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Introduction: The purpose of this study was to illustrate the potential costs and health consequences of implementing advanced CT angiography and perfusion (CTAP) as the initial imaging in patients presenting with acute ischemic stroke (AIS) symptoms at a comprehensive stroke center (CSC).

Methods: A decision-simulation model based on the American Heart Association's recommendations for AIS care pathways was developed to assess imaging strategies for a 5-year period from the institutional perspective. The following strategies were compared: (1) advanced CTAP imaging: NCCT + CTA + CT perfusion at the time of presentation; (2) standard-of-care: non-contrast CT (NCCT) at the time of presentation, with CT angiography (CTA) ± CT perfusion only in select patients (initial imaging to exclude hemorrhage and extensive ischemia) for mechanical thrombectomy (MT) evaluation. Model parameters were defined with evidence-based data. Cost-consequence and sensitivity analyses were performed. The modified Rankin Scale (mRS) at 90 days was used as the outcome measure.

Results: The decision-simulation modeling revealed that adoption of the advanced CTAP imaging increased per-patient imaging costs by 1.19% ($9.28/$779.72), increased per-patient treatment costs by 33.25% ($729.96/$2,195.24), and decreased other per-patient acute care costs by 0.7% (–$114.12/$16,285.85). The large increase in treatment costs was caused by higher proportion of patients being treated. However, improved outcomes lowered the other per-patient acute care costs. Over the five-year period, advanced CTAP imaging led to 1.63% (66/4,040) more patients with good outcomes (90-day mRS 0-2), 2.23% (66/2,960) fewer patients with poor outcomes (90-day mRS 3-5), and no change in mortality (90-day mRS 6). Our CT equipment utilization analysis showed that the demand for CT equipment in terms of scanner time (minutes) was 24% lower in the advanced CTAP imaging strategy compared to the standard-of-care strategy. The number of EVT procedures performed at the CSC may increase by 50%.

Conclusions: Our study reveals that adoption of advanced CTAP imaging at presentation increases the demand for treatment of acute ischemic stroke patients as more patients are diagnosed within the treatment time window compared to standard-of-care imaging. Advanced imaging also leads to more patients with good functional outcomes and fewer patients with dependent functional status.

Keywords: cost-consequence analysis, acute ischemic stroke, computerized tomography (CT), angiography, perfusion


INTRODUCTION

Stroke is one of the leading causes of morbidity and mortality in the United States. Imaging has been reported as the second largest and the fastest growing component of stroke care costs (1). The increased utilization of advanced imaging, such as angiography and perfusion using CT (CTAP) or MRI (MRAP), has been implicated as a contributing factor in the rising trend in stroke imaging costs (1).

Current guidelines endorsed by the American Heart Association (AHA) (2) state that in most patients, non-contrast CT (NCCT) imaging may be enough to obtain the necessary information for immediate stroke triage decisions. The guidelines emphasize that utilization of advanced imaging with angiography and perfusion should not delay treatment. The current standard-of-care practice is to perform NCCT at the time of initial presentation to determine if the patient is eligible for intravenous-thrombolytic therapy (IV-tPA). Advanced imaging such as CTAP or MRAP are utilized in patients who are otherwise eligible for endovascular therapy (EVT) (3, 4). With additional information from angiography and perfusion imaging, particularly regarding large vessel occlusion and the extent of brain infarction vs. salvageable brain tissue, patients may be better triaged for treatment with IV-tPA (3–5) and/or EVT at the time of initial presentation (6–8). Numerous studies have demonstrated that faster time-to-treatment from the acute stroke onset is associated with better clinical outcomes and functional independence (9–15). However, this relationship is non-linear. Therefore, even small efficiency improvements in the pre-treatment pathway, like the immediate performance of advanced imaging upon patient arrival to the emergency department (ED), may have a significant impact on the clinical outcomes of acute stroke patients. This is especially true for those with large vessel occlusion, who without treatment, or with delayed treatment, have the highest morbidity and mortality (16). Thus, some healthcare institutions have started to perform CTAP as the initial imaging strategy in all patients suspected of acute ischemic stroke at presentation to prevent delays in treatment (8).

Advanced CTAP imaging in acute ischemic stroke patients was shown to be cost-effective in prior work (17). In that study, the cost-effectiveness analysis was performed from a health care perspective. Institutions considering whether to adopt advanced CTAP imaging need to understand the costs and health consequences of this decision for their institution. In this research we look at the adoption of the advanced CTAP imaging from the institutional perspective, while using the many of the input parameters, assumptions and conclusions from the prior cost-effectiveness analysis (17).

The purpose of this study was to investigate the potential cost and health consequences of implementing CTAP at the time of initial presentation in the workflow of suspected acute ischemic stroke (AIS) patients, excluding stroke mimics, presenting to a comprehensive stroke center (CSC) within 24 h from symptom onset time (SOT) with National Institutes of Health Stroke Scale (NIHSS) score higher than or equal to 6, compared to the standard-of-care imaging strategy using advanced imaging only in select patients who may be eligible for EVT and return to the scanner for the additional imaging.



METHODS

Institution review board (IRB) approval was not required because individual-level patient data was not utilized in this study. We developed a decision-simulation model of the acute stroke care pathways (17) from the perspective of a CSC using Microsoft Excel for Office 365 on Windows 10 operating system. The decision-simulation model algorithm for the patient work-up and clinical decision-making was based on the American Heart Association (AHA) Class-I recommendations for stroke management (2, 18). The structure of the patient workflow for the imaging strategies included: (1) Standard-of-care: all patients receive NCCT at the time of presentation; those patients who are eligible candidates for EVT within 0–6 h from SOT only receive CTA; those patients who are eligible candidates for Extended-EVT presenting at >6–24 h from SOT receive CTA+CTP; and (2) Advanced imaging: all patients receive CTAP (NCCT+CTA+CTP) at the time of presentation. In the advanced imaging strategy, we assume that perfusion imaging is performed on all patients within 24 h from SOT. Figure 1 describes the primary logic employed at the key decision points in the workflow algorithm. In this study, we focused on the time period from patient arrival to the time of treatment in the analysis. When no treatment is indicated, the time period terminated at the last imaging test in the ED. Further details of the patient workflow after these time-points are beyond the scope of this study.


[image: Figure 1]
FIGURE 1. Patient workflow through the stroke imaging pathway; (A) represents the standard-of-care pathway, and (B) represents the advanced CTAP imaging pathway.


The inclusion and exclusion criteria for suspected AIS patients in the model are consistent with the American Heart Association guidelines (2019 Update) for patient selection (2). Patients presenting with hemorrhagic stroke, stroke mimics, initial NIHSS score <6, and SOT over 24 h were excluded from the analysis, similar to the clinical trials (6, 8, 19–22). Detailed inclusion and exclusion criteria are listed in the Supplementary Table 3. We did not model all the potential scenarios in clinical practice in order to focus the analyses on the costs and health consequences of advanced CTAP imaging in acute ischemic stroke patients, which was shown to be cost-effective in prior work (17). The number of AIS patients admitted to our institution in prior years was utilized to extrapolate the trend in a linear model to estimate the number of stroke patients in the model in the next 5 years. Table 1 describes the total AIS patients over the historic 5 years at our institution and future 5 years calculated as a linear trend using the method of least squares.


Table 1. Total number of AIS patients modeled in the study over the 5-year period.
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Because our model focused on the CSC perspective, we limited the analysis to the institutional acute care costs within first 90-days after stroke, including imaging and treatment costs associated with these patients. We explored the time horizon of 5 years in this analysis (23). We modeled the cost and health effects impact on the dynamic cohort of patients for the period of 5 years, where continuously new patients with stroke were added to the cohort, and after 90 days post discharge were removed from the cohort. The annual acute care costs were calculated for both strategies during the 5-year period. We also calculated the per-patient acute care costs of each strategy and reported the total annual costs for a CSC to implement advanced CTAP imaging by multiplying the per-patient costs by the total number of patients each year. In addition, we incorporated the 90-day (within the first 90 days of stroke onset) and lifetime (over the remaining lifetime of the patient) cohort quality-adjusted life-years (QALY) for each strategy, and the percentage of patients in different 90-day modified Rankin scale (mRS) groups, representing functional independence (90-day mRS 0-2), functional dependence (90-day mRS 3-5), and death (90-day mRS 6). We measured 90-day and lifetime health impact using QALYs, a commonly used metric that combines the length and quality of life into a single value (24). The model input parameters were based on published literature as shown in Table 2, representing the baseline scenario.


Table 2. Cost data with minimum and maximum values adjusted for inflation to reflect values in 2019 U.S. dollars.
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In this analysis, the initiation costs were set to $0 because we assumed that CSCs already had the necessary CT scanners and/or angiography equipment available for stroke patients both in standard-of-care and CTAP strategies. Thus, we focused this analysis on incremental costs associated with implementation of CTAP imaging for stroke care.

The ongoing operational and clinical acute care costs were derived from the published literature as shown in Table 2, which utilize Medicare CPT codes to estimate the costs. It is standard practice in health economics evaluations to use Medicare reimbursement as a substitute for actual costs (25, 33, 34) to minimize bias from practice variation. These costs include depreciation on all depreciable type assets that are used to provide covered services to beneficiaries (35). Total and per-patient costs were generated for the three main categories of interest: imaging, treatment, and other 90-day acute care costs. Other 90-day acute care costs consisted of the cost of hospital bed occupancy and the length of stay (28, 29). Sensitivity analyses were performed to calculate costs based on the variation of the input parameters in the model. By performing univariate sensitivity analyses, we determined the range from the least to the greatest per-patient costs. Table 2 shows the baseline, minimum and maximum cost values used in the sensitivity analyses. The input parameters for sensitivity analyses were based on published literature.

In order to assess the impact of a new imaging strategy on the utilization of the CT equipment, we performed a thorough literature review and identified the scanner time required for NCCT, CTA, and CTP imaging, as well as the time interval between patients, shown in Table 2. Scanner time refers to the amount of time that a CT scanner is occupied for a certain procedure. The procedures for which the scanner time was calculated were: NCCT, CTA, CTA+CTP, CTAP, and the interval time between patients.

The costs and outcomes for each imaging strategy were calculated separately. Then the costs and outcomes of the standard-of-care imaging scenario were separately subtracted from the costs and outcomes of the CTAP imaging scenario. The resulting differences in costs and outcomes represent the incremental differences reported in this analysis.



RESULTS

Adoption of the advanced CTAP imaging strategy increased per-patient imaging costs by 1.19% ($9.28/$779.72), increased per-patient treatment costs by 33.25% ($729.96/$2,195.24), and decreased per-patient other acute care costs by 0.7% (–$114.12/$16,285.85). The large increase in treatment costs was due to the higher proportion of patients being treated. Lower per-patient other acute care costs were mainly due to better health outcomes and shorter hospital stay.

The per-patient cost analysis for the two imaging strategies is shown in Table 3. While performing advanced CTAP imaging on the identical cohort of stroke patients, as in the standard-of-care strategy, the incremental imaging costs were higher by $9.28 per patient in the advanced CTAP imaging strategy. Since the costs were based on the Medicare CPT codes, the incremental costs of $9.28 in the advanced CTAP imaging strategy translates to the CSC receiving $9.28 more reimbursement revenue per patient. This higher cost was driven by greater utilization of the higher reimbursed CTAP imaging.


Table 3. Per-patient costs projection for the 5-year period for the standard-of-care and advanced CTAP imaging strategies.
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Our CT equipment utilization analysis showed that the demand for CT equipment in terms of scanner time (minutes) was 24% lower in the advanced CTAP imaging strategy compared to the standard-of-care strategy. Although executing the imaging protocols for NCCT, CTA and CTP in one session takes longer than performing only NCCT or CTA on an individual patient, 73.2% of the patients in the standard-of-care strategy return to the scanner for additional imaging with angiography (and some also with perfusion) if they are potentially eligible for EVT. Besides the penalty of the time spent on subsequent imaging for the same patient, additional burden is the time spent between imaging tests, as some time is needed for the first patient to leave the CT scanner, and the next one to arrive to the scanner.

Univariate sensitivity analyses revealed that the change for imaging costs in the 1st year ranged from –$46,264 to $77,676, the growth for treatment costs ranged from $1,060,335 to $1,293,210, the decline in other 90-day acute care costs ranged from –$232,672 to –$144,811. The largest variation was seen in the treatment costs; the imaging and other 90-day costs had a narrower variation between the lower and upper boundaries of the parameter values. Overall, the sensitivity analysis suggested that after implementation of advanced CTAP imaging, imaging costs would either grow or decline, treatment costs would definitely grow, and other 90-day acute care costs would definitely decline.

The average overall incremental care costs of the advanced CTAP imaging strategy for a CSC with 1,679 annual strokes were $1,049,322. Of the total incremental acute care costs in the 1st year, only 1.48% ($15,571/$1,049,322) was attributed to the growth in imaging costs, 116.77% ($1,225,314/$1,049,322) to the growth in treatment costs, and −8.26% (–$191,563/$1,049,322) to the decline in other 90-day acute care costs. The results of the costs analysis for 5 consecutive years after implementation, further details on the univariate sensitivity analysis, and CT equipment utilization analysis are included in Supplementary Material.

An analysis on the projected impact of the advanced CTAP imaging strategy on the number of EVT procedures performed at the CSC found that EVT procedures may increase by 50% and IV-tPA procedures may increase by 9% each year. Table 4 details the projected increase in the number of EVT and IV-tPA procedures for both imaging strategies.


Table 4. Estimated number of EVT and IV-tPA procedures in the advanced CTAP imaging and standard-of-care strategies for the 5-year period.
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An additional important result of our analysis is that in the CTAP imaging strategy, health outcomes changed. The impact of CTAP imaging on health outcomes for the 5-year time period is shown in Table 5. We found that on average the lifetime quality-adjusted life years of a patient in the advanced CTAP imaging strategy improved by 0.03 QALYs, compared to the standard-of-care strategy. This corresponds to $20,837 per QALY gained. On average, the 90-day utility increased by 0.0044 QALYs because more patients were treated in the CTAP imaging strategy. In this acute stroke cohort, we found that the clinical outcomes in the CTAP imaging strategy improved, with 13 more patients having better functional outcomes, defined by the 90-day mRS 0-2, and 13 fewer patients having a dependent functional status (90-day mRS 3-5) compared to the standard-of-care strategy on average per year. This corresponds to $79,448 per functional dependence avoided in the 1st year. We found no change in mortality (90-day mRS 6).


Table 5. Health impact projection of the number of people in each health outcome group for the advanced CTAP imaging and standard-of-care strategies for the 5 year period.
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Finally, the model projected that over 5 years in the advanced CTAP imaging strategy, out of 8,393 AIS patients, 66 more patients would have a good functional outcome (90-day mRS 0-2), and 66 fewer patients would have a dependent functional status (90-day mRS 3-5), with no change in mortality (90-day mRS 6).



DISCUSSION

The main finding from this analysis is that performing advanced imaging using CTAP for AIS patients at presentation increases overall costs for a CSC, with the greatest impact from treatment costs, over the 5-year period. Our analyses show that CTAP imaging in moderate-to-severe acute ischemic stroke care leads to more patients being eligible for treatment within the time window, and thus undergoing endovascular therapy, translating to improved health outcomes. To our knowledge, no studies have analyzed the incremental costs and benefits associated with implementing advanced CTAP imaging in the initial evaluation of patients presenting with moderate-to-severe acute ischemic stroke symptoms from the healthcare provider perspective.

While costs were higher, primarily due to more EVT performed, our study showed that the transition to advanced CTAP imaging strategy led to an increase in the number of patients with good functional clinical outcomes (90-day mRS 0-2), while the number of patients with moderate to severe disability decreased (90-day mRS 3-5). There was no change in mortality (90-day mRS 6). Importantly, this implies that the costs for long-term care will also be reduced. At $20,837/QALY, the advanced CTAP imaging strategy should be considered appropriate for adoption in clinical care when considering a threshold of $50,000/QALY, which is customarily used as a threshold in health policy (4, 5, 17, 25, 34).

Furthermore, our model results, based on Medicare CPT reimbursement, showed that for diagnostic imaging, the advanced CTAP imaging strategy is more costly than the standard-of-care strategy. However, the analysis of the scanner times showed that the advanced imaging strategy required less scanner time than the standard-of-care strategy, and therefore, the diagnostic imaging component could actually be less costly. We explain this discrepancy as the scanner time analysis represents opportunity costs for the hospital. With 24% less scanner utilization in the advanced CTAP imaging strategy, the remaining scanner time can potentially be used for other patients.

Although we showed that the demand for CT equipment in terms of minutes was lower in the advanced CTAP imaging strategy, the demand for angiography equipment to perform EVTs grew in the advanced imaging strategy. Having more stroke cases treated with EVT potentially indicates higher reimbursement revenue for the hospital. The potential effect of whether new angiography equipment needs to be purchased strongly depends on the case mix of the particular institution. Our analysis suggests that when contemplating shifting to the advanced CTAP imaging strategy in stroke care, an institution must consider the interventional neuroradiology capacity to handle the increased volume of EVT. If EVT capacity is insufficient, then implementation of the CTAP imaging strategy may lead to delayed treatment for EVT-eligible patients. This delay, in turn, could lead to worse outcome for AIS patients if treatment is not initiated in a timely manner.

The first limitation of this study is that we did not account for any initiation costs. Initiation costs depend on the availability of radiologists and/or CT scanners in a particular institution. At our institution ED CT scanners run 24/7 and they are currently not utilized at full capacity. We have hardware, software and personnel to accommodate peaks in the demand for radiology service and transition to advanced CTAP imaging. Therefore, we might not need any initiation costs going from the standard of care to advanced CTAP imaging. On the other hand, institutions currently running their CT scanners at full capacity might need an additional scanner for this transition to account for peaks in the demand. CSCs need to add our analysis to their baseline situation to determine if there are any relevant initiation costs for the transition at their institution.

Another limitation of our study is that we used Medicare CPT reimbursement as a surrogate for the costs to the institution. Although this approach may not accurately represent the actual costs at the specific institution level, it remains standard practice in health economics studies in radiology (25, 33, 34). Without more precise methodology available, we conformed to standard practice in this study with the potential for better generalizability to other institutions.

The next limitation of our study is that we did not measure discounted costs against an effectiveness outcome, as would be performed in a cost-effectiveness analysis from a broader societal perspective (17), which was out of the scope of this study. Healthcare institutions in the United States deciding on whether to implement advanced CTAP imaging for all incoming AIS patients might want or need to know the undiscounted costs and health impact of the proposed care pathway change in each of the next 1–5 years (23). Lifetime discounted costs and outcomes, which are the typical output of a cost-effectiveness analysis, are useful additional information, but shorter-term undiscounted costs and health impact information are often helpful complementary inputs for decision-making at the institutional level (23).

Furthermore, we do not have a reliable source of information how the costs used in our model will change, or how the treatment and care methods for AIS will change, in the next 5 years. We performed sensitivity analyses in our study in order to account for this uncertainty.

Besides, another limitation of our study is that we didn't have the reliable data to model MT outcomes of patients presenting in the LKWA >6–24-h time window. We used extrapolated data from our previously published population-based study (17) to model clinical outcomes of some stroke imaging subtypes because adequate data did not exist in the literature. Importantly, our model reflects stroke care pathways recommended by the AHA guidelines (2) with workflow from RCTs, which report arrival-to-treatment times between 74 and 148 min (9).

Finally, we excluded patients with NIHSS <6 from our model, similar to the clinical trials (6, 8, 19–22). A separate study is required to analyze the cost-consequence of advanced CTAP imaging of suspected AIS in patients presenting with NIHSS <6.

In this study we analyzed the incremental costs of advanced CTAP imaging for acute stroke care from the CSC perspective. Since actual costs are highly variable between different types of healthcare institutions, future research may analyze the adoption of advanced CTAP imaging strategy in practice settings other than a CSC.



CONCLUSIONS

Advanced CTAP imaging in acute ischemic stroke care increases diagnostic and treatment costs with more patients eligible for treatment in the time window undergoing endovascular therapy, thus leading to improved stroke health outcomes. Consequently, CTAP imaging leads to more patients with good functional outcomes (90-day mRS 0-2), fewer patients with dependent functional status (90-day mRS 3-5) and unchanged mortality (90-day mRS 6). The present study can be used as a resource-planning tool for CSCs considering adoption of advanced CTAP imaging protocols for acute ischemic stroke patients.
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The volume of AIS patients in Future year #1 through Future year #5 was estimated as
a linear projection of the trend based on the number of AIS patients admitted to our
institution in the past § years using the method of least squares.
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