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Abstract

Background

Treatment with tissue plasminogen activator (tPA) is the most effective treatment in acute brain 

infarction. However, estimated worldwide treatment rates are below 10%, with many barriers 

hampering broad implementation. Organization and resource intense Randomized Controlled 

Trials (RCTs) cannot address all potential barriers simultaneously. Simulation, however, may 

provide an efficient research means for testing interventions aimed at resolving barriers along 

the care pathway.

Research design

A simulation-based approach reflecting the set-up of a regional Dutch acute stroke pathway was 

used. First, barriers along the overall pathway were identified. Next, solutions to barriers were 

configured, and subsequently tested using simulation.

Results

Barriers along the stroke pathway and possible solutions were identified from the literature and 

expert consultation. The simulation model closely reproduced actually observed tPA treatment 

rate and overall process time (21.8% and 129 minutes for model outcomes, vs. 22.1% and 

127 minutes, P=0.89 and 0.64, respectively). Two barriers were overcome: (1) time spent by 

ambulance personnel on scene by a scoop-and-run protocol (1.4% increase in tPA rate, 7 minutes 

decrease in overall process time), and (2) time to laboratory results by introducing a point of care 

diagnostic device (3.2% increase in tPA rate, 20 minutes decrease in overall process time).

Conclusions

A simulation-based approach is well suited to efficiently assess solutions to barriers along the 

overall stroke pathway. Substantial improvements in treatment rates and efficacy of thrombolysis 

may be achieved by implementing a scoop-and-run protocol and point-of-care device.
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Introduction

Stroke is the third leading cause of death and a leading cause of long-term disability in the 

Western world.1 Thrombolysis or treatment with intravenous tissue plasminogen activator (tPA) is 

the only proven and highly effective medical treatment for acute brain infarction within 4.5 hours 

after the onset of stroke symptoms. Inexplicably, more than 15 years after the introduction of 

tPA treatment, it remains substantially underutilized. Of all patients worldwide suffering a stroke, 

1-7%2,3 are currently treated with tPA, whereas 25-31%4,5 have been reported in optimized 

settings. Patient unawareness of stroke symptoms and how to act, the narrow therapeutic time 

window, and acute stroke care organization are among the factors determining undertreatment.6,7 

Notably, the benefit of tPA depends strongly on time since symptom onset,8,9 which in turn leads 

to a likelihood of administering tPA treatment declining with time since onset.10

In recent years many research efforts have been directed towards increasing tPA utilization. 

These efforts have primarily relied on the use of Randomized Controlled Trials (RCTs) as a main 

research vehicle to increase implementation. While the merits of RCTs for simple or solitary 

interventions such as pharmaceuticals or devices are clearly established, their effectiveness and 

scope generally may be too limited in cases such as tPA utilization as part of a complex system 

of care for acute brain infarction. For example, two recently published implementation programs 

reported disappointingly low non-significant increases in tPA treatment rate of 1.0% to 1.5% in 

the intervention arm.11,12

Various studies have shown how simulation models may be used as an efficient alternative 

or precursor to clinical trials.13,14 Not having to clinically test seemingly arbitrarily selected 

interventions but instead using computer models is much more efficient, in other words, this 

allows the potential of many interventions to be tested with a minimum of effort. Importantly, 

the entire pathway may be studied to identify those barriers impacting most on tPA treatment 

rates.

So far, evidence on the use of simulation for improving stroke care is limited. Four studies 

can be discerned which addressed only part of the acute stroke pathway: either pre-hospital15 or 

intra-hospital.16-18 The aim of this study was to show how the use of a simulation model might 

facilitate improvement in the overall acute stroke pathway.

Methods

Acute stroke pathway

The acute stroke care service for the province of Groningen, the Netherlands, serves a population 

of 582,200 inhabitants with a population density of 250 inhabitants per square kilometer. The 

region is served by 4 hospitals according to a centralized organizational model, in which tPA 

treatment is provided 24 hours a day, 7 days a week, by a single comprehensive stroke center, 
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that is, University Medical Center Groningen (UMCG).19 Distances to healthcare services, such as 

the general practitioner and emergency medical services, are typically short.20

The acute stroke pathway is characterized by a series of activities; see Figure 1. The figure 

distinguishes between pre-hospital and intra-hospital activities. The pre-hospital pathway 

is characterized by two routes, that is, modes of patient transportation: arrival at hospital 

transported by Emergency Medical Services (EMS) after a call to the emergency telephone 

number (112) or general practitioner, and arrival by self-transport. A third route concerns patients 

suffering a stroke while in hospital care (Appendix, Supplemental Digital Content).

Figure 1. The acute stroke pathway: key activities

Simulation-based approach

To assess the potential increase in the proportion of patients eligible for tPA treatment, a 

simulation-based improvement approach was used. The goal was to (1) identify time-related 

barriers to tPA utilization along the overall pathway, and – next – (2) develop, and (3) test 

solutions to overcome those barriers that cause avoidable or unnecessary delay, or failure to call 

in a timely fashion, since they are related to pathway set-up.

Each step is characterized below:

Step 1: Identifying barriers – real system analysis. The aim is to reveal potential barriers 

along the acute stroke pathway. To do so, current pathway performance is measured in terms 

of activity durations and diagnostic accuracy, and patients treated and not treated with tPA are 

distinguished. Barriers are identified by interpreting data and consultation of clinical guidelines 

and domain experts.

Step 2: Solution finding. The aim is to overcome barriers by developing solutions, that is, 

alternative set-ups of pathway activities, building on the literature, and expert judgment.

Step 3 Solution testing – simulation. Simulation is used to assess solution benefits. Basic 

simulation activities involve model building, model validation, and performing experiments. 

Simulation assumes a real-world system represented by a computer model.21 Model validation is 

required to ascertain whether the model is sufficiently accurate in representing the real system.22 
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Main checks involve face validity, model data assumptions, and model projections relative to 

performance of the real system.23

Outcome measurements

Relevant outcome measurements identified were tPA treatment rate, overall process time (Onset-

to-Treatment Time, OTT), and proportions treated in different time intervals (0-90, 91-180, and 

181-270 minutes). The odds ratio for favorable functional outcome at 3 months was 2.55 for 

treatment within 0-90 minutes, 1.64 between 91-180 minutes, and 1.26 between 181-270 

minutes.24

Statistical analysis

Mann-Whitney U and Fisher’s exact tests were performed for continuous and categorical 

variables. SPSS 20.0 for Windows software package (Chicago, IL) was used. A p-value < 0.05 

was considered statistically significant.

Informed consent

Although not strictly necessary for the current simulation study, informed consent was obtained 

from all subjects participating in the observational study.25

Results

For this study, we used prospective data of acute stroke patients in a well-documented Dutch 

region. A total of 280 patients with brain infarction were included in our study as part of an 

observational study conducted from February 1, to July 31, 2010. Further information on baseline 

characteristics is provided in a previously published paper.25 Table 1 shows activity durations and 

diagnostic accuracy along the stroke pathway.

Step 1: Identifying barriers – real system analysis

The tPA treatment rate was 22.1% and the OTT time was 127 minutes. The tPA treatment within 

0-90 minutes was 22.6%, within 91-180 minutes 69.3%, and within 181-270 minutes 8.1%. 

Although treatment rates for the current setting may already be considered relatively high by 

international standards,26 considerable potential for improvement was found. For instance, by 

shortening activity durations, more patients would become eligible for treatment in the early 

time interval (i.e., 0-90 minutes). Current pathway exploration revealed two relatively lengthy 

delays: time spent by ambulance personnel at the location where they picked up the patient and 

the time from hospital arrival to laboratory examination. Comparing patients treated and not 

treated with tPA showed large between-group differences for the time from stroke onset to call 

for help and the percentage of high-priority EMS transportation.
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Table 1. Baseline measurements for activity durations and diagnostics (mean, 95% CI).

Model parameter

Activity durations in minutes 
(all patients)

All patients
(n=280)

Patients treated 
with tPA
(n=62)

Patients not treated 
with tPA
(n=218)

Stroke onset to call for help 90 (0 – 490) 25 (0 – 127) 135 (0 – 583)

First responder (911/ GP) 12 (0 – 55) 11 (0 – 63) 13 (0 – 53)

EMS

Response time 10 (3 – 29) 8 (9 – 15) 11 (4 – 51)

Time spent on scene 21 (8 – 40) 22 (9 – 41) 20 (7 – 21)

Transport time 17 (1 – 44) 17 (4 – 32) 17 (1 – 48)

Time to neurological examination 2 (0 – 15) 1 (0 – 9) 2 (0 – 20)

Time to neuroimaging examination 12 (2 – 45) 12 (2 – 42) 12 (2 – 50)

Time to laboratory examination 32 (13 – 63) 32 (12 – 62) 33 (24 – 64)

Time to treatment decision 9 (0 – 16) 9 (0 – 16)

Time to mix tPA 5 (2 – 8) 5 (2 – 8)

Diagnostics Percentage Percentage Percentage
Choice of route

1. EMS transport
2. Self-transport
3. Intra-hospital

76
21
3

95
0
5

71
28
1

Choice of first responder
1. 911 call
2. GP consult by phone
3. GP consult by visit

30
19
27

50
16
29

24
26
21

EMS transport, level of urgency 
911 call

1. A1
2. A2
3. B

GP consult by phone
1. A1
2. A2
3. B

GP consult by visit
1. A1
2. A2
3. B

95
3
2

88
10
2

60
33
7

100
0
0

100
0
0

89
11
0

79
21
0

94
4
2

58
38
4

CI indicates confidence interval; tPA, tissue plasminogen activator; GP, general practitioner; EMS, emergency 
medical services; route 1, 2, and 3 indicate patients transported by ambulance, patients arriving at the 
hospital by self transport, and those suffering a stroke in the hospital, respectively; A1, A2, B indicate 
normative values for ambulance arrival within 15, 30, and > 30 minutes from the 911 call until arrival at the 
location of the patients, respectively

Step 2: Solution finding

Suggested solutions for the barriers identified included (1) introduction of a scoop-and-run 

protocol for ambulance personnel to shorten the time spent at the pick-up location of the patient 
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(mean 20.5 minutes), (2) a Point-of-Care (POC) device to shorten the time from ED arrival to 

laboratory examination (mean 32.1 minutes), and (3) use of a more liberal policy for assigning 

high-priority EMS transport. First, a scoop-and-run protocol was introduced. This protocol 

includes rapid transport with initial management efforts, while postponing elaborate triage.27 

Based on observations in the literature and expert consultation, we estimated that the time 

spent at the pick-up location of the patient could be reduced by approximately 50%.28 Likewise, 

based on literature observations, we estimated that the time to laboratory examination could be 

reduced to less than 1 minute, that is, zero when conducted in parallel with other examinations, 

by introduction of a POC device.29 Third, we investigated the effect of a more liberal policy for 

assigning high-priority EMS transport.30 The impact of publicity campaigns to increase adequate 

and timely response appeared difficult to quantify31 and was at this time not subjected to further 

examination.

Step 3: Solution testing – simulation.

The simulation model was build using Plant Simulation software.32 Face validity was established 

by two stroke neurologists acting as domain experts (G-J.L. and P.C.A.J.V.). Details on model 

data concerning activity durations, diagnostic accuracy, and treatment decision are provided 

in Supplemental Digital Content. Each simulation experiment concerns observations on 10,000 

hypothetical patients.

Treatment rate with tPA in the model was 21.8%, compared to 22.1% in the real system 

(P=0.89). The OTT time for the model was 129 minutes, compared to 127 in the real system 

(P=0.64). Model vs. real time tPA treatment rates within 0-90 minutes were 16.9% vs. 22.6% 

(P=0.24), within 91-180 minutes 70.9% vs. 69.3% (P=0.78), and within 181-270 12.2% vs. 8.1% 

(P=0.43), respectively.

The results of the simulation experiments are presented in Figure 2. By implementing a scoop-

and-run protocol, tPA rate increased by 1.4% and OTT time decreased by 7 minutes. A shift 

towards tPA treatment within 0-90 minutes by 4.8% may be expected, while the proportion 

treated within 91-180 minutes would decrease by 2.3%, and within 181-270 by 2.5%. Indeed, a 

left shift in the distribution of time since onset was observed. Introducing a POC device resulted 

in a 3.2% increase in tPA treatment rate, and a decrease of 20 minutes in OTT time. Notably, 

tPA treatment within 0-90 minutes increased 19.2%, within 91-180 minutes decreased 14.9%, 

and within 181-270 by 4.3%. When assuming all thrombolysis candidates were transported 

by high-priority EMS, tPA treatment increased by 0.1% and decreased the OTT by 1 minute. 

Treatment with tPA within 0-90 minutes decreased 0.1%, within 91-180 0.2%, and within 181-

270 increase by 0.4%. Combining all experiments led to a 4.6% increase in tPA rate and a 

29-minute decrease in OTT. Treatment with tPA within 0-90 minutes increased 30.3%, within 

91-180 minutes decreased 24.5%, and within 181-270 minutes by 5.8%.
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Figure 2. Proportion of patients treated with thrombolysis according to onset-to-treatment (OTT) intervals 
for scenarios studied.

Discussion

In the present study we used a computer simulation model as a comprehensive approach towards 

optimization of the acute stroke pathway. The results of this study demonstrate that simulation is 

capable of representing the complexity of the acute stroke pathway and of closely reproducing 

its outcomes. Thus, by exploiting the comparative ease with which changes to the pathway may 

be implemented in simulation models, a great many scenarios can be tested with a minimum 

of effort. Relevant examples of such scenarios – re-organizing care processes by ambulance 

personnel on scene, the introduction of a POC device, and optimization of high-priority EMS 

transport – are shown and can be considered for their effects on tPA utilization and overall 

process duration. In this case, resource use was not explicitly examined, since the implications in 

that respect are self-evident, that is, similar ambulance dispatch frequency and replacing a lab 

technician by a POC device.

This modeling study provides an example of alternative strategies for studying delivery of 

thrombolysis in acute ischemic stroke. Compared to traditional improvement approaches such 

as randomized controlled trials, simulation models may be better suited to investigating multiple 

factors along the entire stroke pathway and generating answers much more quickly while saving 

resources.14 Use of simulation, as illustrated in this article, is tailored towards making precise 

estimates of the effects of (known) interventions along the stroke pathway.
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The present study has limitations. First, the proportion of patients in treatment intervals 0-90 

and 181-270 minutes between the simulation model (16.9% and 12.2%, respectively) and the 

real system (22.6% and 8.1%, respectively) showed potential for bias, although this was not 

statistically significant. Possible reasons for this could include limited availability of the real-world 

data underlying the model. Second, the added value of pathway re-design should be evidenced 

by an increase in patient outcome. By estimating the overall process time, we indirectly tested 

for the effect on patient outcome, as time-to-treatment is a predictive factor of good functional 

outcome.24

Conclusions

The results of this study confirm that a comprehensive simulation approach can accurately 

reproduce the results of a complex treatment pathway like tPA treatment in acute brain infarction. 

In addition, we were able to convincingly show the potential for improvement already possible 

using relatively simple interventions. We found that introducing a scoop-and-run protocol for 

ambulance personnel and a POC device to reduce time to laboratory analysis may substantially 

improve rate and timing of tPA treatment in our setting.
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A simulation based approach for improving utilization of thrombolysis 
in acute brain infarction

Maarten M.H. Lahr MSc (Res), Durk-Jouke van der Zee PhD, Gert-Jan Luijckx 

MD, PhD, Patrick C.A.J. Vroomen MD, PhD, Erik Buskens, MD, PhD.

Introduction

The main text of the manuscript summarizes and discusses the most important findings of the 

study. This online supplement provides details on simulation modeling methodology and model 

data.

Simulation modeling methodology

Discrete event simulation

The simulation model built conforms to the notion of discrete event simulation. Discrete event 

simulation concerns the modeling of a system as it evolves over time by a representation in which 

state variables change instantaneously at separate, i.e. discrete, points in time.1 Variety in patient 

characteristics, activity durations, and medical decision making concerning diagnosis, and tPA 

treatment are incorporated into the model by probability distributions derived from real system 

data.

Distribution fitting

Probability distributions associated with patient characteristics, and activity durations were 

determined (fitted) using ExpertFit (Table S1). Main steps concerned:

– Importing real system data into ExpertFit.

– Fitting theoretical distributions by using the method of maximum likelihood.1

– Seeking further evidence in case of a “no fit”, in an attempt to underpin the choice for 

a specific theoretical distribution. Evidence considered includes conceptual usage of 

the candidate distribution(s), commonalities between highest ranked distributions, and 

consultation of domain experts.2 If such evidence is not found an empirical distribution was 

chosen.
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Set-up of experiments

All experiments concern observations on 10,000 hypothetical patients. The number of patients 

is chosen such that the 95% confidence interval half width is below 1% of the mean treatment 

rate.

Software

Plant Simulation was used to model the stroke pathway.3 Choice of probability distributions and 

their respective parameters is made using ExpertFit.4

Model data

Model set-up conforms to description of the stroke pathway (Main text, Figure 1). Patients are 

classified according to their route, i.e. mode of transportation towards the hospital:

(1) Emergency Medical Services (EMS): Assumes patients being transported to the hospital by 

EMS. A patient can be in Route 1 with a probability of 76%. If the patient is in Route 1, then the 

following quantities need to be simulated for modeling pre-hospital activities (Table S1): the time 

from symptom onset to call for help, the choice and time delay at the first responder (i.e. either 

the general practitioner or 911), the level of urgency set for EMS transport, the time between 

911 activation and arrival of the ambulance at the location of the patient, the time spent by 

ambulance personnel at the location of the patient, and the time required to transport the 

patient to the hospital. Intrahospital activities assume the following quantities to be simulated: 

the time from hospital arrival to neurological examination, the time required for neuroimaging 

(Computed Tomography, CT scan), the time to laboratory examination of patient blood samples, 

the time to reach a decision on patient treatment, and the time it takes to mix thrombolysis.

(2) Self-transport: Assumes patients not being transported to the hospital by EMS. Instead 

patients or family/bystanders take care of transportation. A patient can be in Route 2 with a 

probability of 21%. We simplified the model with respect to the inclusion of patients in Route 2. 

As all respective patients did not candidate for treatment in the real system, no quantities were 

simulated, except for their arrival at the Emergency Department. Note how Table S1 clarifies that 

all patients in this route, except for two, arrive way beyond the period of 4.5 hours after stroke 

onset, for which thrombolysis treatment has been found to be effective.

(3) In-hospital patients: Patients suffering a stroke while being hospitalized. A patient can be in 

route 3 with a probability of 3%. If the patient is in Route 3 only intra-hospital time delays need 

to simulated, see route 1.

Next, traversing each route entails sampling from distributions specifying respective activity 

durations. Note how activity durations may be moderated by diagnostic outcomes. Finally, 
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cumulative delay for a patient is used as an input for the treatment decision. Here a larger delay 

implies a smaller chance of being treated.

Treatment decision

The efficacy of intravenous tissue plasminogen activator in acute brain infarction is greater the 

earlier it is administered, and the clinical benefit declines progressively over 4.5 hours after 

stroke onset.5 For the simulation model the likelihood of treatment is approximated by a linear 

function, see Figure S1. We used a linear regression model (Y-axis intercept 97.5; slope -0.33) 

to approximate the chance of tPA treatment set against the overall process time for all patients 

arriving < 4.5 hours from the onset of stroke symptoms (i.e. eligible for tPA treatment).

Table S1. Distributions and parameters of time delays and diagnostic characteristics.

Activity duration 
(minutes)

Distribution Parameters

Time from stroke onset to 
call for help
Route 1

Route 2

Route 3

Continuous empirical
Left bound
0
5
10
15
30
45
60
120
180
240
480

120
240
480

0

Right bound
5
10
15
30
45
60
120
180
240
480
2880

180
480
2880

5

Frequency
34
4
8
13
15
13
19
13
9
12
73

1
1
58

6

Delay first responder
911 call
GP consult by telephone
GP consult by visit

Uniform
Uniform
Triangle

Min (1.00), Max (2.00)
Min (2.00), Max (5.00)
Mode (40.00), Min (10.00), Max (30.00)

Emergency Medical 
Services

Response time
A1
A2
B

Time spent on scene
A1
A2
B

Transport time
A1
A2
B

Gamma
Lognormal
Beta

Gamma
Lognormal
Lognormal

Weibull
Weibull
Beta

Alpha (1.36), Beta (6.29)
Mean (14.21), Standard deviation (6.51)
Alpha 1 (1.70), Alpha 2 (3.54) , a (0.81), b (110.47)

Alpha (2.84), Beta (7.42)
Mean (18.11), Standard deviation (8.39)
Mean (14.25), Standard deviation (8.60)

Alpha (1.93), Beta (19.15)
Alpha (1.43), Beta (16.01)
Alpha 1 (1.32), Alpha 2 (2.56)
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Activity duration 
(minutes)

Distribution Parameters

Time to neurological 
consultation

Continuous empirical Left bound
0
0
1
2
5

Right bound
0
1
2
5
24

Frequency
93
4
7
6
12

Time to neuroimaging 
examination

Continuous empirical Left bound
2
6
11
16
21
31

Right bound
5
10
15
20
30
56

Frequency
28
54
13
10
8
8

Time to laboratory 
examination 

Erlang Mean (32.29), Standard deviation (9.26), Location 
(2.83)

Treatment decision Triangle Mode (10), Min (5), Max (20)

tPA mixing Constant 5

Diagnostics

Choice of route
1. EMS transport
2. Self-transport
3. Intra-hospital

Discrete empirical Value
1
2
3

Frequency
213
60
7

Choice first responder
1. 911 call
2. GP consult by phone
3. GP consult by visit

Discrete empirical Value
1
2
3

Frequency
30
19
27

EMS transport, level of 
urgency 911 call

1. A1
2. A2
3. B

GP consult by telephone
1. A1
2. A2
3. B

GP consult by visit
1. A1
2. A2
3. B

Discrete empirical Value

1
2
3

1
2
3

1
2
3

Frequency

95
3
2

88
10
2

60
33
7

Route 1, 2, and 3 indicate patients transported by ambulance, patients arriving at the hospital 

by self transport, and those patients suffering a stroke while being hospitalized, respectively; 

GP, general practitioner; A1, A2, B indicate normative values for ambulance arrival within 15, 

30, and > 30 minutes from the 911 call until arrival at the location of the patients, respectively; 

tPA, tissue plasminogen activator; EMS, emergency medical services. Neurological examination, 

neuroimaging, and laboratory examination are considered parallel activities.
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Figure S1. Treatment decision: a patient’s chance of being treated given the overall process time.
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