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Cost-effectiveness of short-protocol emergency brain MRI
after negative non-contrast CT for minor stroke detection
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Abstract
Objectives To investigate the cost-effectiveness of supplemental short-protocol brain MRI after negative non-contrast
CT for the detection of minor strokes in emergency patients with mild and unspecific neurological symptoms.
Methods The economic evaluation was centered around a prospective single-center diagnostic accuracy study vali-
dating the use of short-protocol brain MRI in the emergency setting. A decision-analytic Markov model distin-
guished the strategies “no additional imaging” and “additional short-protocol MRI” for evaluation. Minor stroke
was assumed to be missed in the initial evaluation in 40% of patients without short-protocol MRI. Specialized
post-stroke care with immediate secondary prophylaxis was assumed for patients with detected minor stroke.
Utilities and quality-of-life measures were estimated as quality-adjusted life years (QALYs). Input parameters were
obtained from the literature. The Markov model simulated a follow-up period of up to 30 years. Willingness to pay
was set to $100,000 per QALY. Cost-effectiveness was calculated and deterministic and probabilistic sensitivity
analysis was performed.
Results Additional short-protocol MRI was the dominant strategy with overall costs of $26,304 (CT only: $27,109). Cumulative
calculated effectiveness in the CT-only group was 14.25 QALYs (short-protocol MRI group: 14.31 QALYs). In the deterministic
sensitivity analysis, additional short-protocol MRI remained the dominant strategy in all investigated ranges. Probabilistic
sensitivity analysis results from the base case analysis were confirmed, and additional short-protocol MRI resulted in lower
costs and higher effectiveness.
Conclusion Additional short-protocol MRI in emergency patients with mild and unspecific neurological symptoms enables
timely secondary prophylaxis through detection of minor strokes, resulting in lower costs and higher cumulative QALYs.
Key Points
• Short-protocol brain MRI after negative head CT in selected emergency patients with mild and unspecific neurological
symptoms allows for timely detection of minor strokes.

• This strategy supports clinical decision-making with regard to immediate initiation of secondary prophylactic treatment,
potentially preventing subsequent major strokes with associated high costs and reduced QALY.

• According to the Markov model, additional short-protocol MRI remained the dominant strategy over wide variations of input
parameters, even when assuming disproportionally high costs of the supplemental MRI scan.
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Abbreviations
CT Computed tomography
MRI Magnetic resonance imaging
mRS Modified Rankin Scale
NIHSS National Institutes of Health Stroke Scale
QALY Quality-adjusted life years
TIA Transient ischemic attacks

Introduction

Ischemic stroke is one of the leading causes of severe disability
and a major cause for cardiovascular mortality worldwide
[1–3]. The economic burden caused by ischemic strokes is very
high, with about $65.5 billion spent on stroke in the USA in
2008 and an expected increase to about $184.1 billion in 2012
to 2030 [4]. Acute stroke care accounts for about one half of
total direct medical costs within the first 12 months following
ischemic stroke, and post-stroke care significantly contributes
to the large expenses with rehabilitation services and facilities
as key factors [4, 5]. In the acute setting, the length of stay in
hospital is the most important cost driver [3]. Major strokes are
preceded by minor strokes or transient ischemic attacks (TIA)
in approximately 15–30%, with 40% of these precursor events
occurring within 7 days and about 20% within 24 h before a
major ischemic stroke [6, 7]. The definition of the term minor
stroke is equivocal; however, it is commonly applied to ische-
mic strokes with a low National Institutes of Health Stroke
Scale (NIHSS) score (≤ 1 or ≤ 3, respectively) [8]. Up to 65%
of all acute ischemic events leading patients to seek medical
attention are minor strokes or TIAs [9]. Urgent identification of
these patients and immediate initiation of secondary prophylax-
is lead to a risk reduction of 80 to 90% with regard to subse-
quent major strokes [9–11]. Therefore, timely diagnosis of mi-
nor strokes is of foremost importance for rapid initiation of
secondary prophylaxis and prevention of major stroke.

In the majority of emergency departments, computed to-
mography (CT) of the head is the primary imaging modality
in neurological patients with suspected intracranial pathology.
In severely neurologically impaired patients with high pretest
probability of ischemic stroke, non-contrast CT may be
complemented by CT angiography of the extra- and intracranial
vessels and whole-brain CT perfusion imaging [12, 13]. In
small ischemic lesions, non-contrast CT may remain negative,
especially in the acute phase [14–16]. However, the primary
role of non-contrast CT in acute stroke is ruling out intracranial
hemorrhage, as contraindication for intravenous thrombolytic
therapy, not the detection of early ischemia signs. Depending
on the overall clinical presentation, the likelihood of ischemic
stroke, the absence of intracranial hemorrhage, and the time
from symptom onset, the neurologist has three main options
in these patients: (1) intravenous thrombolysis and admission
to a stroke unit with further clinical workup (including

electrocardiography and clinical risk assessment); (2) admis-
sion to a stroke unit, immediate initiation of secondary prophy-
laxis, and further clinical workup including MRI; (3) discharge
from hospital after clinical risk assessment with or without sec-
ondary prophylaxis and referral to a neurological outpatient
clinic for further clinical workup including MRI. However,
time and monetary resources are known to limit the availability
of MRI in the outpatient environment. In addition, a substantial
percentage of neurological emergency patients present with
mild and unspecific clinical symptoms and an overall low risk
for ischemic stroke [17]. To detect small ischemic lesions and to
increase diagnostic confidence in the emergency setting, it
would be desirable to perform a short emergency MRI scan in
this subset of selected patients. Vice versa, a negativeMRI scan
in the acute setting may support the diagnosis of stroke mimics
and avoid unnecessary hospital admission and unnecessary sec-
ondary prophylaxis. In a previous study, short-protocol emer-
gency MRI proved to be equivalent to standard-length protocol
MRI with regard to image quality and lesion detection [18].

We hypothesized that short-protocol brain MRI is cost-
effective for the detection of minor strokes in selected emergen-
cy patients with inconclusive neurological symptoms. The aim
was to investigate the cost-effectiveness of supplemental short-
protocol brainMRI after negative non-contrast CT in neurolog-
ical emergency patients with mild and unspecific clinical
symptoms.

Materials and methods

This study did not require institutional review board approval.
The analysis was based on a previously published prospective
single-center diagnostic accuracy study validating a vendor-
specific brain MRI short-protocol (5 standard sequences: sagittal
T1-weighted gradient echo, axial T2-weighted turbo spin echo,
axial T2-weighted turbo spin echo fluid attenuated inversion re-
covery, axial-diffusion weighted single-shot echo-planar imag-
ing, axial T2*-weighted echo-planar imaging gradient echo; total
acquisition time including localizer 04:33 min) against a
standard-length protocol (equivalent 5 standard sequences, total
acquisition time including localizer 15:25 min) for use in the
neurological emergency setting [18]. Four hundred forty-nine
patients with acute non-traumatic neurological symptoms pre-
senting to the emergency department of a large university center
were screened for study inclusion. Of these, 60 patients with
suspected intracranial pathology and negative non-contrast head
CT were included and subsequently scanned with the short-
protocol MRI and the standard-length protocol, which served
as reference standard. The short-protocol MRI proved to be
equivalent to the standard-length protocol with regard to image
quality and the detection of intracranial pathologies (sensitivity
0.939 [0.881–0.972]; specificity 1.000 [0.895–1.000]).
Compared to CT, 93 additional intracranial lesions were detected
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by short-protocol MRI, of which 21 were acute minor strokes,
leading to a change in patient management (initiation of acetyl-
salicylic acid as secondary prophylaxis, admission to dedicated
stroke unit) in 10% (6/59). A representative patient with CT-
occult minor stroke detected by short-protocol MRI is shown
in Fig. 1.

Model structure

Strategy modeling

A decision model distinguishing the strategies “No additional
imaging” and “Additional short-protocol MRI” was constructed
(Fig. 2). In case of no additional imaging, a minor stroke was
assumed to be missed in 40% of patients in the initial evaluation
in the emergency situation. When applying “Additional short-
protocol MRI,” based on the sensitivity, detection of a minor
stroke was assumed in the majority of patients. In these cases,
adequate post-stroke care with subsequent secondary stroke pro-
phylaxis and regular office visits as well as additional long-term
ECG monitoring was assumed including benefits in outcome
due to appropriate medication and care [19].

Outcome modeling

For long-term evaluation, a Markov model was constructed
(Fig. 2B). This model differentiated between patients without
indication for secondary prophylaxis; patients with undetected
minor stroke; patients with detected minor stroke, i.e. under
adequate secondary prophylaxis; and those with major stroke.
Mortality for every Markov state was included into the model.
The model was run for 30 cycles, simulating a follow-up pe-
riod of up to 30 years.

Input parameters

All input parameters are summarized in Table 1.

Modeling parameters

Willingness to pay was set to $100,000 per QALY according
to international recommendations [20–22]. In addition, a dis-
count rate of 3% was applied for both costs and quality of life
[23].

Diagnostic performance parameters and pretest probability

Based on the above-referenced diagnostic accuracy study, di-
agnostic sensitivity was set to 94% and specificity to 100%
[18]. Prevalence of minor stroke was assumed in 10.17% of
cases in the collective with an average age of 61 years [18]. As
only patients without CT signs of stroke were included, the
sensitivity of the strategy without short-protocol MRI was set
to 60% based on clinical assessment leading to minor stroke
diagnosis. As no false positives could occur in this setting, the
specificity was set to 100%.

Short-term diagnostic costs

Costs of non-contrast CT were set to $155 based on Medicare
Procedure Code 70450 [24]. Additional costs of non-contrast
MRI were assumed as $309 according to Medicare Procedure
Code 70551 [24]. Since a price reduction of short-protocol
MRI is not established yet, our model was calculated based
on the full price of a normal-length protocol as described
above.

Fig. 1 Representative CT-occult minor stroke in a patient presenting with
transient left-sided mild hemiparesis. Non-contrast CT (a) did not show
any signs of ischemic stroke. Diffusion-weighted imaging (b, b1000) and

the corresponding apparent diffusion coefficient map (ADCmap, c) from
the short MRI protocol revealed an ischemic lesion in the posterior limb
of the right internal capsule (arrow)
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Short-term treatment costs

Expected average acute treatment costs for minor and major
stroke were obtained from the literature and set to $3000 and
$6500, respectively [3, 5].

Long-term costs

No additional costs for patients with undetected minor stroke
were assumed. Treatment costs for secondary prophylaxis in-
cluding doctor visits were estimated as $7023 per year based
on published literature [25, 26]. Yearly costs after major
stroke were set to $19,062 per year based on previously pub-
lished literature on economic implications of ischemic stroke
[26, 27].

Utilities

Utilities and quality-of-life measures were estimated as
quality-adjusted life years (QALYs). Utilities of patients
after a minor, undetected stroke were assumed to be not
reduced. The quality of life of patients after a major stroke
was set to 0.33 assuming an average disability equal to a
modified Rankin Scale (mRS) of 4 [28].

Transition probabilities for risk of death

Average, age-specific risk of death was extracted fromUS life
tables and assumed for patients without indication for second-
ary prophylaxis and without history of stroke [29]. An in-
creased risk of death for patients with undetected minor
stroke, with detected minor stroke under secondary prophy-
laxis and relative risk of death after major stroke were extract-
ed from literature [11, 29–31].

Transition probabilities for risk of stroke

The yearly risk of a newly occurring minor stroke without the
presence of risk factors was set to 0.3% [9, 32, 33]. Given that
studies on yearly detection rates of undetected minor strokes are
not present, the yearly detection rate of undetected strokes was
set to 10% based on assumptions. However, wide variations of
this input parameter were analyzed in the sensitivity analysis.
The risk of a major stroke in the general population has been
reported as about 0.6% per year [32, 33], whereas this value is
increased significantly after a minor stroke under secondary pre-
ventive treatment at about 5.1% in the first year [30] and 1.1% in
the following years [34]. Based on this information, the risk of a
major stroke in patients without prophylactic treatment was cal-
culated based on a risk reduction of 80% due to prophylactic
treatment [11, 30, 34].

a

b

Fig. 2 a Model overview.
Comparison of standard strategy
and employment of additional
short-protocol MRI. True P, true
positive; False N, false negative;
True N, true negative. b Markov
model. Long-term modeling of
patient outcomes and long-term
costs. Starting state defined by
position in model
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Cost-effectiveness analysis

The analysis was performed using dedicated decision-
modeling software (TreeAge Pro Healthcare 2020).

Sensitivity analysis

To investigate the model stability with respect to its input
parameters, two sensitivity analyses were carried out: First,

Table 1 Input parameters

Input parameter Estimate Distribution Source

Average age 61 years – 18

Willingness to pay $100,000 – 20–22

Discount rate 3.00% – 23

Markov model time Until death – -

Prevalence of minor stroke in collective 10.17% – 18

Diagnostic performances

No additional imaging sensitivity 60.00% β Assumption

No additional imaging specificity 100.00% β –

Additional ultrafast MRI sensitivity 94.00% β 18

Additional ultrafast MRI specificity 100.00% β 18

Acute diagnostic and treatment costs

CT brain without contrast agent
(Medicare code 76450)

$155 γ 24

Ultrafast MRI of brain
(Medicare code 70551)

$309 γ 24

Acute care of minor stroke patient $3000 γ 3,5

Acute care of major stroke patient $6500 γ 3,5

Long-Term treatment costs

Yearly costs of post-stroke care after mild stroke $ 7023 γ 25,26

Yearly costs of post-stroke care after major stroke $ 19,062 γ 25,26

Utilities

QOL of patients without major stroke assuming mRS of 0 1.00 β 28

QOL of patients after major stroke assuming an average mRS of 4 0.33 β 28

Death 0.00 β -

Transition probabilities: risk of death

Risk of death without indication for secondary prophylaxis US life
tables

β 29

Additional risk of death with undetected minor stroke 0.075 β 11,30

Additional risk of death with detected minor stroke under secondary prophylaxis 0.06 β 30

Relative risk of death after major stroke assuming an average mRS of 4 1.71 β 29,31

Transition probabilities: risk of stroke

Risk of new minor stroke 0.003 β 9,32,33

Yearly detection rate of minor stroke 0.1 β Assumption

Risk of major stroke in patients without minor stroke 0.006 β 32,33

Risk of major stroke with undetected minor stroke (first year) assuming 80% risk reduction with secondary
preventive treatment

0.255 β 11,30,34

Risk of major stroke with undetected minor stroke (after first year) assuming 80% risk reduction with
secondary preventive treatment

0.055 β 11,30,34

Risk of major stroke with detected minor stroke (first year) 0.051 β 30

Risk of major stroke with detected minor stroke (after first year) 0.011 β 34
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a deterministic sensitivity analysis varying individual input
parameters (costs, utilities, diagnostic accuracies, etc.) was
carried out in order to compare the univariable impact of
the parameters on the model outputs. Second, a probabilis-
tic sensitivity analysis including 30,000 Monte Carlo iter-
ations was carried out to investigate the overall model sta-
bility and variation of outputs.

Results

Base case analysis

In the base case analysis including all input parameters from
Table 1 and a modeling time of 30 years, the CT-only strategy
resulted in overall costs of $27,109 compared to $26,304 in
the additional short-protocol MRI group. The cumulative cal-
culated effectiveness in the CT-only group was approximately
14.25 QALYs compared to 14.31 QALYs in the additional
short-protocol MRI group. As a result, additional abbreviated
MRI was the dominant strategy in this patient collective.
These results are shown in Table 2.

Deterministic sensitivity analysis

In the deterministic sensitivity analysis, additional short-
protocol MRI remained the dominant strategy in all ranges
investigated.

In detail, the additional risk of major stroke after the first
year following detection of minor stroke had the most signif-
icant impact on the cost-effectiveness of additional short-
protocol MRI. Although higher age reduced the relative
cost-effectiveness of additional short-protocol MRI, it
remained the dominant strategy in the range investigated,
i.e., 50 to 70 years. In comparison, the quality of life after
major stroke had a lower impact on cost-effectiveness than
risk measures for major stroke before and after minor stroke.
Also, additional short-protocol MRI remained the dominant
strategy in the ranges investigated. Even when assuming a
relatively high cost of abbreviated MRI of $500, it remained
the cost-effective strategy.

In summary, transition probabilities, detection rates, and
quality of life after a major stroke had a higher influence on
the cost-effectiveness of additional short-protocol MRI than
costs and sensitivity of MRI. The results are shown as a

tornado plot in Fig. 3A. Further, additional short-protocol
MRI remained the dominant strategy even when assuming a
rate of missed minor strokes of as low as 20% in patients not
undergoing short-protocol MRI (Fig. 3B).

Probabilistic sensitivity analysis

Results from the base case analysis were confirmed in the
probabilistic sensitivity analysis, with “Additional short-
protocol MRI” resulting in on average lower costs and higher
effectiveness (Fig. 4).

Discussion

The present analysis reveals short-protocol MRI as a cost-
effective strategy in emergency patients with suspected intra-
cranial pathology and negative non-contrast head CT present-
ing with inconclusive neurological symptoms, being domi-
nant even from an economic perspective. In this setting, the
cost-savings due to a lower rate of major strokes and gains in
effectiveness by application of preventive treatment may by
far outweigh the additional costs of supplemental short-
protocol MRI subsequent to negative head CT in the emer-
gency situation.

Major strokes are preceded by minor strokes or transient
ischemic attacks (TIA) in 15–30%, and about 40% of recur-
rent major strokes occur within 7 days and about 20% within
24 h after the initial minor stroke or TIA [6, 7, 30]. Urgent
initiation of secondary prophylactic treatment after a minor
stroke or TIA was demonstrated to prevent 80 to 90% of
recurrent major strokes [9–11]. The importance of a rapid
treatment start has been demonstrated in detail in the
EXPRESS study with a rate of recurrent stroke of 2.1% in
patients receiving treatment within 1 day of the index event
compared to a rate 10.3% in patients receiving treatment with-
in 3 days of the index event [11]. These data clearly point to
the pivotal role of an early detection ofminor strokes, a current
diagnostic gap that may be closed with MRI in the acute
setting [14–16].

Major stroke is of utmost clinical and economical impor-
tance, as it is associated with a very high economic burden for
healthcare systems. About 40% of all stroke patients suffer
moderate to severe disabilities and need special care; about
10% depend on long-term care facilities [4]. Acute stroke care

Table 2 Base case analysis
results Strategy Cumulative costs Cumulative effectiveness Interpretation

CT only $27,109 14.25 QALYs Dominated strategy

Additional short-protocol MRI $26,304 14.31 QALYs Dominant strategy

Delta − $805 0.06 QALYs
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accounts for about one half of total direct medical costs within
the first 12 months following ischemic stroke, and post-stroke
care significantly contributes to the large expenses.
Rehabilitation services and facilities represent the most

expensive factors [4, 5]. In the acute setting, the length of stay
in hospital is the most important cost driver [35]. Minor stroke
or TIA patients have a significantly shorter length of stay in
hospital, less patients have to be admitted to the intensive care

a

b

Fig. 3 a Deterministic sensitivity analysis. In all ranges investigated,
additional short-protocol MRI remained the dominant strategy. b
Incremental cost-effectiveness ratio (ICER). ICER are presented

depending on clinical detection rates of minor strokes in patients not
undergoing short-protocol MRI. MRI remains the cost-effective strategy
in all investigated ranges
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unit, and less patients are discharged to skilled nursing facil-
ities with consecutive high expenses [3, 5].

In this context, our results indicate that additional investment
in short-protocol MRI examinations in the emergency setting
does not only increase the detection rate of minor strokes, but
can be regarded as a highly cost-effective, dominant strategy by
preventing major strokes with consecutively high costs. In our
analysis, we found overall higher costs for patients without ad-
ditional short-protocol MRI compared to patients undergoing
additionalMRI. Further, the cumulative calculated effectiveness
in the CT-only group was lower compared to the additional
short-protocol MRI group. In our deterministic sensitivity anal-
ysis, additional short-protocol MRI remained the dominant
strategy in the ranges investigated, and even when assuming a
relatively high cost of the ultrafast MRI of $500, it remained the
cost-effective strategy. Transition probabilities, detection rates,
and quality of life after a major stroke had a higher influence on
the cost-effectiveness of additional short-protocol MRI than
costs and sensitivity of MRI itself.

Our study adds to the field as it demonstrated the cost-
effectiveness of supplemental short-protocol MRI subsequent
to negative head CT in neurological emergency patients. In
many related fields of research, the additional utilization of
procedures and diagnostic tests has been shown to be cost-ef-
fective: Despite high costs in the acute setting, interventional
treatment has been shown to be cost-effective in major stroke
patients, even in patients with a limited overall life expectancy
[26, 36]. Furthermore, a transition from a time window to a
tissue window for stroke patients presenting with unknown
onset time for endovascular treatment and intravenous throm-
bolysis has taken place [37–39]. In this context, higher costs of
MRI have been found to be cost-effective for major stroke
patients with unknown onset time in order to allow treatment

beyond traditional time windows in selected patients with sal-
vageable brain tissue, thereby improving functional outcome
after major stroke [40]. The cost-effectiveness of secondary
prophylaxis, e.g., with antiplatelet therapy, has also been dem-
onstrated in previous studies [41–43].

In future studies and cost-effectiveness analyses, initial im-
aging with short-protocol or standard-length MRI instead of
CT for selected patients should be investigated, as this may
lead to an optimized diagnosis and treatment planning in pa-
tients with minor stroke symptoms.

Limitations

Yet, results of this cost-effectiveness evaluation have to be
interpreted in the context of certain limitations:

First, input parameters are key factors for the modeling of
cost-effectiveness evaluations. Still, these input parameters
are derived from published literature and their data basis can
vary between input variables. Further, the yearly detection rate
of minor strokes or TIA had to be assumed since data on this
parameter were not available and the number of patients with
mild and unspecific symptoms and missed minor strokes
discharged from the emergency department without second-
ary prophylaxis is not known and therefore had to be estimat-
ed. On the other hand, deterministic sensitivity analysis with
wide ranges for input parameters allowed tomodel a variety of
scenarios with all of them remaining cost-effective for addi-
tional short-protocol MRI in patients with neurological symp-
toms and inconclusive non-contrast head CT.

Second, every cost-effectivenessmodeling has limitations due
to themodel structure. Although theMarkovmodel applied takes
into account several clinical situations, theremay be special cases
not fully reflected in the model. However, due to a tradeoff

Fig. 4 Probabilistic sensitivity
analysis for both strategies.
Additional short-protocol MRI in
blue, no additional imaging in red

1124 Eur Radiol (2022) 32:1117–1126



between model complexity and availability of (published) data,
the authors believe that the current modeling approach may rep-
resent an acceptable middle ground in this respect.

Third, post-stroke care costs used by Earnshaw et al and
Kunz et al are based on the stroke treatment economic model
from 1996 [25, 26]. However, detailed and more recent data
on post-stroke care costs from the USA for this particular case
were not available. Acute stroke care costs increased dispro-
portionately due to novel medical and mechanical treatment
options. For these costs, more recent data were available.

Fourth, the rate of minor strokes in our cohort in selected
emergency patients presenting with inconclusive neurological
symptoms was based on study results from a prospective
single-center diagnostic accuracy study. Minor stroke rates
might differ slightly in large-scale multi-centric studies in this
patient subpopulation. However, short-protocol MRI
remained the dominant strategy in wide ranges for this input
parameter assessed with our deterministic sensitivity analysis.

Fifth, our analysis was based on the US healthcare system.
Cost-effectiveness might differ substantially between coun-
tries, and our results may not be transposed to other health
care systems without adjustments and modifications.

Conclusions

Additional short-protocol emergency brainMRI after negative
non-contrast head CT is a cost-effective strategy in selected
neurological patients with mild and unspecific symptoms,
resulting in lower costs and higher QUALYs.
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