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Abstract
Objectives Stroke treatment with intravenous tissue-type plasminogen activator (tPA) is effective and efficient, but as its 
benefits are highly time dependent, it is essential to treat the patient promptly after symptom onset. This study evaluates the 
cost-effectiveness of a blood biomarker test to differentiate ischemic and hemorrhagic stroke to guide pre-hospital treatment 
with tPA in patients with suspected stroke, compared with standard hospital management. The standard care for patients 
suffering stroke consists mainly in diagnosis, treatment, hospitalization and monitoring.
Methods A Markov model was built with four health states according to the modified Rankin scale, in adult patients with 
suspected moderate to severe stroke (NIHSS 4-22) within 4.5 hours after symptom onset. A Spanish Health System perspec-
tive was used. The time horizon was 15 years. Quality-adjusted life-years (QALYs) and life-years gained (LYGs) were used 
as a measure of effectiveness. Short- and long-term direct health costs were included. Costs were expressed in Euros (2022). 
A discount rate of 3% was used. Probabilistic sensitivity analysis and several one-way sensitivity analyses were conducted.
Results The use of a blood-test biomarker compared with standard care was associated with more QALYs (4.87 vs. 4.77), 
more LYGs (7.18 vs. 7.07), and greater costs (12,807€ vs. 12,713€). The ICER was 881€/QALY. Probabilistic sensitivity 
analysis showed that the biomarker test was cost-effective in 82% of iterations using a threshold of 24,000€/QALY.
Conclusions The use of a blood biomarker test to guide pre-hospital thrombolysis is cost-effective compared with standard 
hospital care in patients with ischemic stroke.
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Introduction

Stroke is one of the leading causes of death and disabil-
ity worldwide [1, 2]. Additionally, stroke affects patients’ 
quality of life [3] and involves a considerable economic 
burden during hospitalization and subsequent discharge 
[3–5], mainly due to hospital stays and rehabilitation [5]. 
Thrombolysis with recombinant tissue plasminogen acti-
vator (tPA) for ischemic stroke (IS) is effective [6, 7] and, 
according to a literature review, is an efficient treatment 
[8]. However, it has a reduced therapeutic window (4.5 h 
after stroke onset) and its benefits are highly time depend-
ent. Therefore, it is essential to confirm IS diagnosis and 
to treat patients promptly after symptom onset. Delays in 
diagnosis confirmation, which depend on neuroimaging 
techniques conducted on admission, are among the bar-
riers to timely acute stroke treatment [9] and are associ-
ated with low rates of tPA treatment and poorer stroke 
outcomes [10]. However, symptom recognition and time 
to transport to hospital/accessibility to expertise would 
appear to greater barriers [11].

To reduce treatment delays, studies have assessed pre-
hospital thrombolysis. Studies in mobile stroke units 
(MSUs) suggest that pre-hospital commencement of intra-
venous thrombolysis can improve functional outcomes 
in stroke patients [12–14]. MSUs are equipped with a 
computer tomography scanner, point-of-care laboratory, 
telemedicine [15, 16], stroke identification algorithm at 
dispatcher level, and a pre-hospital stroke team [13]. How-
ever, although MSUs have shown to be cost-effective in 
some studies, their great cost around 1 M€/year is unaf-
fordable for most healthcare systems [17].

Using blood biomarkers in the ambulance to differentiate 
stroke types without special equipment or medical personnel 
would be a more practical and cheaper alternative to MSUs 
[14, 18]. However, the efficiency of these biomarkers is still 
unknown. In a recent study, our group showed the feasibility 
of this method by using highly specific blood tests to detect 
an IS patient subgroup that might benefit from pre-hospital 
interventions, such as intravenous thrombolysis, even with-
out neuroimaging [19]. A two-biomarker panel including 
retinol-binding protein and N-terminal pro-B-type natriu-
retic peptide identified IS patients with 100% specificity and 
sensitivity rates around 20%. Moreover, a three-biomarker 
panel also including glial fibrillary acid protein, measured 
with a high-sensitivity assay, improved sensitivity to 50%, 
maintaining 100% specificity. These results are currently 
under evaluation in the BIOFAST study (Biomarkers for 
Initiating Onsite and Faster Ambulance Stroke Therapies, 
ClinicalTrials.gov identifier: NCT04612218 study), which 
measures these biomarkers in the pre-hospital scenario with 
point-of-care test devices.

This study developed a hypothetical economic model 
to evaluate the cost-effectiveness of these blood biomarker 
tests to guide pre-hospital tPA treatment vs. standard care 
(thrombolysis at the hospital) in patients with suspected IS.

Methods

Approach

A cost-effectiveness study based on a Markov model was 
conducted in patients with suspected stroke with < 4.5 h 
from symptom onset and with a National Institutes of Health 
Stroke Scale score of 4–22 (moderate or severe stroke). A 
Spanish Health System perspective was adopted. The Span-
ish public healthcare system provides universal coverage for 
citizens and foreign nationals and is mainly funded through 
taxes. It is a decentralized system and the 17 Spanish regions 
control health planning, public health, and health service 
management [20]. National and international economic 
evaluation methodological guidelines were followed [21, 
22]. The 15-year time horizon was based on the mean age 
of stroke diagnosis (70 years) and life expectancy in Spain 
(85 years). A discount rate of 3% was used for both costs 
and outcomes [21].

Intervention

The intervention was a biomarker test from the study by 
Bustamante et al. [19], consisting of the combination of reti-
nol-binding protein > 52 µg/mL and N-terminal pro-B-type 
natriuretic peptide > 4062 pg/mL, providing 20% sensitivity 
and 100% specificity for IS (Table 1S Supplemental Mate-
rial). This biomarker combination was used as base-case in 
the economic model. Sensitivity analyses were conducted 
with a three-biomarker panel including glial fibrillary acid 
protein, described in the same study with 51.5% sensitivity 
and 100% specificity for IS.

Comparator

The standard care for patients suffering stroke consists 
mainly in diagnosis, treatment, hospitalization, and moni-
toring. Initially, a neuroimaging test is conducted to rule out 
hemorrhage. In addition, analytical tests and complementary 
tests are done. If the stroke is ischemic and the patient meets 
the thrombolysis criteria, tPA IV is administered.

Health outcomes

The main health outcome was measured in quality-adjusted 
life-years (QALYs) gained. This effectiveness measure was 
chosen because stroke patients’ functional status typically 
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worsens considerably, which reduces health-related qual-
ity of life. Degree of disability or dependence in the daily 
activities of people who have suffered a stroke was meas-
ured using the modified Rankin scale (mRS) for neurologic 
disability. The probabilities of mRS for IS were obtained 
from pooled randomized controlled trials [7] that evaluated 
the use of tPA vs. placebo. Intracerebral hemorrhagic (ICH) 
mRS probabilities came from a clinical trial [23]. Regard-
ing the biomarker test, mRS values were estimated from an 
MSUs study [15]. This study compared 3-month functional 
outcomes after intravenous thrombolysis in patients with 
acute ischemic stroke who had received emergency mobile 
care or conventional care. Previously published data on utili-
ties were used to determine the QALY for each mRS level 
[24, 25].

All-cause mortality probabilities were determined by 
gender and age and applied to patients in the long-term 
phase one year after stroke, according to Spanish mortality 
tables, from the National Statistics Institute [26], adjusted 
for the relative risk of having a previous stroke. The National 
Statistics Institute rates were converted into probabilities. 
Additionally, we adjusted mortality probabilities by propor-
tion of men (0.58) and women (0.42) suffering stroke. This 
information was obtained from RENISEN (National Stroke 
Registry of the Spanish Society of Neurology) [27, 28], a 
stroke registry from 42 centers in Spain. We also used LYGs 
as an effectiveness measure.

Decision model

The model was designed based on previous published 
model-based economic evaluations in stroke [29, 30]. We 
combine a decision tree with a Markov model. The model 
was validated by clinical experts. Markov states represent 
outcome categories according to mRS. Four mRS catego-
ries were used according to patients’ measurement require-
ments: mRS 0–1 (non-disabled patient, requiring only sec-
ondary prevention strategies), mRS 2–3 (disabled patients 
also requiring rehabilitation), mRS 4–5 (severely disabled 
patients, requiring long-term nursing care), and mRS 6 
(stroke death). Figure 1 shows model structure and possible 
transitions between health states. The different health states 
were defined to be clinically and economically relevant. 
The model has a two-phase structure: acute (short run rep-
resented by a decision tree model) and long term (Markov 
model). The acute phase consists of patient management 
and outcomes from stroke onset to 90 days. The model then 
follows a long-term phase with two different cycle lengths: 
91 days to a year after stroke and from one year to 15 years 
with an annual cycle length; therefore, a half-cycle correc-
tion was made.

The model was tested for construct validation, verifi-
cation, and cross-validation by clinical experts (JM, AB) 

and evaluated using a first-order Monte Carlo simulation in 
Microsoft Excel 2016.

Model assumptions were as follows: (1) the proportion 
of patients undergoing standard care vs. test biomarker was 
50%; (2) when the test biomarker is positive for IS, theoreti-
cally, tPA could be applied in the ambulance if the patient 
meets the criteria for thrombolysis. Subsequently, the patient 
would be transferred to the hospital to continue with stand-
ard care; (3) probabilities of health-state transition were 
the same for both groups; (4) after the first year of stroke, 
patients remained in the same mRS unless they had a recur-
rent stroke or died; (5) in case of recurrence, the same type 
of stroke was assigned; and (6) a conservative risk option of 
annual recurrence was adopted and we assumed that recur-
rent stroke rates were equal across all categories of mRS, in 
accordance with previous studies [24, 25].

Table 1 shows the model parameters and distributions.

Use of resources and costs

In line with the study perspective, direct health costs were 
included using a micro-costing strategy. Five aspects were 
considered for cost estimations: (1) Comparison of the 
alternatives. The biomarker test was the differentiating 
cost. All other resources were considered to be the same, 
except for the proportion of resources used; (2) Type: IS 
or ICH; (3) Functional status according to mRS; (4) Cost-
allocation time: acute phase, discharge after three months, 
three months during the first year and first year, long-term; 
and (5) Destination at discharge, to allocate corresponding 
costs for institutionalized patients.

Clinical and economic evaluation studies on stroke 
were used as a basis for resource use according to the five 
aforementioned aspects. An electronic survey was used to 
determine the use of clinical resources in different Span-
ish hospitals. Twenty-eight neurologists from eight regions 
participated, of whom 13 answered all the questions. 
Finally, four stroke neurologists validated the information 
on resource use.

Acute phase costs were as follows: neuroimaging, labora-
tory tests, length-of-stay including inpatient care, pharma-
cological treatment (tPA and other drugs according to stroke 
type), and rehabilitation (physiotherapy, speech therapy 
and occupational therapy, the proportion of patients, and 
the number of sessions). We included the cost of treatment 
for symptomatic hemorrhagic transformation as an adverse 
event from tPA administration (2% of patients, according to 
data from Catalonia’s Database-CICAT).

Costs included from discharge to 90 days and from 
90 days to one year were: follow-up outpatient visits with 
the neurologist and/or primary care physician, rehabili-
tation, additional orthopedic resources covered by the 
health system (wheelchair, walker, or cane), follow-up 



 E. Parody-Rua et al.

1 3

neuroimaging, and laboratory tests. For costs from one 
year onward, we considered the cost of stroke recurrence 
and follow-up outpatient visits where necessary, according 
to survey results and validation by stroke physicians/clini-
cal experts. It was assumed that patients are prescribed an 
annual blood test.

Length-of-stay costs were included for patients whose 
destination at discharge was a convalescent facility or 
long-term stay. Patients in a long-term care facility one 
year after the stroke were assumed to remain there for the 
rest of their lives.

Total cost was calculated by multiplying the propor-
tion of resources used by their unit cost and by the units 
required of each resource. Public health service tariffs 
are published in Regional Government Official Bulletins, 
updated to 2022 using the specific regional healthcare con-
sumer price index. Drug costs were obtained from Boot-
Plus 2022. Costs were expressed in euros (2022). Table 2 
shows the costs per health state.

Deterministic and probabilistic sensitivity analysis

We conducted an analysis to determine the incremental cost-
effectiveness ratio (ICER).

ICER is expressed mathematically in the following 
expression:

In this study, B is the intervention and A the comparator.
Deterministic one-way sensitivity analyses were per-

formed to identify variables significantly influencing model 
outcomes: (1) test sensitivity and specificity, (2) using a 
three-biomarker panel which includes glial fibrillary acid 
protein, (3) test cost, and (4) changing thrombolysis treat-
ment (tPA for tenecteplase—TNK). This entailed modifica-
tions in mRS probabilities and costs in the economic model. 
TNK is non-inferior to tPA as a treatment for stroke patients 

ICER =

Incrementalcost

IncrementalQALYs
=

CostB − CostA

QALYB − QALYA

.

Fig. 1  Model Structure. A Short-term decision analytic tree structure 
of clinical trial outcomes. Outcomes were: non-disabled patient, only 
requiring secondary prevention strategies (modified Rankin scale 
[mRS 0–1]), disabled patients also requiring rehabilitation (mRS 
2–3), severely disabled patients, requiring long-term nursing care 
(mRS 4–5) and death (mRS 6) from stroke onset to 90 days. Patients 

enter the model with suspected stroke with < 4.5  h from symptom 
onset and with a National Institutes of Health Stroke Scale score 
between 4 and 22 (moderate or severe stroke). B Long-term Markov 
model used to simulate lifetime patient outcomes. Patients transition 
between the different health states as indicated by the arrows
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Table 1  Model input parameters with base-case values and distribution probabilities used in the sensitivity analysis

Parameter Base-case 
value

Type of distri-
bution

Parameter 1 of  distributiona Parameter 2 of  distributionb Source(s)

Standard 
care prob-
abilities IS at 
3 months

 mRS 0–1 0.42 β 194 269 [7]
 mRS 2–3 0.21 β 97 366
 mRS 4–5 0.19 β 88 375
 mRS 6 0.18 β 83 380

Biomarker test 
alternative 
prob-
abilities IS at 
3 months

 mRS 0–1 0.50 β 220 218 [15]
 mRS 2–3 0.25 β 110 328
 mRS 4–5 0.14 β 61 377
 mRS 6 0.11 β 48 390

Both alterna-
tives prob-
abilities ICH 
at 3 months

 mRS 0–1 0.10 β 9 84 [23]
 mRS 2–3 0.34 β 32 61
 mRS 4–5 0.33 β 31 62
 mRS 6 0.23 β 21 72

Annual prob-
ability of 
recurrent 
stroke

0.05 β 5 95 [32]

Probabilities of transition in the 
first year

Probability 
from mRS 
0–1 to:

 mRS 0–1 0.70 β 66 28 [33]
 mRS 2–3 0.07 β 7 87
 mRS 4–5 0.09 β 8 86
 mRS 6 0.14 β 13 81

Probability 
from mRS 
2–3 to:

 mRS 2–3 0.33 β 24 48 [33]
 mRS 4–5 0.13 β 9 63
 mRS 6 0.14 β 10 62
 mRS 0–1 0.40 β 29 43

Probability 
from mRS 
4–5 to:

 mRS 4–5 0.55 β 31 25 [33]
 mRS 6 0.30 β 17 39
 mRS 0–1 0.02 β 1 55
 mRS 2–3 0.13 β 7 49

Utilities
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[35] with similar safety profiles [38]. We used mRS prob-
abilities with TNK from a meta-analysis [37] compared with 
standard care. For the biomarker test strategy, we estimated 
the probabilities from Kunz et al. [15].

A probabilistic sensitivity analysis (PAS) with second-
order Monte Carlo simulation with 1000 iterations was per-
formed. A willingness-to-pay threshold of 24,000€/QALY 
was considered consistent with national recommendations 
[39]. The efficiency threshold in the PAS has been changed, 
using values of 22, 25, 30, and 60 thousand €/QALY [39, 
40].

Results

Table 3 shows the deterministic cost-effectiveness analysis 
and one-way sensitivity analysis. The blood test biomarker 
used to guide pre-hospital tPA administration compared with 
standard care was associated with more QALYs (4.87 vs. 
4.77), more LYGs (7.18 vs. 7.07), and greater costs (12,807€ 
vs. 12,713€). The ICER was 881€/QALY in the base-case 
scenario.

The univariate sensitivity analysis revealed that when 
test sensitivity increased (e.g., to 30%), QALY and LYG 

Table 1  (continued)

Parameter Base-case 
value

Type of distri-
bution

Parameter 1 of  distributiona Parameter 2 of  distributionb Source(s)

 mRS 0–1 0.84 β 85 15 [25]
 mRS 2–3 0.72c β 73 27 [24]
 mRS 4–5 0.45c β 41 58 [24]

Costsd

 mRS 0–1 IS 8,101. 51 γ 81,015.10 0.1 Regional Govern-
ment Official 
Bulletins; 
Catalonia hos-
pital; Andalucia 
hospital; BotPlus 
2019; [34]; [35]

 mRS 2–3 IS 11,099.88 γ 110,991.80 0.1
 mRS 4–5 IS 16,257.44 γ 162,574.40 0.1
 mRS 6  ISe 6,787.84 γ 67,878.40 0.1

 mRS 0–1 ICH 7,992.68 γ 79,926.80 0.1 Regional Govern-
ment Official 
Bulletins, 
Catalonia hos-
pital; Andalucia 
hospital; BotPlus 
2019; [35]; [36]

 mRS 2–3 ICH 14,048.47 γ 140,484.70 0.1
 mRS 4–5 ICH 16,758.86 γ 167,588.60 0.1
 mRS 6  ICHe 10,172.30 γ 101,723.00 0.1

 Biomarker 
blood test

101.04 γ 1,010.40 0.1 BIOFAST

IS ischemic stroke, ICH intracerebral hemorrhagic
a Parameter 1 is: alpha (beta and gamma distribution), lower value (uniform distribution)
b Parameter 2 is: beta (beta and gamma distribution), upper value (uniform distribution)
c Utility by time trade-off (TTO) method
d Euros 2022
e Only hospitalization costs

Table 2  Costs of treatment (in 2022 euros) per stroke subtype and 
modified Rankin scale (mRS)

mRS/resource Ischemic stroke Intracerebral 
hemorrhagic

mRS 0–1
 Acute phase 6651.39 6410.48
 Discharge to 90 days 759.88 821.94
 90 days to one year 495.78 558.78
 After one year 194.46 201.48
 Stroke recurrence 4500.60 5739.49

mRS 2–3
 Acute phase 8019.64 10,438.20
 Discharge to 90 days 2139.85 2637.23
 90 days to one year 694.88 715.20
 After one year 244.81 257.84
 Stroke recurrence 6053.03 9824.67

mRS 4–5
 Acute phase 10,067.72 10,589.38
 Discharge to 90 days 4433.52 4624.48
 90 days to one year 941.03 1090.78
 After one year 444.69 454.22
 Stroke recurrence 8168.39 9925.05
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also increased. The test was cost-effective in all scenarios, 
except when test sensitivity was 56.5% and test specificity 
was 68%. In this case, the biomarker test had an ICER of 
33,045€/QALYs and was a dominated strategy (more costly 
and fewer LYGs compared with standard care). Using three 
biomarkers (52% sensitivity and 100% specificity), the ICER 
was 820€/QALYs.

Figure 2 represents the cost-effectiveness acceptability 
curve. The test biomarker presented a greater probability of 
being cost-effective for willingness-to-pay thresholds higher 
than 10,000€/QALY. For a willingness-to-pay of 24,000€/
QALY, the test biomarker presented an 82.5% probability of 
being cost-effective.

We ran several models applying different blood test sen-
sitivity and specificity. The higher the sensitivity of the test, 
the lower the ICER (Fig. 1S Supplemental Material) and 
QALYs ranged from 0.06 to 0.52 with test sensitivities of 
10% and 99%, respectively (Fig. 2S Supplemental Mate-
rial). When the cost of the test was changed using different 
sensitivity and specificity values (according to Bustamante’s 

study [19] and hypothetical values), the test was cost-effec-
tive when its unit price was 10,000€ and had a sensitivity of 
99% and specificity of 100%. As the sensitivity decreases, 
the ICER is no longer cost-effective despite lowering the 
cost of the test; for instance, a test with a sensitivity of 10% 
that costs 2000€ would no longer be effective (Table 4). 
Table 2S (Supplemental Material) shows the maximum 
individual cost of the test to make it a cost-effective alterna-
tive; it is observed that this cost varies from 874 to 13,986€, 
values that depend on the diagnostic validity used.

The incremental cost-effectiveness plane is provided 
in Supplementary Materials (Fig. 3S). The Monte Carlo 
simulation shows that most of the simulations are within 
the confidence ellipse, showing that the results are quite 
robust to changes in the values of the different variables 
simultaneously.

The biomarker test was cost-effective in 82.4%, 82.5%, 
82.8%, and 83.1% of interactions when the willingness-to-
pay threshold was changed by 22,000, 25,000, 30,000, and 
60,000 €/QALY, respectively.

Table 3  Cost-effectiveness analyses of the biomarker test to guide pre-hospital tPA: base-case scenario and sensitivity analyses

S sensitivity, E specificity, QALY quality adjusted-life year, ICER incremental cost-effectiveness ratio, LYG life-year gained
a Prevalence of ischemic stroke was 81.9% and of hemorrhagic stroke was 18.1%. Specificity = 100%
b Prevalence of ischemic stroke was 49.3% and of hemorrhagic stroke was 50.7%

Alternatives Costs (€) Incremental Cost QALY Incremental 
QALY

ICER (€/QALY) LYG Incremental LYG ICER
(€/LYG)

Base-case scenario (S = 20%)a

 Standard care 12,713 4.77 7.07
 Biomarker test 12,807 94 4.87 0.11 881 7.18 0.11 822

Test sensitivity = 30% a

 Standard care 12,713 4.77 7.07
 Biomarker test 12,818 105 4.92 0.16 662 7.24 0.17 618

Test Sensitivity = 10% a (hypothetical worst scenery)
 Standard care 12,713 4.77 7.07
 Biomarker test 12,794 81 4.83 0.06 1369 7.13 0.06 1286

Test sensitivity = 60% a (hypothetical best scenery)
 Standard care 12,713 4.77 7.07
 Biomarker test 12,862 139 5.09 0.32 433 7.41 0.34 404

Test sensitivity = 56.5% and Specificity = 68%b

 Standard care 12,713 4.77 7.07
 Biomarker test 14,692 1979 4.83 0.06 33,045 6.99 -0.07 Dominated

Using three biomarkers (Sensitivity = 52%; Specificity = 100%)
 Standard care 13,611 4.45 6.86
 Biomarker test 13,742 130 4.61 0.16 820 7.04 0.17 760

Doubling the cost of the test (200€)a

 Standard care 12,713 4.77 7.07
 Biomarker test 12,893 180 4.87 0.11 1576 7.18 0.11 1689

Changing alteplase for tenecteplase (TNK)a

 Standard care 13,089 5.66 7.99
 Biomarker test 13,156 67 5.73 0.07 956 8.05 0.07 1027
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Discussion

Our study shows that using a pre-hospital blood test to guide 
tPA may be a cost-effective strategy in a hypothetical cohort 
of patients with suspected moderate to severe stroke (NIHSS 
4-22) within 4.5 h after symptom onset from the Spanish 
Health System perspective.

This is among the first economic evaluations of bio-
marker tests for guiding tPA in the ambulance in patients 
with IS. However, previous studies showed the efficiency 
of pre-hospital treatment for acute stroke. An economic 
model study found that the MSUs strategy could be cost-
effective in different scenarios, although efficiency was 
related to population density [41]. The MSUs strategy led to 
a higher frequency of thrombolysis and a higher proportion 
of patients in the early time interval (within 90 min: 48.1% 
vs. 37.4%; 91–180 min: 37.4% vs. 50%; 181–270 min: 14.5% 
vs. 12.8%), which resulted in 32,456€/QALY [42].

In the MSUs strategy, the ambulance was equipped with 
a scanner, a point-of-care laboratory, and telemedicine 
capabilities, making the cost prohibitive for routine clinical 
implementation in many countries [42]. In our economic 
model, the ambulance cost is the same as in usual care, and 
the biomarker cost (around 100€/unit) is easily affordable. 
Administration of tPA in ambulances is a usual practice in 
the drip-and-ship model [43], with the exception that tPA is 
initiated at primary stroke centers, while the 1-h intravenous 

infusion is continued at the ambulance. Therefore, para-
medics are familiar with tPA infusion and able to recognize 
tPA-related complications, such as bleedings or angioedema. 
However, tPA initiation at conventional ambulances might 
require an extra inversion in educational aspects. This educa-
tion would also improve one of the greater barriers to early 
treatments, which is stroke symptoms’ recognition. In the 
sensitivity analysis, when the test unit price was doubled, it 
was still an efficient alternative.

In the base-case and all one-way sensitivity analyses in 
this study, QALYs were higher for the biomarker strategy vs. 
standard care, mainly due to shortening of tPA administra-
tion time, resulting in more patients with a favorable mRS 
[16]. Accordingly, a study showed that in acute IS patients 
who were treated with tPA, shorter door-to-needle times 
(within 45 min) were associated with lower all-cause mor-
tality and lower all-cause readmission at 1 year [44].

The economic model used preliminary sensitivity (20%) 
and specificity (100%) results from the biomarker study [20]. 
When the sensitivity is low, patients who are not diagnosed 
in the ambulance are not compromised, as they follow the 
same current stroke pathways and would be transferred to a 
hospital where stroke diagnosis is made by neuroimaging. 
The test (which takes about 15 min) needs no additional time 
as it is performed during the transfer. On the other hand, 
when specificity values were decreased, the number of false 
positives increases; in these cases, patients with IH are 

Fig. 2  Cost-effectiveness acceptability curve
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treated with tPA with the risk of worsening. Lower specific-
ity values were included in the model in sensitivity analysis. 
It is important to note that in addition to clinical enforcement 

and economic impact, ethical dilemmas would arise. Regard-
ing the sensitivity analysis with the three-biomarker panel, 
results should be carefully interpreted, as this substudy was 

Table 4  Incremental cost-effectiveness ratio (ICER) according to cost, sensitivity, and specificity of the biomarker test
Test cost (euros) 

50 100 200 500 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000

Specificity 100% ICER 

Sensitivity 99% 254 339 510 1021 1873 3577 5281 6985 8689 10,392 12,096 13,800 15,504 17,208

Sensitivity 60% 294 431 703 1521 2884 5610 8335 11,061 13,787 16,513 19,238 21,964 24,690

Sensitivity 50% 301 464 789 1766 3394 6650 9905 13,161 16,417 19,673 22,928 26,184

Sensitivity 40% 324 525 926 2131 4139 8154 12,170 16,185 20,201 24,216

Sensitivity 30% 385 665 1195 2814 5512 10,910 16,307 21,705 27,102

Sensitivity 20% 472 870 1666 4055 8036 15,998 23,960 31,923

Sensitivity 10% 636 1349 2775 7055 14,188 28,454

Specificity 97% ICER

Sensitivity 99% 569 685 916 1608 2763 5072 7381 9690 11,999 14,308 16,617 18,926 21,235 23,544

Sensitivity 60% 792 981 1359 2494 4384 8166 11,948 15,729 19,511 23,293 27,074

Sensitivity 50% 951 1183 1646 3035 5351 9982 14,613 19,244 23,875 60,582

Sensitivity 40% 1103 1390 1963 3684 6550 12,284 18,018 23,751 5849,2

Test cost (euros) 

50 100 200 500 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000

Sensitivity 30% 1460 1858 2655 5044 9027 16,993 24,958

Sensitivity 20% 2207 2839 4104 7899 14,222 26,870

Sensitivity 10% 5158 6715 9828 19,169 34,737

Specificity 94% 

Sensitivity 99% 907 1055 1351 2239 3720 6681 9642 12,602 15,563 18,524 21,485 24,446   

Sensitivity 60% 1465 1722 2236 3776 6344 11,480 16,615 21,751 7886,2

Sensitivity 50% 1713 2025 2650 4525 7651 13,901 20,152 3046,2

Sensitivity 40% 2166 2572 3382 5812 9862 17,963 26,064

Sensitivity 30% 3094 3689 4877 8442 14,384 26,267

Sensitivity 20% 5735 6844 9061 15,714 26,801

Sensitivity 10% 31,190 

Specificity 68% ICER 

Sensitivity 56.5% 29,740                           

Values in red are not cost-effective
ICER: incremental cost-effectiveness ratio
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planned as a 1:1 case–control study (one ischemic vs. one 
hemorrhagic patient). In our economic model, test accuracy 
depends on stroke subtype prevalence. When we used the 
three-biomarker panel, the prevalence was 49.3% and 50.7% 
of ischemic and ICH, respectively. Here, the test was cost-
effective but with fewer QALYs gained (0.16) compared 
with the same sensitivity and specificity using two biomark-
ers (0.27 QALYs).

The use of TNK in patients with stroke in the economic 
model showed more QALY and LYG gained in both alter-
natives, and the test was cost-effective using this thrombo-
lytic. Furthermore, the use of TNK has the advantage that it 
is easier to administer (in bolus) than tPA perfusion in the 
ambulance.

Strengths and limitations

This is the first economic evaluation of pre-hospital blood 
test biomarker-guided reperfusion therapy for stroke 
patients. Study results could be used as a basis for economic 
evaluations of other test biomarkers for IS and/or ICH.

This study has some limitations which need to be con-
sidered when interpreting the results. First, the mRS score 
at month 3 for patients who underwent the biomarker test 
had to be estimated from another study [15] as results from 
a clinical trial using biomarkers to guide tPA are not avail-
able. However, when theoretically performing the test in the 
ambulance and applying tPA for patients who meet throm-
bolysis criteria, the reduction in the delay to thrombolysis is 
likely similar to that obtained in the Kunz et al. study [15].

Although the assumptions about long-term health results 
and costs were validated by clinical experts and made in 
accordance with previous studies, long-term clinical studies 
in Spain on stroke with reliable clinical data are lacking.

The present study was conducted from the perspective 
of the Spanish Health System. Nevertheless, it would have 
been ideal to assess the relative efficiency of the test bio-
marker from a societal perspective, since informal care plays 
an important role in stroke, which can reach 70% [24, 45]. 
Moreover, it was observed that 15% of the patients required 
home modifications [45]. However, there are no available 
data on costs incurred by stroke patients in Spain.

In our model, we did not include stroke mimics, which 
represent a variable proportion (9% to 27%) of patients 
initially diagnosed with IS [46]. Stroke mimics could 
decrease test effectiveness, although the test might also 
help to avoid administering tPA to stroke mimics, which 
happens occasionally in stroke units. In the Bustamante 
study [19], when they included stroke mimics, biomarker 
specificities were reduced to 98.4 and 96.8%. However, 
stroke thrombolysis in the 3-h window remains cost-effec-
tive from the healthcare sector perspective when stroke 
mimics proportions among arriving patients are less than 

30% [47]. In addition, our study is limited to patients with 
suspected moderate to severe stroke within 4.5 h of symp-
tom onset. Therefore, these results would not be applica-
ble to the whole stroke population and, especially, are not 
applicable to tPA treatment in extended time windows.

Perhaps, the main limitation of the present study is the 
fact that clinical results supporting the biomarker data 
came from a single study [19], which would require exter-
nal validation. Currently, the BIOFAST study is replicat-
ing the biomarker results in a real-world scenario, with 
blood samples collected at the ambulance and measuring 
the biomarker panel with a POCT device. If replicated, the 
BIOFAST study would be supported not just from robust 
clinical data, but also by the present cost-efficacy study, 
representing a crucial step for an earlier implementation 
in healthcare systems.

It is important to highlight the clinical impact of initiat-
ing treatment soon after symptom onset in stroke patients. 
Accordingly, the biomarker test could play an important 
role in the pre-hospital diagnosis of these patients. It could 
be relevant to include stroke mimics in the economic 
model.

Conclusions

The use of a biomarker test to guide pre-hospital tPA is 
cost-effective compared with standard care in patients with 
IS from the Spanish Health System perspective.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10198- 022- 01495-1.

Acknowledgements The authors acknowledge Drs. Marta Rubiera, 
Francisco Moniche, Laura Dorado, and Ana Rodríguez-Campello for 
validating the results of the survey and providing additional infor-
mation. We also thank the Catalan Stroke Plan for information from 
Codi Ictus Catalunya (CICAT) registry. The study had support from 
the Spanish Neurological Society Cerebrovascular Disease Study 
Group, who shared RENISEN registry data and distributed the sur-
vey, and from the Spanish stroke research network INVICTUS+ 
(RD16/0019/0021), for survey distribution.

Funding Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. The present study is part of the Insti-
tuto de Salud Carlos III (ISCIII) grant, file number PMP15/00022, 
and Biomarkers for Initiating Onsite and Faster Ambulance Stroke 
Therapies (BIOFAST) DTS19/00135. We thank the Research Net-
work on Preventative Activities and Health Promotion (redIAPP) 
(RD16/0007/0012), the European Regional Development Fund, and 
the CIBERESP (Centro de Investigación Biomedica en Red de Epide-
miología y Salud Pública, CB16/02/00322), for their support in study 
development. Dr. A. Serrano-Blanco has a personal grant from the 
PERIS program (SLT006/17/68), Generalitat de Catalunya (Spain), 
to partially dedicate his time to research during the study period. Dr. 
Rubio-Valera has a “Miguel Servet” research contract from ISCIII, 
Ministry of Economy and Competitiveness (Spain) (CP19/00029).

https://doi.org/10.1007/s10198-022-01495-1


Modeling the potential efficiency of a blood biomarker‑based tool to guide pre‑hospital…

1 3

Declarations 

Conflict of interest Dr. Montaner holds patents on “METHOD 
FOR SELECTING A PATIENT FOR A REPERFUSION THER-
APY” EP19382384.6 and “METHODS FOR DIFFERENTIAT-
ING ISCHEMIC STROKE FROM HEMORRHAGIC STROKE” 
EP14382492. The other authors report no conflicts.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Benjamin, E.J., et al.: Heart disease and stroke statistics-2018 
update: a report from the American heart association. Circula-
tion 137(12), e67–e492 (2018). https:// doi. org/ 10. 1161/ cir. 00000 
00000 000558

 2. Feigin, V.L., Norrving, B., Mensah, G.A.: Global burden of 
stroke. Circ. Res. 120(3), 439–448 (2017). https:// doi. org/ 10. 
1161/ circr esaha. 116. 308413

 3. Lopez-Bastida, J., et al.: Social and economic costs and health-
related quality of life in stroke survivors in the Canary Islands, 
Spain. BMC Health Serv. Res. 12, 315 (2012). https:// doi. org/ 10. 
1186/ 1472- 6963- 12- 315

 4. Alvarez-Sabín, J., et al.: Economic impact of patients admitted to 
stroke units in Spain. Eur. J. Health Econ. 18(4), 449–458 (2017). 
https:// doi. org/ 10. 1007/ s10198- 016- 0799-9

 5. de Andrés-Nogales, F., et al.: Utilización de recursos sanitarios 
y costes asociados al manejo de los pacientes con infarto cer-
ebral cardioembólico agudo en la Comunidad de Madrid: Estudio 
CODICE. Neurologia 30(9), 536–544 (2015). https:// doi. org/ 10. 
1016/j. nrl. 2014. 06. 002

 6. Hacke, W., et al.: Intravenous thrombolysis with recombinant tis-
sue plasminogen activator for acute hemispheric stroke. The Euro-
pean cooperative acute stroke study (ECASS). JAMA 274(13), 
1017–1025 (1995)

 7. Wahlgren, N., et  al.: Thrombolysis with alteplase for acute 
ischaemic stroke in the safe implementation of thrombolysis in 
stroke-monitoring study (SITS-MOST): an observational study. 
Lancet 369(9958), 275–282 (2007). https:// doi. org/ 10. 1016/ 
s0140- 6736(07) 60149-4

 8. Joo, H., Wang, G., George, M.G.: A literature review of cost-
effectiveness of intravenous recombinant tissue plasminogen acti-
vator for treating acute ischemic stroke. Stroke Vasc. Neuro. 2(2), 
73–83 (2017). https:// doi. org/ 10. 1136/ svn- 2016- 000063

 9. Sandercock, P., et al.: A systematic review of the effectiveness, 
cost-effectiveness and barriers to implementation of thrombo-
lytic and neuroprotective therapy for acute ischaemic stroke in 
the NHS. Health Technol. Assess. 6(26), 1–112 (2002). https:// 
doi. org/ 10. 3310/ hta62 60

 10. Harpaz, D., et al.: Point-of-care-testing in acute stroke manage-
ment: an unmet need ripe for technological harvest. Biosensors 
(Basel). 7(3), E30 (2017). https:// doi. org/ 10. 3390/ bios7 030030

 11. Varjoranta, T., et al.: Prehospital and hospital delays for stroke 
patients treated with thrombolysis: a retrospective study from 
mixed rural-urban area in Northern Finland. Australas. Emerg. 
Care. 22(2), 76–80 (2019). https:// doi. org/ 10. 1016/j. auec. 2019. 
01. 008

 12. Bustamante, A., et al.: Blood biomarkers for the early diagnosis 
of stroke: the stroke-chip study. Stroke 48(9), 2419–2425 (2017). 
https:// doi. org/ 10. 1161/ strok eaha. 117. 017076

 13. Lorenz, M.W., Lauer, A., Foerch, C.: Quantifying the benefit of 
prehospital rapid treatment in acute stroke: benchmark for future 
innovative clinical trials. Stroke 46(11), 3168–3176 (2015). 
https:// doi. org/ 10. 1161/ strok eaha. 115. 010445

 14. Ebinger, M., et al.: Effect of the use of ambulance-based throm-
bolysis on time to thrombolysis in acute ischemic stroke: a rand-
omized clinical trial. JAMA 311(16), 1622–1631 (2014). https:// 
doi. org/ 10. 1001/ jama. 2014. 2850

 15. Kunz, A., et al.: Functional outcomes of pre-hospital thromboly-
sis in a mobile stroke treatment unit compared with conventional 
care: an observational registry study. Lancet Neurol. 15(10), 
1035–1043 (2016). https:// doi. org/ 10. 1016/ s1474- 4422(16) 
30129-6

 16. Weber, J.E., et al.: Prehospital thrombolysis in acute stroke: results 
of the PHANTOM-S pilot study. Neurology 80(2), 163–168 
(2013). https:// doi. org/ 10. 1212/ wnl. 0b013 e3182 7b90e5

 17. Walter, S., et al.: Mobile stroke units - cost-effective or just an 
expensive hype? Curr. Atheroscler. Rep. 20(10), 49 (2018). 
https:// doi. org/ 10. 1007/ s11883- 018- 0751-9

 18. Sun, Y., et al.: The accuracy of glial fibrillary acidic protein in 
acute stroke differential diagnosis: a meta-analysis. Scand. J. Clin. 
Lab. Invest. 73(8), 601–606 (2013). https:// doi. org/ 10. 3109/ 00365 
513. 2013. 830326

 19. Bustamante, A., et al.: Blood biomarkers to differentiate ischemic 
and hemorrhagic strokes. Neurology 96(15), e1928–e1939 (2021). 
https:// doi. org/ 10. 1212/ WNL. 00000 00000 011742

 20. Bernal-Delgado, E., et al.: Spain: health system review. Health 
Syst. Transit. 20(2), 1–179 (2018)

 21. Puig-Junoy, J., et al.: Guía y recomendaciones para la realización 
y presentación de evaluaciones económicas y análisis de impacto 
presupuestario de medicamentos en el ámbito del CatSalut. Gen-
eralitat de Catalunya. Departament de Salut. Servei Català de la 
Salut, Barcelona (2014)

 22. Augustovski, F., García Martí, S., Pichon-Riviere, A.: Estándares 
Consolidados de Reporte de Evaluaciones Económicas Sanitarias: 
Versión en Español de la Lista de Comprobación CHEERS. Value 
Health Reg. Issues. 2(3), 338–341 (2013). https:// doi. org/ 10. 
1016/j. vhri. 2013. 10. 004

 23. Post, P.N., Stiggelbout, A.M., Wakker, P.P.: The utility of health 
states after stroke: a systematic review of the literature. Stroke 
32(6), 1425–1429 (2001). https:// doi. org/ 10. 1161/ 01. str. 32.6. 1425

 24. Kunz, W.G., et al.: Cost-effectiveness of endovascular stroke ther-
apy: a patient subgroup analysis from a US healthcare perspective. 
Stroke 47(11), 2797–2804 (2016). https:// doi. org/ 10. 1161/ strok 
eaha. 116. 014147

 25. Boudreau, D.M., et al.: A model of cost-effectiveness of tissue 
plasminogen activator in patient subgroups 3 to 4.5 hours after 
onset of acute ischemic stroke. Ann. Emerg. Med. 61(1), 46–55 
(2013). https:// doi. org/ 10. 1016/j. annem ergmed. 2012. 04. 020

 26. Instituto Nacional de Estadística. Tasas de Mortalidad según sexo 
y edad hasta 100 años y más (desde 1991). https:// www. ine. es/ 
jaxiT3/ Datos. htm?t= 14816 (2020). Accessed 4 Nov 2020

 27. Universitat de Girona. Proyecto RENISEN: Registro Nacional de 
Ictus SEN (RENISEN). http:// www. renis en. org/ (2020). Accessed 
4 Nov 2020

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1161/cir.0000000000000558
https://doi.org/10.1161/cir.0000000000000558
https://doi.org/10.1161/circresaha.116.308413
https://doi.org/10.1161/circresaha.116.308413
https://doi.org/10.1186/1472-6963-12-315
https://doi.org/10.1186/1472-6963-12-315
https://doi.org/10.1007/s10198-016-0799-9
https://doi.org/10.1016/j.nrl.2014.06.002
https://doi.org/10.1016/j.nrl.2014.06.002
https://doi.org/10.1016/s0140-6736(07)60149-4
https://doi.org/10.1016/s0140-6736(07)60149-4
https://doi.org/10.1136/svn-2016-000063
https://doi.org/10.3310/hta6260
https://doi.org/10.3310/hta6260
https://doi.org/10.3390/bios7030030
https://doi.org/10.1016/j.auec.2019.01.008
https://doi.org/10.1016/j.auec.2019.01.008
https://doi.org/10.1161/strokeaha.117.017076
https://doi.org/10.1161/strokeaha.115.010445
https://doi.org/10.1001/jama.2014.2850
https://doi.org/10.1001/jama.2014.2850
https://doi.org/10.1016/s1474-4422(16)30129-6
https://doi.org/10.1016/s1474-4422(16)30129-6
https://doi.org/10.1212/wnl.0b013e31827b90e5
https://doi.org/10.1007/s11883-018-0751-9
https://doi.org/10.3109/00365513.2013.830326
https://doi.org/10.3109/00365513.2013.830326
https://doi.org/10.1212/WNL.0000000000011742
https://doi.org/10.1016/j.vhri.2013.10.004
https://doi.org/10.1016/j.vhri.2013.10.004
https://doi.org/10.1161/01.str.32.6.1425
https://doi.org/10.1161/strokeaha.116.014147
https://doi.org/10.1161/strokeaha.116.014147
https://doi.org/10.1016/j.annemergmed.2012.04.020
https://www.ine.es/jaxiT3/Datos.htm?t=14816
https://www.ine.es/jaxiT3/Datos.htm?t=14816
http://www.renisen.org/


 E. Parody-Rua et al.

1 3

 28. Bustamante, A., et al.: The impact of post-stroke complications 
on in-hospital mortality depends on stroke severity. Eur. Stroke J. 
2(1), 54–63 (2017). https:// doi. org/ 10. 1177/ 23969 87316 681872

 29. Lobotesis, K., et  al.: Cost-effectiveness of stent-retriever 
thrombectomy in combination with IV t-PA compared with IV 
t-PA alone for acute ischemic stroke in the UK. J. Med. Econ. 
19(8), 785–794 (2016). https:// doi. org/ 10. 1080/ 13696 998. 2016. 
11748 68

 30. Steen Carlsson, K., et  al.: Long-term cost-effectiveness of 
thrombectomy for acute ischaemic stroke in real life: an analysis 
based on data from the Swedish stroke register (Riksstroke). Int. 
J. Stroke 12(8), 802–814 (2017). https:// doi. org/ 10. 1177/ 17474 
93017 70115

 31. Baharoglu, M.I., et al.: Platelet transfusion versus standard care 
after acute stroke due to spontaneous cerebral haemorrhage asso-
ciated with antiplatelet therapy (PATCH): a randomised, open-
label, phase 3 trial. Lancet 387(10038), 2605–2613 (2016). https:// 
doi. org/ 10. 1016/ s0140- 6736(16) 30392-0

 32. Hong, K.S., et al.: Declining stroke and vascular event recur-
rence rates in secondary prevention trials over the past 50 years 
and consequences for current trial design. Circulation 123(19), 
2111–2119 (2011). https:// doi. org/ 10. 1161/ circu latio naha. 109. 
934786

 33. Gensicke, H., et al.: Long-term outcome in stroke patients treated 
with IV thrombolysis. Neurology 80(10), 919–925 (2013). https:// 
doi. org/ 10. 1212/ wnl. 0b013 e3182 840c35

 34. Parody, E., et al.: Cost-utility analysis of magnetic resonance 
imaging management of patients with acute ischemic stroke in 
a Spanish hospital. Neurol. Ther. 4(1), 25–37 (2015). https:// doi. 
org/ 10. 1007/ s40120- 015- 0029-x

 35. de Andrés-Nogales, F., et al.: Cost-effectiveness of mechanical 
thrombectomy using stent retriever after intravenous tissue plas-
minogen activator compared with intravenous tissue plasminogen 
activator alone in the treatment of acute ischaemic stroke due 
to large vessel occlusion in Spain. Eur. Stroke J. 2(3), 272–284 
(2017). https:// doi. org/ 10. 1177/ 23969 87317 721865

 36. Christensen, M.C., Morris, S.: Association between disability 
measures and short-term health care costs following intracerebral 
hemorrhage. Neurocrit. Care 9(3), 313–318 (2008). https:// doi. 
org/ 10. 1007/ s12028- 008- 9124-5

 37. Burgos, A.M., Saver, J.L.: Evidence that tenecteplase is nonin-
ferior to alteplase for acute ischemic stroke. Meta-analysis of 5 
randomized trials. Stroke 50(8), 2156–2162 (2019). https:// doi. 
org/ 10. 1161/ strok eaha. 119. 025080

 38. Campbell, B.C.V., et al.: Tenecteplase versus alteplase before 
thrombectomy for ischemic stroke. N. Engl. J. Med. 378(17), 
1573–1582 (2018). https:// doi. org/ 10. 1056/ nejmo a1716 405

 39. Vallejo-Torres, L., García-Lorenzo, B., Serrano-Aguilar, P.: Esti-
mating a cost-effectiveness threshold for the Spanish NHS. Health 
Econ. 27(4), 746–761 (2018). https:// doi. org/ 10. 1002/ hec. 3633

 40. Sacristán, J.A., et al.: ¿Qué es una intervención sanitaria eficiente 
en España en 2020? [What is an efficient health intervention in 
Spain in 2020?]. Gac. Sanit. 34(2), 189–193 (2020). https:// doi. 
org/ 10. 1016/j. gaceta. 2019. 06. 007

 41. Dietrich, M., et al.: Is prehospital treatment of acute stroke too 
expensive? An economic evaluation based on the first trial. Cer-
ebrovasc. Dis. 38(6), 457–463 (2014). https:// doi. org/ 10. 1159/ 
00037 1427

 42. Gyrd-Hansen, D., et al.: Cost-effectiveness estimate of prehospi-
tal thrombolysis: results of the PHANTOM-S study. Neurology 
84(11), 1090–1097 (2015). https:// doi. org/ 10. 1212/ wnl. 00000 
00000 001366

 43. Ramos, A., Guerrero, W.R., de la Ossa, N.P.: Prehospital stroke 
triage. Neurology 97(20 Suppl 2), s25–s33 (2021). https:// doi. org/ 
10. 1212/ wnl. 00000 00000 012792

 44. Man, S., et al.: Association between thrombolytic door-to-needle 
time and 1-year mortality and readmission in patients with acute 
ischemic stroke. JAMA 323(21), 2170–2184 (2020). https:// doi. 
org/ 10. 1001/ jama. 2020. 5697

 45. Dewey, H.M., et al.: Cost of stroke in Australia from a societal 
perspective. Results from the North East Melbourne stroke inci-
dence study (NEMESIS). Stroke. 32(10), 2409–2416 (2001). 
https:// doi. org/ 10. 1161/ hs1001. 097222

 46. Avellaneda-Gómez, C., et al.: Estudio descriptivo de los stroke 
mimics después de un estudio neurovascular completo. Neurolo-
gia. 34(1), 7–13 (2019). https:// doi. org/ 10. 1016/j. nrl. 2016. 10. 006

 47. Liberman, A.L., et al.: Is the cost-effectiveness of stroke throm-
bolysis affected by proportion of stroke mimics? Stroke 50(2), 
463–468 (2019). https:// doi. org/ 10. 1161/ strok eaha. 118. 022857

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1177/2396987316681872
https://doi.org/10.1080/13696998.2016.1174868
https://doi.org/10.1080/13696998.2016.1174868
https://doi.org/10.1177/174749301770115
https://doi.org/10.1177/174749301770115
https://doi.org/10.1016/s0140-6736(16)30392-0
https://doi.org/10.1016/s0140-6736(16)30392-0
https://doi.org/10.1161/circulationaha.109.934786
https://doi.org/10.1161/circulationaha.109.934786
https://doi.org/10.1212/wnl.0b013e3182840c35
https://doi.org/10.1212/wnl.0b013e3182840c35
https://doi.org/10.1007/s40120-015-0029-x
https://doi.org/10.1007/s40120-015-0029-x
https://doi.org/10.1177/2396987317721865
https://doi.org/10.1007/s12028-008-9124-5
https://doi.org/10.1007/s12028-008-9124-5
https://doi.org/10.1161/strokeaha.119.025080
https://doi.org/10.1161/strokeaha.119.025080
https://doi.org/10.1056/nejmoa1716405
https://doi.org/10.1002/hec.3633
https://doi.org/10.1016/j.gaceta.2019.06.007
https://doi.org/10.1016/j.gaceta.2019.06.007
https://doi.org/10.1159/000371427
https://doi.org/10.1159/000371427
https://doi.org/10.1212/wnl.0000000000001366
https://doi.org/10.1212/wnl.0000000000001366
https://doi.org/10.1212/wnl.0000000000012792
https://doi.org/10.1212/wnl.0000000000012792
https://doi.org/10.1001/jama.2020.5697
https://doi.org/10.1001/jama.2020.5697
https://doi.org/10.1161/hs1001.097222
https://doi.org/10.1016/j.nrl.2016.10.006
https://doi.org/10.1161/strokeaha.118.022857

	Modeling the potential efficiency of a blood biomarker-based tool to guide pre-hospital thrombolytic therapy in stroke patients
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Approach
	Intervention
	Comparator

	Health outcomes
	Decision model
	Use of resources and costs
	Deterministic and probabilistic sensitivity analysis

	Results
	Discussion
	Strengths and limitations

	Conclusions
	Acknowledgements 
	References




