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Objective: Endovascular thrombectomy is a long-established therapy for acute basilar artery occlusion (aBAO). Unlike for anterior circulation stroke, cost-effectiveness of endovascular treatment has not been evaluated and is urgently needed to calculate expected health benefits and financial rewards. The aim of this study was therefore to simulate patient-level costs, analyze the economic potential of endovascular thrombectomy in patients with acute basilar artery occlusion (aBAO), and identify major determinants of cost-effectiveness.

Methods: A Markov model was developed to compare outcome and cost parameters between patients treated by endovascular thrombectomy and patients treated by best medical care, based on four recent prospective clinical trials (ATTENTION, BAOCHE, BASICS, and BEST). Treatment outcomes were derived from the most recent literature. Uncertainty was addressed by deterministic and probabilistic sensitivity analyses. Willingness to pay per QALY thresholds were set at 1x gross domestic product per capita, as recommended by the World Health Organization.

Results: Endovascular treatment of acute aBAO stroke yielded an incremental gain of 1.71 quality-adjusted life-years per procedure with an incremental cost-effectiveness ratio of $7,596 per QALY. This was substantially lower than the Willingness to pay of $63,593 per QALY. Lifetime costs were most sensitive to costs of the endovascular procedure.

Conclusion: Endovascular treatment is cost-effective in patients with aBAO stroke.
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Introduction

Stroke remains the leading cause of long-term disability worldwide and the second most common cause of death despite significant advances in therapy (1). A severe subtype of stroke is acute basilar artery occlusion (aBAO) which accounts for approximately 10% of ischemic strokes caused by intracranial large-vessel occlusion (2).

Affected patients suffer in up to 80% from severe disability or die, despite best medical care (3). Although many patients have been treated by endovascular thrombectomy (EVT) even before it became a standard therapy for the anterior circulation, there have been no prospective randomized trials showing the benefit of endovascular thrombectomy in patients with aBAO until recently (2–4).

Four multicenter, prospective, randomized, controlled trials of endovascular thrombectomy for aBAO were published in 2019–2022: ATTENTION (3), BAOCHE (5), BASICS (6), and BEST (7). Despite regional biases and a heterogeneity in outcome, time windows and thrombolysis rates, these trials provide high-level evidence for improvement of functional outcomes and independence in patients treated with EVT (8).

Cost-effectiveness of EVT after large-vessel occlusions in the anterior circulation was extensively investigated and results in long-term cost-savings for healthcare systems and societies, for instance in the United States, where estimated cost savings are approximately $40 billion/year and are predicted to increase substantially within the next decade (9–12).

To our knowledge, there is no evidence of cost-effectiveness of endovascular thrombectomy for acute basilar artery occlusion. As these data are urgently needed to calculate expected health benefits and financial rewards, for instance for further developments of endovascular treatments, we defined and quantified public health and cost consequences of endovascular treatments for aBAO stroke patients and healthcare systems based on the recent literature.



Materials and methods


Study selection

To simulate long-term costs and outcomes of patients, we selected all published multicenter, prospective, randomized controlled trials published by the end of 2022, as also identified by a meta-analysis of Malik et al. (8): ATTENTION (3), BAOCHE (5), BASICS (6), and BEST (7) (Table 1).



TABLE 1 Included clinical trials.
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For economic modulation, we used only published data. Ethical approval or patient consent was therefore not obtained.



Economic model structure

To compare endovascular therapy to conventional care from a healthcare perspective, we investigated quality-adjusted life years (QALYs) and costs related to healthcare providers in the United States with a Markov-decision-model, designed in accordance with the Consolidated Health Economic Evaluation Reporting Standards (CHEERS; Figure 1) (13). Economic modeling was conducted with the decision-analytic software TreeAge Pro 2022 (TreeAge, Williamstown, MA, United States) based on a cycle length of 1 year.

[image: Figure 1]

FIGURE 1
 Structure of decision tree and markov-model. (A) Patients with acute basilar artery occlusion received either best medical care (BMC) or endovascular thrombectomy (EVT). Patients were then differentiated according to underlying basilar stenosis and stent implantation. The adjacent Markov model simulates lifelong pathways of stroke patients with a possible level of disability, according to the clinical outcomes reported after EVT (B) or BMC (C). Costs and effectiveness (QALYs) are compared for both treatment strategies.


Patients entered the model after diagnosis of acute basilar artery occlusion at a stroke center before the decision between endovascular thrombectomy (EVT) and best medical care (BMC) at an assumed age of 66 years. This is the average patient age in the included prospective trials (3, 5–7).

.In the decision model, we differentiated patients with acute-onset basilar occlusion in four total cohorts, depending on the method of treatment (EVT or BMC only) and on occurrence of an underlying intracranial atherosclerosis with an increased probability of recurrent stroke (14). Patients who received endovascular therapy were then further categorized depending on their need of stent implantation. (Figure 1A).

In our Markov model, we simulated patients’ long-term outcome that could either stay on the level of disability reported after 90 days, or could be deteriorated by occurrence of further strokes, resulting in the same or a lower mRS state, or death. (Figures 1B,C) After endovascular thrombectomy with stent placement, we also considered an increased risk of in-stent thrombosis. (Figure 1B).



Model input parameters

Input parameters were derived from peer-reviewed literature in accordance with international recommendations on the methodological framework of cost-effectiveness analyses and are shown in Table 2 (13, 24).



TABLE 2 Model input data.
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Initial and transition probabilities

Initial outcome probabilities for functional outcome 90 days after acute basilar occlusion, for basilar stenosis and stent implantation, were derived from the recently published data of the four selected trials ATTENTION (3), BAOCHE (5), BASICS (6), and BEST (7) (Table 1).

Transition Probabilities used for long-term modulation of time-dependent stroke recurrence rates (12) and outcomes were estimated based on control cohort from the HERMES-dataset (18). For the cohorts with underlying basilar stenosis and/or implanted stents, we adapted the risks accordingly (25). The probability of death after stroke at a specific functional outcome state was calculated by multiplication of hazard ratios of death at the specific functional outcome (10) with age-specific average background mortality rates, according to U.S. life tables (21).



Costs

The perspective of the U.S. healthcare system was adopted to calculate cumulative discounted costs in U.S.$. All costs were adjusted to 2022 values using a discount rate of 3%/year.

Hospital costs for acute stroke care as well as post-hospitalization costs within the first 365 days were included from a nation-wide cost analysis of acute stroke care costs by Mu et al. (16) Costs for EVT as well as long-term healthcare costs of stroke survivors were estimated according to a previous long-term projection of a patient cohort of n = 428 (12). Acute care costs of recurrent strokes were estimated based on Chambers et al. (17) Costs of additional stent placement was estimated, based on costs of the Neuroform Atlas® Stent (Stryker, United States). For sensitivity analysis, all costs were modulated using γ-distributions.



Utilities

Outcomes were simulated in terms of quality-adjusted life years (QALYs), calculated as life spent in specific mRS-States multiplied by quality of life (range: 0–1) which were acquired from a meta-analysis of 11 stroke intervention trials (23). For sensitivity analysis, all utilities were modulated using β-distributions.




Cost-effectiveness analysis

Treatment strategies were compared in incremental costs, incremental effectiveness, and incremental cost-effectiveness ratios (ICERs).

According to WHO-CHOICE recommendations, we set the willingness to pay (WTP) to 1x the country-specific gross domestic product (GDP) per capita ($ 63.593, highly cost-effective) and 3x the country-specific GDP per capita ($ 190.779, cost-effective) (15). Resulting thresholds for the United States were based on 2020 data from the World Bank (26). All costs and outcomes were discounted by 3% annually, as recommended by consensus (24).



Sensitivity analysis

Deterministic and probabilistic sensitivity analyses were performed to analyze the impact of uncertainty:

Deterministic cost sensitivity analysis was conducted to reveal the influence of individual cost variables of the model depending on single input parameters. Variations of +/− 25% of base costs were used as range.

Probabilistic sensitivity analysis was used to adjust several input parameters based on their probability distributions and simulate the model results in 30,000 Monte Carlo simulations.




Results


Cost-effectiveness analysis

In the base-case scenario, best medical care resulted in average discounted outcomes of 2.58 QALYs, 95% CI [2.58, 2.58] QALYs per patient over a life-time horizon, whereas endovascular thrombectomy resulted in 4.29 QALYs, 95% CI [4.28, 4.29] QALYs. Average discounted lifetime-costs summed up to $313,550, 95% CI [$313,405, $313,695] after BMC and $326,570, 95% CI [$326,432, $326,708] after EVT. This resulted in an incremental cost-effectiveness ratio of $7,595 per QALY. Therefore, endovascular thrombectomy showed a higher effectiveness compared to best medical care. Additional expenses per QALY were $55,998 cheaper than the highly cost-efficient willingness to pay for an extra QALY. Interestingly, however, we found that patients with an underlying basilar stenosis generated lower lifetime costs when treated by EVT. Here, EVT was the dominant strategy with lower costs and better outcome for this patient cohort. In a separate analysis of patients presenting delayed after onset, which were specifically investigated in the BAOCHE trial, we detected cost-saving effects with improvements from 2.56 to 4.68 QALYS and a cost reduction by $13,172. (Table 3).



TABLE 3 Cost-effectiveness analysis.
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Probabilistic sensitivity analysis

In probabilistic sensitivity analysis, at a WTP threshold of $ 63,593 per QALY, EVT was cost-effective in 100% of iterations. Interestingly, no iterations showed a decrease effectiveness, while a substatial number of iterations were observed with an increased effectiveness and lower costs (Figure 2A). Above a WTP threshold of $5,795/Qualy, EVT is the cost-effective alternative in the majority of iterations (Figure 2B).
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FIGURE 2
 Probabilistic sensitivity analysis and Monte Carlo Simulation with 30,000 iterations for the base-case scenario. (A) Results of 30,000 simulations of incremental costs and incremental outcomes of endovascular thrombectomy in comparison to best medical care. (B) The Acceptability curve shows the cost-effectiveness of both therapeutic depending on an increasing willingness to pay.




Deterministic sensitivity analysis

To account for the differing costs of stroke outcomes and procedures in different healthcare systems, a deterministic sensitivity analysis of all implemented costs with a range of +/− 25% was performed. Here, cost-effectiveness was most sensitive to costs of endovascular treatment. All further cost variations did not result in an increase of the ICER to > $25,000/QALY. All costs remained below the WTP threshold, indicating the cost-effectiveness endovascular thrombectomy in the shown setting. (Figure 3A).
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FIGURE 3
 Influence of costs variations for the model outcome. (A) Deterministic sensitivity analysis of the impact of all cost variations on the model outcomes upon variation by 25%. (B) One-Way sensitivity analysis of the influence of age at onset on the incremental cost-effectiveness.


Additionally, we investigated the influence of age at the aBAO on the ICER in the wide age range from 55 to 80 years. EVT was most cost-efficient at an age of 50 years (ICER: $4,909/QALY). Although ICER increased to $43,182/QALY at the age of 99 years, cost-effectiveness was given independently from age (Figure 3B).




Discussion

Our study represents the first cost-effectiveness-analysis of endovascular thrombectomy after acute basilar occlusion (aBAO) and optional basilar artery stenting based on only recently published prospective, randomized, multicenter trials (3, 5–7). In our simulation, lifetime costs of an aBAO were $313,631 with best medical care and rose to $326,610 with additional endovascular thrombectomy. With an ICER of $7,596 per additional QALY, EVT was thereby cost-efficient when compared with a willingness to pay of $63,593. In patients who present 6–24 h after onset and patients with underlying ICAD, EVT was cost-saving, i.e., dominant.

In anterior circulation stroke, cost-effectiveness of endovascular thrombectomy has been demonstrated in several studies, most recently also in patients with underlying with preexisting disabilities and low ASPECT scores (11, 27, 28). In data from the HERMES collaboration (Highly Effective Reperfusion Evaluated in Multiple Endovascular Stroke Trials), thrombectomy was previously reported with lifetime cost savings of $23,203 and an outcome improvement of 6.79 vs. 5.05 QALYs in comparison to BMC (12).

The capability of endovascular thrombectomy to prevent severe neurological deficits is, however, lower than in anterior-circulation stroke and was quantified to 1.69, 95% CI [1.05–2.71] in BAO (8), vs. 2.47, 95 CI [1.79, 3.41] in the anterior circulation (20).

Deterministic sensitivity analysis, showed that predominantly costs of the intervention itself, estimated at $17,103, had a significant impact on the ICER, but did not rise the ICER above the WTP threshold. Overall lifetime costs were $12,979 higher with endovascular therapy, which implies that additional costs of thrombectomy are partially compensated by the excessive lifetime costs of reduced functional outcome. Further cost drivers are long-term annual costs after stroke, predominantly in patient with severe neurological deficits (mRS4 and 5). High additional interventional costs of intracranial stents, frequently used in the posterior circulation due to high rates of intracranial atherosclerosis, do not influence cost-effectiveness (14).



Limitations




1. Our simulation represents simplified linear diagnostic and therapeutic pathways, which are limited by the quality and validity of its input variables. Due to limited data availability on patients with aBAO, several variables, such as costs of interventions, quality of life data, and long-term costs had to be taken from studies primarily investigating anterior circulation stroke. Group imbalances and partly retrospective evaluations may additionally limit validity of model inputs.

2. Although inclusion criteria and results varied between studies, we selected all recently published trials ATTENTION (3), BAOCHE (5), BASICS (6), and BEST (7) for input data to have the broadest spectrum of evidence for endovascular thrombectomy after aBAO.

Each of the input studies has, however, limitations which may affect its results and thereby also cost-effectiveness:

Basilar artery international cooperation study (BASICS) showed no significant benefit of EVT in comparison to BMC. This could have probably been caused by an overrepresented inclusion of clinically minor strokes as patient recruitment was prolonged and inclusion criteria had to be adapted eventually (6, 8).

BEST (basilar artery occlusion endovascular intervention vs. standard medical treatment) investigated patients with high admission NIHSS scores (32 in intervention and 26 in control). However, there was a crossover rate of 13%, mainly in patients randomized from medical therapy to endovascular therapy (7, 8).

ATTENTION (endovascular treatment of acute basilar artery occlusion) study and BAOCHE (basilar artery occlusion Chinese endovascular trial) showed benefits of EVT in time windows of up to 12 h (ATTENTION) or 6–24 h (BAOCHE) after symptom onset. While recruitment time and cross-over was low, intravenous thrombolysis (IVT) was only given in approximately 1/3 of patients, most likely due to delayed onset in patients. Because observational studies demonstrated that shown IVT beyond 4.5 h may benefit BAO patients, differences between groups might be smaller if IVT had been given more frequently (3, 5, 8, 29).

Three out of four of these studies have been conducted in China. This is of particular relevance as the Asian population is known to have a higher prevalence of intracranial atherosclerosis in comparison with a Western population (8, 30).

1. Results were calculated based on U.S. data and are therefore not generalizable to other countries. However, the simulation can compensate cost differences of up to 25%, as shown in Figure 3.



Conclusion

Although associated with an increase of lifetime costs by $12,979 per patient, endovascular thrombectomy of acute basilar occlusion is cost-effective in the United States with an ICER of $7,595 per QALY. In patients with underlying ICAD and patients with presentation 6–24 h after onset, endovascular thrombectomy is a dominant treatment strategy with lower lifetime costs and better outcome. Generated lifetime costs are most sensitive for costs of the intervention.
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