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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 QALY's (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.

Keywords Stroke - Biomarkers - tPA - Cost-effectiveness

P< Antoni Serrano-Blanco
antoni.serrano@sjd.es

Head of Quality and Patient Safety, Parc Sanitari Sant
Joan de Déu. Institut de Recerca Sant Joan de Déu,
Sant Boi de Llobregat, Spain

CIBER of Epidemiology and Public Health (CIBERESP),
Madrid, Spain

Teaching, Research and Innovation Unit, Parc Sanitari Sant 7
Joan de Déu, Sant Boi de Llobregat, Spain

Primary Care Prevention and Health Promotion Network 8 . .
(redTAPP), Barcelona, Spain Freelance Health Economist, Barcelona, Spain
Facultad de Ciencias de la Salud, Universidad Icesi, Cali,

Stroke Unit, Hospital Universitari Germans Trias i Pujol, .
Colombia

Badalona, Spain
Parc Sanitari Sant Joan de Déu. Institut de Recerca Sant

Neurovascular Research Laboratory, Vall d’Hebron Institute Joan de Déu, Mental Health Directorate, C/Cami Vell de la

of Research (VHIR), Barcelona, Spain

Institute de Biomedicine of Seville, IBiS/Hospital
Universitario Virgen del Rocio/CSIC/University of Seville
and Department of Neurology, Hospital Universitario Virgen
Macarena, Seville, Spain

Colonia, 25, 08830 Sant Boi de Llobregat, Barcelona, Spain

Departament de Medicina. Facultat de Medicina i Ciéncies
de la Salut, Universitat de Barcelona, Barcelona, Spain

@ Springer


http://orcid.org/0000-0001-8219-2568
http://orcid.org/0000-0003-4390-8900
http://orcid.org/0000-0003-4845-2279
http://orcid.org/0000-0003-2856-1697
http://orcid.org/0000-0002-8940-9763
http://orcid.org/0000-0001-5020-7534
http://orcid.org/0000-0002-4412-0261
http://orcid.org/0000-0001-6123-0633
http://crossmark.crossref.org/dialog/?doi=10.1007/s10198-022-01495-1&domain=pdf

622

E. Parody-Rua et al.

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.
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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 pg/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



Modeling the potential efficiency of a blood biomarker-based tool to guide pre-hospital... 623

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
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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

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.
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the patient is to the hospital to continue with the standard care.

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

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:

Incrementalcost Costy — Cost,

IncrementalQALYs QALY — QALY ,

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
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Table 1 Model input parameters with base-case values and distribution probabilities used in the sensitivity analysis

Parameter Base-case Type of distri-  Parameter 1 of distribution® Parameter 2 of distribution® Source(s)
value bution
Standard
care prob-
abilities IS at
3 months
mRS 0-1 0.42 B 194 269 [7]
mRS 2-3 0.21 B 97 366
mRS 4-5 0.19 B 88 375
mRS 6 0.18 B 83 380
Biomarker test
alternative
prob-
abilities IS at
3 months
mRS 0-1 0.50 B 220 218 [15]
mRS 2-3 0.25 B 110 328
mRS 4-5 0.14 § 61 377
mRS 6 0.11 § 48 390
Both alterna-
tives prob-
abilities ICH
at 3 months
mRS 0-1 0.10 § 9 84 [23]
mRS 2-3 0.34 § 32 61
mRS 4-5 0.33 § 31 62
mRS 6 0.23 [} 21 72
Annual prob-  0.05 B 5 95 [32]
ability of
recurrent
stroke
Probabilities of transition in the
first year
Probability
from mRS
0-1 to:
mRS 0-1 0.70 B 66 28 [33]
mRS 2-3 0.07 B 87
mRS 4-5 0.09 [} 86
mRS 6 0.14 i 13 81
Probability
from mRS
2-3 to:
mRS 2-3 0.33 5} 24 48 [33]
mRS 4-5 0.13 [§} 9 63
mRS 6 0.14 [§} 10 62
mRS 0-1 0.40 5} 29 43
Probability
from mRS
4-5 to:
mRS 4-5 0.55 5} 31 25 [33]
mRS 6 0.30 5} 17 39
mRS 0-1 0.02 5} 1 55
mRS 2-3 0.13 [§} 7 49
Utilities

@ Springer
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Table 1 (continued)

Parameter Base-case Type of distri-  Parameter 1 of distribution® Parameter 2 of distribution® Source(s)
value bution

mRS 0-1 0.84 i 85 15 [25]

mRS 2-3 0.72° i 73 27 [24]

mRS 4-5 0.45¢ § 41 58 [24]

Costs?

mRS 0-1 IS 8,101. 51 Y 81,015.10 0.1 Regional Govern-

mRS 2-31S  11,099.88 y 110,991.80 0.1 ment Official

mRS4-51S 1625744y 162,574.40 0.1 outletins;

mRS 6 IS¢ 6,787.84 Y 67,878.40 0.1 pital; Andalucia
hospital; BotPlus
2019; [34]; [35]

mRS 0-1 ICH 7,992.68 Y 79,926.80 0.1 Regional Govern-

mRS 2-3 ICH 14,048.47 y 140,484.70 0.1 ment Official

mRS4-5ICH 1675886 7y 167,588.60 0.1 outletins,

mRS 6 ICH® 10,172.30 Y 101,723.00 0.1 pital; Andalucia
hospital; BotPlus
2019; [35]; [36]

Biomarker 101.04 Y 1,010.40 0.1 BIOFAST

blood test

IS ischemic stroke, /CH intracerebral hemorrhagic

#Parameter 1 is: alpha (beta and gamma distribution), lower value (uniform distribution)

“Parameter 2 is: beta (beta and gamma distribution), upper value (uniform distribution)

Utility by time trade-off (TTO) method
YEuros 2022

®Only hospitalization costs

Table2 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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[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 QALY's (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
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Table 3 Cost-effectiveness analyses of the biomarker test to guide pre-hospital tPA: base-case scenario and sensitivity analyses

Alternatives Costs (€) Incremental Cost QALY Incremental ICER (€/QALY) LYG Incremental LYG ICER
QALY (E/LYG)

Base-case scenario (S=20%)*

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% *

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% * (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% ? (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%"

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€)?

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)?

Standard care 13,089 5.66 7.99

Biomarker test 13,156 67 5.73 0.07 956 8.05 0.07 1027

S sensitivity, E specificity, QALY quality adjusted-life year, /CER incremental cost-effectiveness ratio, LYG life-year gained

*Prevalence of ischemic stroke was 81.9% and of hemorrhagic stroke was 18.1%. Specificity =100%

®Prevalence of ischemic stroke was 49.3% and of hemorrhagic stroke was 50.7%

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.

@ Springer
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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
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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, QALY 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
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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 21,96
Sensitivity 50% 301 464 789 1766 3394 6650 9905 13,161 16,417 19,673 22,928
Sensitivity 40% 324 525 926 2131 4139 8154 12,170 16,185 20,201
Sensitivity 30% 385 665 1195 2814 5512 10,910 16,307 21,705
Sensitivity 20% 472 870 1666 4055 8036 15,998 23,960
Sensitivity 10% 636 1349 2775 7055 14,188-
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
Sensitivity 50% 951 1183 1646 3035 5351 9982 14,613 19,244 23,875
Sensitivity 40% 1103 1390 1963 3684 6550 12,284 18,018 23,751

Test cost (euros)

50 100 200 500 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000
Sensitivity 30% 1460 1858 2655 5044
Sensitivity 20% 2207 2839 4104 7899
Sensitivity 10% 5158 6715 9828 19,169
Specificity 94%
Sensitivity 99% 907 1055 1351 2239 3720 6681 9642 12,602 15,563 18,524 21,435-
Sensitivity 60% 1465 1722 2236 3776 6344 11,480 16,615 21,751
Sensitivity 50% 1713 2025 2650 4525 7651 13,901 20,152
Sensitivity 40% 2166 2572 3382 5812
Sensitivity 30% 3094 3689 4877 8442
Sensitivity 20% 5735 6844 9061 15,714
Sensitivity 10% -
Specificity 68% ICER
Sensitivity 56.5% !

Values in red are not cost-effective

ICER: incremental cost-effectiveness ratio

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
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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 QALY's 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

@ Springer

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.
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