3%

Cost: 35%;
EfE35%
Cost: 35%
EfE 35%
Cost: 3%;
EE 3%

Cost: 5%;
B 5%

Cost: 5%;
B 5%

Cos: 5%;
EfE 5%

Cost: 3%;
B 3%

Cost: 3%;
B 3%

Cost: 15%

Cost: 3%;
ERE 3%

Cost: 5%;

Cost: 35%;
EfE35%

Cost: 3%;

Cost: 5%;
EE 5%

Cost: 35%

Type of costs

Drug acquisition, hospitalisation,
emergency visit adverse events, laboratory
procedures.

Drug acquisition, medications. urgent HF
visits, hospitalization, background
healtheare costs

Drug acquisition, hospitalisation

Drug acquisition, medications.
Hospitalzation, adverse events

Drug acquisition, medications.
Hospitalzation

Drug acquisition, medications,
hospitalization, patient review, blood
chemistry checking, cardiologist visits,
AR referrals

Drug acquisition, hospitaliation, adverse
events

Drug acquisition, medications,
hospitalization, ambulatory care
Drug acquisition, medications,
hospitalization

Drug acquisition, hospitalisation

Drug acquisition, medications,
hospitalization

Drug acquisition, management of acute
events, per-episode event costs
Drug acquisition, hospitalisation, adverse

events, background medical management,
GP visits, outpatient contacts

Drug acquisition, HF management,

inpatient care, medical visits, adverse
events

Drug acquisition, hospitalisation, general
healtheare expenditure, laboratory
monitoring

Drug acquisition, hospitals

Drug acquisition, hospitaliation,
procedures.

Drug acquisition, hospitalisation

Drug acquisition, hospitalisation

Drug acquisition, hospitalisation

Drug acquisition, hospitalisation,
readmissions

Drug acquisition, hospitalisation,
monitoring, adverse events, terminal care

Drug acquisition, HF management,
hospitalisation, adverse events, informal
care, traveling expenses

Drug acquisition, hospitalisation, adverse
events

Drug acquisition, hospitalisation, elderly
care and GP costs

Drug acquisition, hospitalisation,
outpatient visit, coay ratio for inpatient,
cost of events, readmssion

Drug acquisition, hospitalisation

Drug acquisition, hospitalisation,
management of HE by physicians,
background drug therapy, adverse events,
titration

Drug acquision, hosptalsation

Drug acquisition, medications.
Hospitalzation

Drug acquisition, hospitalization

Drug acquisition, specilist vsits
hospitalization, adverse events

Drug acquisition, hospitaliation, HF
management

Drug acquisition, medications.
hospitaliza

Drug acquisition, hospitalisation, medical
care, HF management, adverse events

Drug acquisition, heart failure
hospitalization, routine care, and terminal

Trial®

DAPA-HE

DAPAHF

DAPAHE

DAPAHF

DAPA-HF

DAPAHE

DAPA-HE

DAPA-HE

DAPAHF

DAPA-HF

DAPAHF

EMPEROR.
Reduced

MPEROR.
Reduced

PARADIGM-HF

PARADIGM.HF

PARADIGM-HF

PARADIGM-HF

PARADIGM-HF

PARADIGM-HF

PARADIGM-HF

PIORNEER HF

PARADIGM-HF

PARADIGM-HF

PARADIGM-HF

PARADIGM-HF

PARADIGM-HF

PARADIGM-HF

SHIFT

SHIFT

SHIFT

SHIFT

SHIFT

SHIFT

VICTORIA

tandard of Cares HFrEF, Heart Failure with Reduced Ejection Fraction; HF, Heart Failure: T2, Type 2 Diabetes; Eff, Effect.

Type of HF

HFEF

HFeEF

HFeEF

HFeEF

HEEF

HEEE
HEEE
W
HEEE
HEEE
HEEE

HFeEF

HFFEF

HFin T2D.

HECEF

HFeEF

HEEF

HFeEF

HFGEF
hospitalisation

HFeEF

HEEF
HFeEF

A
decompensated

HFEF

Acute
decompensated
HE

HEEF

HFFEF

HFEF

HFeEF

HEEF

HFeEF

HFGER
Chronic HF
Chronic HE
Chronic HF
Chronic HE
HFGER

Chronic HE

HEEF
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Subgroup

Geographical region
Asia
Non-Asia

Age, years
<65
265

Barcelona Clinic Liver Cancer stage
A
B
[

Child-Pugh score
5
6

Disease cause
Hepatitis C virus infected
Hepatitis B virus infected
Uninfected

Vascular invasion or extrahepatic spread
Yes
No

Baseline alpha-fetoprotein, Lig/L
<400
2400

Baseline tumor-cell PD-L1 expression
21%
<1%

Unstratified HR
for 0S
(95% CI)

0.74 (0.56-0.98)
0.92 (0.74-1.14)

0.80 (0.63-1.02)
0.88 (0.68-1.12)

0.49 (0.17-1.40)
1.35 (0.86-2.11)
0.78 (0.65-0.95)

0.89 (0.72-1.10)
0.79 (0.57-1.09)

0.71 (0.49-1.01)
0.77 (0.56-1.05)
0.95 (0.74-1.22)

0.74 (0.61-0.90)
1.14 (0.81-1.62)

0.98 (0.78-1.24)
067 (0.51-0.88)

0.80 (0.54-1.19)
0.84 (0.69-1.02)

Change in
cost, $*

69,762
22,805

-71,081
37,651

268,861
-83919
80,309

33,831
75,648

115,754
85,0685
12,396

-99,934
41,667

2,562
138,456

71,081
53,703

Change in
QALYs"

0316
0.123

-0.327
0.186

1.163
-0.328
0.366

0470
0.347

0516
0.386
0079

-0.449
0.149

0.038
0612

0327
0.254

ICER, $/QALY

220,864
185,040

217,172
202,428

231,118
255,952
219,238

199,182
218,253

224,272
220,140
156,425

222,440
279,143

67,990
226,201

217,172
211,556

Cost-effectiveness probability
of nivolumab,
%, at
threshold 150,000

0.044
0.44

0.44
0.46

1.165
82.66
0.74

0.56
0.61
0.87

0.51
0.61

0.65
49.76

05
11

0.53
0.42

Abbreviations: HR, hazard ratio; ICER, incremental cost-effectiveness ratio; OS, overall survival; PD-L1, programmed cell death igand 1; QALY, quality-adjusted fife-year; WTP,

willngness-to-pay.

HR for OS represents the HR of nivolumab vs. sorafenib for OS: change in cost and change in QALYs represent the results of nivolumab minus sorafenib.
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Age Comor-  Diabetes Smoking  eGFR BMI °VAS °EQ-5D
mean IQR bidities  history history mean IQR mean IQR mean; IQR  mean; IQR
(yes) (yes) (yes)

France
Saint Louis, | 130 | 55.0(44.0;67.0] | 83 (64%) | 129 (99%) | 34 (26%) | 39 (30%) 126 (55 109] | 248[217;271] | 0.67 [0.55 0.8] | 0.85 [0.8; 1]
Paris
Necker, 138 | 564 [45.0:68.0] | 90 (65%) | 136 (99%) | 24 (17%) | 35 (25%) 95(60;120] | 251(217;28.1] | 0.63 (05 08] | 081 (075 1]
Paris
Hotel Diew, | 59 | 58.1[43.0;71.0] | 34 (58%) | 59 (100%) | 9 (15%) 32 (54%) 93(70;110]  261(22.8;294] | 0.68(0508] | 084 [08;1]
Nantes
Bicétre, 22| 587(520;69.0] | 12 (55%) | 21(96%) | 6(27%) 5 (23%) 81(70;90]  27.7(258307] | 0.71(06 085 081 (085 1]
Paris
Germany
 Charité 33 532[(44.0;610] | 23 (70%) | 33(100%) | 4 (12%) 11 (33%) 117(8.05140] | 25.2[22.5,262] | 0.76 [0.7; 0.84] | 0.98 [1;1]
Virchow,
Berlin
Charité 37 | 559[48.0;630] | 20 (54%) | 31(84%) | 1(3%) 12 (32%) 150[15.0:150] | 260[23.0,287] | 0.75 (0.7 09]  0.86 [0.89; 1]
Mitte,
Berlin
*Spain
Bellvitge, | 48 | 617(53.0;69.5] | 34 (71%) | 48 (100%) | 18 (38%) | 8 (17%) 170[9.00,250] | 280(227;323] | 0.73 [0.6;08] | 091 [0.83; 1]
Barcelona
Vall 7 6L7[49.0;720] | 6 (86%) | 6 (86%) 3 (43%) 4(57%) 124 (90;200] | 266[238,272] | 078 (0.7 0.85] | 097 [1;1]
d’Hebron,
Barcelona
Switzerland
 Geneva 17| 559(520;63.0] | 12 (71%) | 16 (94%) | 2 (12%) 7 (41%) 66(50;80] | 27.1(225308] 070 (0.608] | 090 (084 1]
hospitals,
Geneva
Total 491 | 567 (47.0;68.0] | 315 (64%) | 479 (98%) | 101 (21%) | 153 (31%) 109 (62;130] | 256[22.1;287) | 0.68 (0.5, 08] | 085 [08; 1]

¢GFR, estimated Glomerular Filtration Rate; BMI, body mass index; VAS, visual analog scale; EQ-5D, measure of health-related quality of life developed by the EuroQol Group with

5 Dimensions; IQR, Interquartile Range (between 25% percentile and 75% percentile).
istical analysis of means (ANOVA) showed significant differences between countries in their scores of EQ-5D, and VAS at 1% level (F-stat. = 5.73 and F-stat.

28 snspaciivii
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EQ-5D, average

rginal effects

Improved EQ-5D, odds
ratios

Unadj., N = 214 Adj., N =204 Unadj Adj
Type of drug | Type of drug [
Switched therapy References Cic and mmf References
» Kept Tac and mmf 0.08** 0.06* Tac and mmf 099 099
Kept Tac and mtor 013 0.6 Tac and mtor 105 112
Kept Cic and mmf 0.16 0.15 Switched therapy 121 127
Males — 007 Males - 075
» History of diabetes =3 -0.05 History of diabetes = | 1.08
BMI - 0017 BMI - 101
Estimated GRF at month 12 s 0.002*** Estimated GRF at month 12 e 1.01

=p<0L* = p <005, =p <00l

Pl e tha ciaanes of the vasiahles ised: 5ii the snialveia. T Bold:inkic s sl aliuion caneory Soe 5 citepiicel vasibie "Tioe of dnig®.
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Type of cost Advantages Disadvantages
effectiveness

analysis

Decision tree . .

Simple, easy to implement
Requires little data preparation

Able to handle both numerical and categorical data

Able to handle multi-output problems

Possible to validate a model using statistical tests

Performs well even if its assumptions are somewhat violated by the
true model from which the data were generated

.

Possible overfitting due to over-complex trees that do not generalise
the data well

Not ideal for extrapolation as predictions of decision trees are neither
smooth nor continuous, but piecewise constant approximations
Decision tree learners create biased trees if some classes dominate

Markov model

© Gener:

Simplicity and out-of-sample forecasting accuracy

bility

© Based on a formal stochastic process, for which an analytical theory is

available

Inadequate in reflecting decision problems when complexity of
decisions increases
Requires data normalisation

Micro-simulation

Simulate the impact of interventions or policies on individual
trajectorics rather than the deterministic mean response of
homogeneous cohorts

Individual-level simulation allows the inclusion of stochastic variation
in discase progression as well as variation due to individual
characteristics

Statistically intensive
Increases likelihood of possible technical errors
Requires data normalisation
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Parameters Baseline value Range Distribution References

Minimum Maximum

Cost inputs (US $)

Camrelizamab (200 mg) 46225 369.80 55469 Gamma YaoZH (2023)
Nivolumab (100 mg) 1460.30 116824 175236 Gamma YaoZH (2023)
Pembrolizumab (100 mg) 2828.73 226298 339447 Gamma YaoZzH (2023)
Serplulimab (100 mg) ssas 70574 1058.62 Gamma YaoZH (2023)
Sintilimab (100 mg) 170.50 13640 | 204.60 Gamma YaoZH (2023)
Toripalimab (240 mg) 302.00 241.60 36240 Gamma YaoZH (2023)
Cisplatin (10 mg) 147 118 177 Gamma YaoZH (2023)
Paclitaxel (30 mg) 1061 849 1273 Gamma YaoZH (2023)
Fluorouracil (250 mg) 851 681 10.22 Gamma YaoZH (2023)
Cost of best supportive care 18223 14578 | 21868 Gamma Liu et al. (2022)
Hospitalization expense 1086 1589 1283 Gamma Shen et al. (2022)
Routine follow-up cost nn 58.98 Y Gamma Liu et al. (2022)
Cost of laboratory tests and radiological examinations 357.34 28587 42881 Gamma Liu et al. (2022)
Management cost of Anemia 33663 269.30 40395 Gamma Zhan et al. (2022)
Management cost of Neutropenia 45426 36341 545.11 Gamma Liu et al. (2022)
Management cost of Leukopenia 45426 36341 Csisn | Gamma Liu et al. (2022)
Management cost of Stomatitis 4654 3723 55.85 Gamma Liu et al. (2022)
Management cost of Nausea 10115 8092 12138 Gamma Zhan et al. (2022)
Management cost of Fatigue isss 9087 13631 Gamma Liu et al. (2022)
VManngement cost of Vomiting 10115 8092 a3 Gamma Zhan et al. (2022)
Management cost of Hyponatraemia 3223.00 257840 | 386760 Gamma Shao et al. (2022)
Management cost of Pneumonia 1640.00 1312.00 1968.00 Gamma Shao et al. (2022)
Management cost of Hypokalemia 300000 240000 360000 | Gamma Assumption
Utility inputs
Utility of PES 075 060 090 Beta Wilke et al. (2014)
Utility of progression-disease 060 048 0.72 Beta Wilke et al. (2014)
Disutility of Anemia 007 006 009 Beta Cai et al. (2021)
Disutility of Neutropenia 020 016 024 Beta Nafees et al. (2017)
Disutilty of Leukopenia 020 0.16 024 Beta Nafees et al. (2017)
Disutility of Stomatitis 015 012 018 Beta Lioyd et al. (2006)
' Disutility of Nausea 013 0.10 0.15 Beta Nafees et al. (2017)
Disutility of Fatigue 007 005 008 Beta Nafees et al. (2017)
Disutility of Vomiting 013 0.10 0.15 Beta Nafees et al. (2017)
Disutility of Hyponatraemia oo 002 0.04 Beta Shao et al. (2022)
Disutility of Pneumonia 005 004 0.06 Beta Shao et al. (2022)
Disutility of Hypokalemia 003 002 004 Beta Assumption
Others.
Discount rate (%) | 500 000 8.00 Beta Liwetal, (2020)
Patient weight (kg) 65.00 52.00 78.00 Gamma Liu et al. (2022)
Body surface area (m?) [ 172 1.38 2.06 Gamma Liu et al. (2022)
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Strategy Total cost ICER ($/QALY, pairwise comparison)

Chemotherapy 4,436.40 0.69 - ‘ - - - = -
Toripalimab plus chemotherapy 811053 095 14,047.53 ‘ - -

Sintilimab plus chemotherapy 8,643.48 091 1862234 ‘ dominated | - - - -
Camrelizamab plus chemotherapy 9,656.62 086 29,7117 ‘ domirated | dominated | - -

VSerpluhmzb plus chemotherapy 36,370.68 087 17091136 | dominated | dominated | 232250588 - -
Pembrolizamab plus chemotherapy ~ 37,312.48 084 211,350.41 ‘ dominated | dominated | dominated dominated | -
Nivolumab plus chemotherapy 5697221 082 400,768.95 ‘ dominated | dominated | dominated dominated  dominated

QALY gistiveadiustid B veat

ICER, incremental cost-effectiveness ratios.
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Parameter

Cinical input
Survival model for sorafenib
Log-normal model for PFS®

Log-normal model for OS*

Survival model for nivolumab®
Log-normal model for PFS*

Log-normal model for OS*

HR for PFS associated with
nivolumab vs. sorafenib

HR for OS associated with
nivolumab vs. sorafenib
Utilty input

Utiity of PFS

Utiity of PD
Disutiity due to AEs

Grade 1.and 2

Grade 3 and higher
Cost input

Nivolumab per 200 mg®

Sorafenib per 200 mg®
Second-line treatment in
nivolumab arm
Second-line treatment in
sorafenib arm
Subsequent best supportive care
per patient®
Follow-up and monitoring per cycle
Patients with PFS®
Patients with PD?
Drug administration per unit
Terminal care per patient®
Costs of AEs (more than grade 3)
Nivolumab

Sorafenib

Expected value (range)

Log-mean = 2.98, log-
SD =088
Log-mean = 4.07, log-
SD=1.13

Log-mean = 3.06, log-
SD=1.10

Log-mean = 4.23, log-
SD = 1.30

093 (0.79-1.10)

0.85 (0.72-1.02)
0.76 (0.57-0.95)
068 (0.54-0.82)

001 (0.008-0.012)
0.16 (0.12-0.20)

5,849 (4,387-7,311)

158 (127-212)
5,131 (1,311-6,739)

3,656 (2,045-4,640)
39,875 (29,906-49,843)
212 (159-265)

246 (185-308)

80 (60-100)

8,488 (6,366 to 10,610)

503.94 (374.37-635.86)

3042.80
(2260.87-3822.95)

Distribution

ND

ND

ND
ND

Log-normat: log-mean = ~0.073,
log-SD = 0.084

Log-nomat: log-mean = ~0.16,
og-SD = 0.089

Beta:a=47,$=15
Beta: a =29, f = 136

Beta: a = 18, f = 12832
Beta: « = 36, f = 193

Gamma: a = 53.41, f = 109.5

Gamma: @ = 39.09, f = 131.24
Gamma: @ = 53, f = 68.97

«

Gamma: « = 99.88, f = 1.58

Gamma: a = 16, p = 2492.19

Gamma: a = 16, f = 13.25
Gamma: a = 16, f = 15.38
Gamma: a =16, =5

Gamma: a = 16, § = 530.5

Gamma: @ = 53, = 9.43)

Gamma: a = 53, = 56.97)

Source

Yau et al. (2022)

Yau et al. (2022)

Yau et al. (2022)
Yau et al. (2022)
Yau et al. (2022)

Yau et al. (2022)

(Shlomai et al. (2018))
(Shlomai et al. (2018))

(Amdahl et al. (2016))
(Amdahl et al. (2016))

(Centers for Medicare & Medicaid Services, (2022); RED BOOK
online, (2022))

RED BOOK orline, (2022)

(Yau et al. (2022); Centers for Medicare & Medicaid Services,
(2022); RED BOOK online, (2022))

(Yau et al. (2022); Centers for Medicare & Medicaid Services,
(2022); RED BOOK online, (2022)

Soto-Perez-de-Celis et al. (2019)

(Su et al. (2021))

(Su et al. (2021))

(Amdah et al. (2016))
(Soto-Perez-de-Celis et al. (2019))

(Patel et al. (2011); Barzey et al. (2013); Kacker et . (2013);
Wison et al. (2017))
(Patel et al. (2011); Barzey et al. (2013); Kacker et . (2013);
Wison et al. (2017))

Abbreviations: PFS, progression-free ; OS, overall survival; HR, hazard ratio; ND, not determined; PD, progressed disease; AEs, adverse events.

“Only expected values are presented for these survival model parameters.

®Treatment with nivolumab and sorafenib continued unti disease progression or unacceptable toxicity.
“Overall total cost per patient regardiess of treatment duration.
dThase costs were assumed 1o be continued until the health state transitioned.
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Factor Nivolumab

Cost, $
Drug® 366,661
Nondrug” 23,637
Overall 390,298
Life-years
Progression-free 074
Overall 2.45
QALYs 1.59
ICER, $
Per life-year NA
Per QALY NA
INHB, QALY, at threshold 150,000 NA
INMB, §, at threshold 150,000° NA

Sorafenib

299,477
21,059
320,536

0.56
1.95
127

NA
NA
NA
NA

Incremental change

67,184
2578
69,762

0.18
0.50
032

138,514
220,864
-0.15
-22,362

Abbreviations: ICER, incremental cost-effectiveness ratio; INHB, incremental net health benefit; INMB, incremental net monetary benefit; NA, not applicable; QALYs, quality-adjusted life-

years.
*Compared with sorafenib.

"Nonairug cost includes the costs of adverse event management, subsequent best supportive care per patient, and follow-up care covering physician monitors, drug administration, and

terminal care.
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Parameters

Baseline value

Range

Minimum

Maximum

Distribution

EEEEE

Weibull parameters of PFS and OS for chemotherapy

NA

Weibull

ASTRUM 007-PES shape: 0.02976800 NA Song et al. (2023)
scale: 0.45033640

ASTRUM 007-08 shape: 0.00768000 NA NA Weibull Song et al. (2023)
scale: 042383320

CheckMate 648-PFS shape: 0.0560388 NA NA Weibull Doki et al. (2022)
scale: 0.1856546

CheckMate 648-0S shape: 0.0176300 NA NA | wetbull Doki et al. (2022)
scale: 02662113

ESCORT 1st-PFS shape: 0.01904830 NA NA Weibull Luo et al. (2021)
scale: 0.53355410

ESCORT 15t-08 shape: 0.00453990 NA NA Weibull Luo etal. (2021)
scale: 0.54763450

JUPITER 06-PFS shape: 0.02086470 NA NA Weibull Wang et al. (2022)
scale: 0.56311860

JUPITER 06-08 shape: 0.00377300 NA NA Weibull Wang et al. (2022)
scale: 0.60823730

ORIENT 15-PFS shape: 0.02568620 NA NA Weibull Lu et al. (2022)
scale: 0.41099730

ORIENT 15-08 shape: 0.00839040 NA NA Weibull Lu et al. (2022)
scale: 042212310

HR of PFS in comparison with chemotherapy

Camrelizumab plus chemotherapy 056 046 0.68 Log-normal NMA

Nivolumab plus chemotherapy 081 0.64 104 Log-normal NMA

Pembrolizumab plus chemotherapy T oes 054 078 Log-normal NMA

Serplulimab plus chemotherapy 0.60 048 075 Log-normal NMA

Sintilimab plus chemotherapy 056 046 0.68 Log-normal NMA

Toripalimab plus chemotherapy 058 046 074 Log-normal NMA

HR of OS in comparison with chemotherapy

Camrelizumab plus chemotherapy 070 056 088 Log-normal NMA

Nivolumab plus chemotherapy 074 058 096 Log-normal NMA

Pembrolizumab plus chemotherapy Ton 0.60 088 Log-normal NMA

Serplulimab plus chemotherapy 0.68 053 087 Log-normal NMA

Sintilimab plus chemotherapy 063 051 078 Log-normal NMA

Toripalimab plus chemotherapy 058 043 078 Log-normal NMA

Risk of severe adverse events (%)

Chemotherapy*

Anemia 1061 849 1273 Beta Average value

Neutropenia 25.36 2029 3043 Beta Average value

Leukopenia 1258 1007 15.10 Beta Average value

Nausea 649 519 7.78 Beta Average value

Hypokalemia 661 529 7.94 et Average value

Camrelizumab plus chemotherapy

Anemia 17.45 1396 2094 Beta Luo et al. (2021)

Leukopenia 2416 19.33 2899 Beta Luo et al. (2021)

Neutropenia 39.93 3195 47.92 Beta Luo etal. (2021)

Nivolumab plus chemotherapy

Stomatitis 645 516 7.74 Beta Doki et al. (2022)

Anemia 9.68 7.74 1161 Beta Doki et al. (2022)

Neutropenia | 506 645 9.68 Beta Doki et al. (2022)

Pembrolizumab plus chemotherapy

Nausea 7.03 562 843 Beta Sun et al. (2021)

Anemia 1243 9.95 1492 Beta Sun et al. (2021)

Fatigue 622 497 7.46 Beta Sun et al. (2021)

Neutropenia 270 18.16 2704 Beta Sun et al. (2021)

Vomiting 622 497 7.46 Beta Sun et al. (2021)

Stomatitis 568 454 681 Beta Sun et al. (2021)

Leukopenia 865 692 1038 Beta Sun et al. (2021)

Hyponatraemia 541 432 649 Beta Sun et al. (2021)

Serplulimab plus chemotherapy

Anemia 17 1403 2105 Beta Song et al. (2023)

Leukopenia 1126 9.01 1351 Beta Song et al. (2023)

Neutropenia 1859 1487 2230 Beta Song et al. (2023)

Sintilimab plus chemotherapy

Anemia 1254 1003 1505 et Lu et al. (2022)

Leukopenia 17.43 1394 2092 Beta Lu et al. (2022)

Neutropenia 20.97 2398 3596 Beta Lu et al. (2022)

Toripalimab plus chemotherapy

Anemia 1089 872 13.07 Beta Wang et al. (2022)

Leukopenia 2023 1619 2428 Beta Wang et al. (2022)

Neutropenia 4241 3393 5089 Beta Wang et al. (2022)

Pneumonia 584 4.67 7.00 Beta Wang et al. (2022)

#, The incidence of adverse events associated with the chemotherapy group was derived from the mean of ESCORT-first, CheckMate-648, KEYNOTE-590, ASTRUM-007, ORIENT-15, and

JUPITER-06, clinical trials; PFS, progression-free survival; OS, overall survival; HR, hazard ratio; NMA, network meta-analys
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Drug

Azathioprine
Capecitabine
Clopidogrel
Fluorouracil
(systemic)
iinotecan
Mercaptopurine
Tioguanine

TOTAL for all
initiators/€

Mean per initiator/€

PGx, phamacogenomic.

"Note: only those with an actionable drug-gene interaction will be interpreted by an HCP.

N drug
Initiators

6,979
8,860
117,900
6,765

2,503

2177

2,864
148,128

Cost of PGx Average Cost of
Test/€ per HCP Interpretation
Initiator of
Actionable PGx
Result/€
per Initiator
132 1
132 1
132 5
132 1
66 2
132 1
132 1
19,381,790 586,167
131 16°

“lcost drugsstandard of carel-{cost drugsPGx-guided]Naug iniiators}
“fcostPGxtest]+[costpharmacist and physician time]-fcostdrugs].

Average Cost of
Drugs for
Standard

of Care (SoC)
Treatment/€ per
Initiator
in 1 year

248
1,204
15
82

14,842
1,956
1,088

60,519,056

409

Average Cost of
Drugs for PGx-
Guided
Treatment/€ per
Initiator
in 1year

237
1,158
38
79

14,588
1875
1,080

61,977,169

418

Difference in
Average
Drug Costs®
(SoC-PGx)
(% Saved)/€ per
Initiator in 1 year

11 (4.6%)
46 (3.9%)
24 (-62%)
3(4.0%)

253 (1.7%)
81 (4.3%)
7(0.7%)

-1,458,113

10

Total Costs
for
all
initiators*/€

854,669
775,246
18,923,430
880,112

-481,019

114,172

359,471
21,426,070

145
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Drug

Azathioprine.

Capecitabine.

Clopidogrel

Fluorouracil
(systemic)

iinotecan

Mercaptopurine

Tooguanine

TOTAL

N drug
Initiators

6979

8,860

117,900

6765

2508

24177

2854

148,128

Predicted
phenotype

TPMT EM
TPMT IM
TPMT PM

DPYD GAS 0
GAS 0.5/
PHENO

DPYD GAS 1.0
DPYD GAS 1.5
DPYD GAS 2.0

CYP2C19 EM
CYP2C19 IM
CYP2C19 PM
CYP2C19 UM

DPYD GAS 0
GAS 0.5/
PHENO

DPYD GAS 1.0
DPYD GAS 1.5
DPYD GAS 2.0

UGT1AT “1/1
UGT1A1*1/:28
UGT1A1
*28/°28
UGT1AT IM
UGT1AT PM

TPMT EM
TPMT IM
TPMT PM

TPMT EM
TPMT IM
TPMT PM

Phenotype N actionable

Frequency

0912
0087
0001

0001
0000

0018
0054
0925

0673
0245
0087
0045

0001
0000

0018
0054
0925

0430
0466
0101

0002
0001

0912
0087
0001

0912
0087
0001

DGI*

157
481

28,893
4,407

120
367

261

pvBo wo

0
248
3

35,762

(24.1%)

Absolute
Risk
Reduction/

%
b

000
036
097

076
058

039
024
000

000
030
005
000

076
058

039
024
000

000
000
024

000
024

000
036
097

000
036
097

03

N gene-Drug-
Related
Deaths

with
Standard
of Care

158

224

38878

174

a7

49

65

3959

DGI, orug-gene interaction; PGx-guided = pharmacogenomics guided; RAR, reative recuced isk: GDR, gene-ciug-relaed death
“INactionable DGIJ{Pohenotype]{Ncrug initators}
"labsolute risk untestedphenotypel-{absolute risk testedphenatype].

IN g initators)INNG].

1/(SUMDGI [absolute risk reductionphenotype]IP phenotype).
°ftotal costs)/fNdeaths prevented].

N gene-Drug-
Related
Deaths

with

PGx-Guided

Care

135

34770

157

44

42

55

3541

N gene-Drug-
Related
Deaths

prevented®
(RRR%)

2.3 (145%)

1.8 (81%)

4108 (10.6%)

1.4 (81%)

06 (13.6%)

0.7 (14.5%)

0.9 (14.5%)

419 (10.6%)

Number
needed
to

genotype
(NNG)*

3,087

4,863

287

4,863

4,085

3,057

3,087

Certainty
Score

2 (aiy certa

1 (uncertain

3 (certain)

1 (uncertain

2 (uncertain

2 (fairy certai

0 very
uncertan)

25 (fairy
certain)
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Drug Gene

Azathioprine  TPMT
Capecitabine  DPYD
Clopidogrel CYP2c19
Fluorouraci DPYD
Irinotecan UGTIAT

Mercaptopurine  TPMT

Tioguanine TPMT

Predicted
phenotype

TPMT EM
TPMT IM
TPMT PM

DPYD GAS 0
GAS 0.5/PHENO
DPYD GAS 1.0
DPYD GAS 1.5
DPYD GAS 2.0

CYP2C19 EM
CYP2C19 IM
CYP2C19 PM

CYP2C19 UM

DPYD GAS 0
GAS 0.5/PHENO
DPYD GAS 1.0
DPYD GAS 1.5
DPYD GAS 2.0

UGT1A1%1/11
UGT1A1%1/28
UGT1A1°28/"28

UGT1A1 IM
UGT1A1 PM

TPMT EM
TPMT IM
TPMT PM

TPMT EM
TPMT IM
TPMT PM

Actionable

No
Yes
Yes

Yes
Yes
Yes
Yes
No

No
Yes
Yes

No

Yes
Yes
Yes
Yes
No

No
Yes
Yes

No
No

No
Yes
Yes

No
Yes
Yes

DGI

DPWG Recommendation

Dose reduction to 50%
Dose reduction to 10% or alternative drug

Alternative drug
Dose adjustment based on DPD phenotype
Dose reduction to 50%
Dose reduction to 50%

Dose increase to 200% or altemative drug
Alternative drug (ticagrelor, prasugrel or
dipyridamole)

Alternative drug
Dose adjustment based on DPD phenotype
Dose reduction to 50%
Dose reduction to 50%

Dose reduction to 70%

Dose reduction to 6%

Dose reduction to 50%
Dose reduction to 10% or alternative drug

Dose reduction to 50%
Dose reduction to 10% or alternative drug

Most Severe
Preventable Clinical
Consequence Potentially
Leading to
Gene-Drug-Related death®

Severe myelosuppression
Severe myelosuppression

Fluoropyrimidine induced toxicity
Fluoropyrimidine induced toxicity
Fluoropyrimidine induced toxicity
Fluoropyrimidine induced toxicity

Cardiovascular death

Cardiovascular death

Fluoropyrimidine induced toxicity
Fluoropyrimidine induced toxicity
Fluoropyrimidine induced toxicity
Fluoropyrimidine induced toxicity

Severe myelosuppression and
diarrhea
Severe myelosuppression and
diarthea

Severe myelosuppression
Severe myelosuppression

Severe myelosuppression
Severe pancytopenia

“Clinical relevance score: CTCAE, 5 (death), as reported in the summary of terature underlying the DPWG, recommendations; DGI, drug-gene interaction; EM, extensive metaboizer; I,
infermecdiate melsbolzar: PM, poor metabolzer: UM, ultra-rapid metabolzer: DPWG, dutch phanmacogenelice warking group, and GAS = gana activily score.
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Parameter Mean Probabilistic Type of Distribution References
sensitivity distribution parameter
analysis
CIAG prevalence 343%  NO Freeman et al. (2016)
Cost of treatment CIAG £ 469.48  YES ‘Gamma alpha:4 lambda:8.5E-3 Jin et al. (2019)
Cost of CLZ/day £ 123 YES Gamma alpha:37.8 lambda:30.75  National Health Service in the UK (2019),
Heeg et al. (2008)
Cost of substitute/day £ 511 YES Gamma alpha:104.4 lambda: National Health Service in the UK (2019),
2044 Patel et al. (2014)
Cost of genetic test £ 110 NO
Cost of regular blood test/month £ 106 NO
Utility for patients undergoing 0693 YES Beta alpha:575 beta:255 Girardin et al. (2019)
clozapine treatment
Utility for patients undergoing 0560 YES Beta alpha:86 beta:67 Girardin et al. (2019)
substitute treatment
CIAG prevention rate 30%  YES Beta alpha:24.9 beta:58.1 Ninomiya et al. (2021)
Sensitivity" 43.0%  YES Beta alpha:169.13 beta:223.87  Legge et al. (2017), Goldstein et al. (2014)
Specificity* 869%  YES Beta alpha:15531.77 beta: Legge et al. (2017), Goldstein et al. (2014)

234223

“Based on the combined risk of HLA-DQBI (126Q) and HLA-B (158T) and rs149104283.

CIAG, Clozapine-induced agranylocytosis/granulocytoper

CLZ, clozaj
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VAS, average marginal effects

Improved VAS, odds

ratios

Unadj, N = 286 Adj, N =273 Unadj Adj
Type of drug Type of drug
Switched therapy References Cic and mmf References
Kept Tac and mmf 0,04 003 Tac and mmf a 109
Kept Tac and mtor 0.07 0.04 Tac and mtor 158 120
Kept Cic and mmf o0 005 Switched therapy 043+ 045
Males - 002 Males - 113
History of diabetes - ~007 History of diabetes - 094
BMI - ~0.00 BMI - 098
Estimated GRE at month 12 - 0001+ Estimated GRF at month 12 - 101%

=p<OL**=p <005 =p<00L
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Tac and Mmf
Tac and Mtor
Cic and Mmf

Switched

Visit 0 EQ-5D
087 [0.84; 090]
091 [0.82; 1.00]
089 [0.77; 1.00]

081 [0.74; 0.88]

Visit 12 EQ-5D
090 (0.87; 093]
097 [0.92; 1.02]
097 (0.88; 1.05]

082 (0.74; 0.89)

Visit 0 VAS
0.67 (0.64; 0.70]
0.73 [0.54; 0.92]

073 [052; 094]

068 (0.64;0.72]

Visit 12 VAS
079 (0.77; 0.82]
0.84 [0.73; 0.96]
085 [0.73; 0.97)

0.76 [0.72; 0.80]
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Adi N =204 Unad. , N = 214 Unad, N = 286 AdjuN =273
Type of drug
Switched therapy References References
Kept Tac and mmf o 124 151 129
Kept Tac and mor 092 099 152 126
*Kept i and mnf 280 248 057 Los7 i
Males 067 - - 07
History of diabetes 085 . . 082
BMI 100 - - 100
*Estimated GRE at month 12 102+ % . Lo
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FDA (%) EMA (%)

Text 9 53
Descriptive with no estimates or p-values, n (%) 2(222) 37 (69.7)
Descriptive with no estimates or p-values but with reference to statistical significance, n (%) 0 (0.0) 7 (15.1)
Numerical values, n (%) 7(77.8) 24 (45.3)
p-values, n (%) 4(444) 15 (283)
Reference to whether results were statistically significant or not, n (%) 1(111) 13" (35.7)
Reference to clinically meaningfulness, n (%) 0(0.0) 17 (32.1)
Responder definition, n (%) 2(222) 13 (2455)

Table, n (%) 2(222) 3(54)

Graph, n (%) 2(22) 0(0.0)
Bar chart, n (%) 2 (100.0) 0(0.0)
Waterfall, n (%) 2 (100.0) 0(0.0)

“In addition, three claims reported that the findings were significant but did not specific if they were significant from a statistical point of view.
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Patient Pharmaceutical PRO Regulatory
industry researcher expert

Advantages of PROs in labeling

Refer to endpoints that are meaningful to patients (i.e., present patients with data X X X
that is relevant to them)

Providea more holistic perspective of benefit risk drug profile (i., incorporate the X X X
patient perspective into the appraisal of the drug)

Reflect the humanistic value of drugs to payers (i.e., patient-perceived value on x
outcomes which are not core to defining safety/efficacy)

Reflect willingness of regulators to capture information deemed important to X
patients in the label (i.e,, patient-focused drug development)

Supplement clinician’s assessments with information directly from patients X

Informs future use of treatments (i, PRO data in the label can be used in X
treatment decision-making)

Can be used as promotional material (i.¢,, can be used in direct communication to X X
clinicians and patients)

Heterogeneity of PROs in labeling reflects heterogeneity of patient experience X X X
within and across diseases (i.e., disease- and treatment-specific strategies
encouraged as relevant)

Gaps of PROS in labeling

PROs in labeling do not fully capture patients perspective (i.e, often reflect only X %
few of the collected PRO data and thus are insufficiently comprehensive to capture
all patient relevant information)*

Low number of drugs with PRO labeling (i.c., only few drugs with PRO data have X
these data in the label)

There does not seem to be clear criteria from regulatory bodies for inclusion of X X
PROs in labeling (i.c., apparent inconsistency in labeling decision-making)

Underrepresentation of certain study designs (e.g., open-label) in PRO claims %

Lack of acknowledgement of investment (i.e, cost of developing and/or utilizing X
PROS does not guarantee use in labeling)

Heterogeneity in labeling across drugs makes it difficult to do meta-comparisons X X X
across treatments

Inconsistencies in core concepts, PROs and/or analyses across studies [ie, no X 54
common data element (CDE) definitions for consistency]

Inconsistencies across labels render interpretation of the PRO results difficult for X
regulators and clinicians

The table summarizes the authors responses to question number one of Supplementary Table S1, i.., “What do you see as the advantages and disadvantages of PRO data being included in
drug labeling?” A given author could provide their perspective from different stakeholders.
. T T
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FDA EMA

Number of oncology drugs approved in 2010-2020 108 139
Number of drugs with PRO labeling, n (%) 9 (83) 42° (30.2)
Number of indications with PRO labeling 9 53
PRO concept, n (%) 9 53
HRQoL 0(0.0) 39 (73.6)
Functioning 0 (0.0) 11 (20.7)
Symptoms 6(66.7.3) 17 (32.1)
Pain 5(55.6) 12 (226)
Fatigue 1(1LD 1(19)
Dyspnea” 2(222) 4(7.6)
Cough 1(111) 3(57)
Diarrhea 0 (0.0) 1018)
Health utility index 0(0.0) 11 (20.7)
Patient preference 3(333) 0(0.0)
Patient-reported use of rescue treatment 2(222) 2(38)
Studies providing PRO data in label 9 57
Double blinded", n (%) 4(44.4) 27 (47.4)
Open label', n (%) 4 (44.4) 28 (49.1)
Single arm, n (%) 0(0.0) 1(17)
Unclear, n (%) 1111 1(17)
Endpoints and analyses® 18 63
Primary endpoint, n (%) 2(222) 0(00)
Secondary endpoint, n (%) 5(55.5) 46 (96.8)
Post-hoc analysis®, n (%) 0(0.0) 1(19)
Secondary and exploratory endpoint, n (%) 1LY 1(19)
Exploratory endpoints, n (%) 10111 7 (132)

*Of these, 5 (9.3%) received PRO labeling by both regulatory agencies.
"Also referred to as shortness of breath in several labels.

“Among all studies; all other percentages are over the total number of drugs with PRO
labeling.

“The two instruments most commonly cited in EMA labels

“The two type of instruments most commonly cited in FDA labels.

‘The diaries included the modified Myelofibrosis Symptom Assessment Form v2.0 diary
[fedranitib (FDA), ruxolitinib (FDA)], an electronic diary to capture rescue medication,
and severity and frequency of diarrhea and flushing symptoms [lanreotide (FDA)], a
diary to capture bowel movements [telotristat ethyl (FDA, EMA)].

“The labels (pertuzumab, rituximab, trastuzumab) do not provide any details on the
preference questionnaire used in the trials. Abbreviations: EORTC QLQ-C30, European
organisation for research and treatment of cancer quality of lfe questionnaire core; EQ-
5D, EuroQolL. 5 dimension; PRO, patient-reported outcome.
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