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Stroke is the leading cause of permanent disability in adults and one of the most frequent causes 

of death in the Western world1. In addition to this substantial individual suffering, stroke leads 

to immense societal costs2. Treatment with intravenous tissue plasminogen activator (tPA) or 

thrombolysis is the most effective treatment for acute ischemic stroke up to 4.5 hours after 

the onset of stroke symptoms3,4. Within this time window, the benefit of treatment strongly 

decreases with time (the so-called time-is-brain concept). Neurons are extremely sensitive to 

hypoxia and die soon when reperfusion cannot be achieved. For every minute a large-vessel 

stroke remains untreated approximately 1.9 million neurons and 14 billion synapses are lost5. 

Clinical trials also demonstrate that time is the most important factor for success of treatment. 

For example, the number needed to treat to achieve a good functional outcome increases from 

4.5 when treatment is started within 1.5 hours, to 14.1 if treatment is started by 3.0 – 4.5 hours6. 

In addition, because of the importance of rapid treatment, it is recommended by international 

guidelines to complete imaging and clinical evaluation of ischemic stroke patients and initiate 

tPA treatment (called door-needle-time) within 60 minutes of hospital arrival in those without 

contraindications7.

Underuse of thrombolysis in acute ischemic stroke

Although thrombolysis is the established treatment for acute ischemic stroke, it remains 

substantially underused. Of all patients suffering a stroke, currently 1-8% worldwide8,9 and 

around 11% (ranging from 4-26%) within the Netherlands10 receive thrombolysis, whereas up 

to 31% have been reported in optimized settings11. Reasons for the underuse of thrombolysis 

are multiple and include, among others, pre-hospital factors and organizational models of acute 

stroke care12,13.

Pre-hospital delay contributes substantially to underuse of thrombolysis with only 14-48% 

arriving at the hospital within 2 hours. This is largely determined by the response of patients and/

or bystanders and by that of the Emergency Medical Services (EMS)14. Patients or bystanders may 

be unaware of stroke symptoms and how to act leading to delay in seeking medical attention. 

The role of the EMS is important because it is an important predictor for early hospital arrival15. 

Seemingly, the correct identification of stroke is not trivial, with only 42-83% of strokes correctly 

identified by EMS dispatchers16-19.

Organizational models of acute stroke care

Furthermore, patients may greatly benefit from direct transfer to hospitals with stroke expertise 

thereby bypassing community hospitals that may be located closer to the patient. Previous studies 

suggest an association between the level of acute stroke care – as offered by designated stroke 

centers compared to community hospitals – and treatment rates with thrombolysis and patient 
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1
outcomes20,21. Within the literature four organizational models can be distinguished: primary and 

comprehensive stroke centers, telemedicine initiatives, and the mobile stroke unit concept. The 

performance of these organizational models in terms of clinical outcomes is further discussed 

in Chapter 2. Centralized stroke care has been associated with better outcome and quality of 

care. However, until now a direct comparison between organizational models in acute stroke 

care is lacking. In Chapter 3 a head to head comparison of the proportion of patients treated 

with tPA between a centralized and decentralized organization model was studied. In Chapter 4 

we studied pre-hospital factors contributing to differences in thrombolysis rates between both 

organizational models.

Use of simulation models in healthcare

As thrombolysis remains underused attempts have been made to improve this situation, primarily 

relying on the use of Randomized Controlled Trials (RCTs) as main research vehicle. While the 

benefits of RCTs have been clearly established for particular devices or pharmaceuticals, their 

efficacy in case of complex patient pathways such as thrombolysis may be limited. For example, 

two recent expensive and time-consuming clinical trials have reported disappointingly low, non-

significant increases in thrombolysis of 1.0 – 1.5% in the intervention arm22,23. This warrants the 

question whether alternative research methods may be applied to study complex systems such 

as delivery of thrombolysis.

The last decade simulation models have made an entry in healthcare research. Simulation 

assumes a real world system can be adequately represented by a computer model24. Starting from 

a validated model, a wide range of scenarios can be tested in a short time aimed at solving barriers 

identified. Clinical outcomes of scenarios such as treatment rates and time to treatment can also 

be estimated by simulation. This way simulation allows for testing several important aspects of 

proposed changes to the care pathway before committing resources25. Simulated factors may 

include both quantitative (time delay of processes) and qualitative (choice of first responder; i.e. 

911 or the general practitioner and diagnostic accuracy) factors. Various studies have shown how 

simulation models are suitable for assessing highly complex processes. Examples of the use of 

simulation models include prediction of the prognosis after aortic heart valve replacement before 

implementation of the therapy26, and length of hospital stay by adverse events and overdiagnosis 

in case of screening mammography27. Within the stroke literature, simulation models have been 

used to demonstrate that a national institute of neurological disorders and stroke compliant 

treatment strategy resulted in a higher proportion of patients treated with thrombolysis while 

remaining cost-effective28. In addition, studies have been performed investigating the clinical 

benefit of reducing pre-hospital and in-hospital delays to maximize the population benefit of 

thrombolysis29,30, and quantifying the population benefit of tPA treatment from an extension from 

the time window from 3.0 to 4.5 hours31. In Chapter 5 we propose and illustrate a  simulation-
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based approach for testing interventions along the entire stroke pathway (see Figure 1) aimed 

at solving observed barriers. In Chapter 6 we used a simulation model to assess the impact of 

previously identified success factors in a central model when implemented for a decentral model. 

Both pre-hospital and in-hospital factors were studied. In Chapter 7 we performed a modeling 

study to assess the effects of centralizing thrombolysis treatment in decentralized stroke care 

systems on short-term costs and travel time.

Figure 1: the acute stroke pathway: key activities.
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1
Aims and outline

In summary the aims of this thesis are:

To review the performance of various organizational models of acute stroke care delivery, 

and summarized the evidence of their efficacy on improving implementation of thrombolysis 

(Chapter 2).

To make a direct comparison of the proportion of patients treated with thrombolysis in a 

centralized versus a decentralized organizational model. This was done by performing a 6-month 

prospective observational study among 13 hospitals in the North of the Netherlands (Chapter 3).

To investigate whether pre-hospital factors differed between a centralized- and a decentralized 

organizational model (Chapter 4).

To propose a simulation based approach as a research tool for testing interventions to resolve 

barriers along the acute stroke pathway (Chapter 5).

To simulate previously identified success factors of centralized stroke care on thrombolysis rates 

and patient outcome when introduced in the decentral model (Chapter 6).

To perform a simulation study to assess the effects of centralizing thrombolysis treatment in 

decentralized stroke care systems on short-term costs and effects (Chapter 7).

To provide a general discussion followed by a summary of the results presented in this thesis 

(Chapter 8 and 9).
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Abstract

Introduction

Protracted and partial implementation of treatment with intravenous tissue plasminogen 

activator (tPA) within 4.5 hours after acute stroke onset results in potentially eligible patients 

not receiving optimal treatment. The goal of this study was to review the performance of 

various organisational models of acute stroke care delivery, and subsequent attempts to improve 

implementation of tPA treatment.

Methods

Publications comprehensively reporting on organisational models to improve implementation of 

i.v. tPA treatment of acute ischemic stroke patients were selected. The efficacy of organisational 

models was assessed using process outcome measures: thrombolysis rates, time dependent 

operational endpoints (time delays), functional outcomes: safety (rate of symptomatic intracranial 

hemorrhage, mortality rates) and clinical outcome at 90 days (modified Rankin Scale).

Results

Fifty-eight published studies assessing organisational models were identified. Four dominant 

models of acute stroke care delivery were discerned, i.e., primary and comprehensive stroke 

centres, telemedicine, and the mobile stroke unit. Performance reported for these models 

suggest a large variation in administration of thrombolytic therapy (0.7% – 30%). Time delays 

and functional outcomes found varied considerably, just like safety and mortality (0.0% – 11.5%, 

and 3.4% – 31.9%, respectively).

Discussion

These findings suggest that improving organisational models for tPA treatment may improve 

acute stroke care. However, implementation may be hampered by regional variation in acute 

stroke care capacity, expertise, and a fragmented approach towards organising stroke care.

Lahr.indd   18 4-10-2013   13:48:09



The chain of care enabling tPA treatment in acute ischemic stroke:  a comprehensive review of organisational models  |  19

2

Introduction

Acute ischemic stroke has become a medical emergency since the introduction of intravenous (i.v.) 

tissue plasminogen activator (tPA) as an effective treatment for acute ischemic stroke within 4.5 

hours after onset [1-3]. Only 1-7% of eligible patients receive thrombolytic therapy [4, 5], however, 

25% may be attained in optimized settings [6]. This reflects considerable under treatment, which 

is directly related to patient unawareness (e.g. unfamiliarity with stroke symptoms and how 

to act), delayed hospital arrival, inefficient organisation of hospital stroke services, the narrow 

therapeutic time window, and scepticism among physicians about the scientific evidence of 

tPA treatment such as emergency physicians [7-10]. Apparently, integration of individual services 

into coordinated stroke care systems has proven difficult leading to suboptimal treatment and 

inefficient use of resources [11]. Implementing all-inclusive organisational models for efficient 

delivery of acute stroke care requires long term and broad commitment. Typically, they build on 

the cooperation between various organisations (e.g. general practitioners, emergency medical 

services, hospital services), dedicated staff (e.g. trained stroke personnel), and specific resources 

(e.g. brain imaging, and hospital beds) [9, 12].

To improve and facilitate acute stroke treatment new organisational models for acute 

care have been developed. Among others, the Brain Attack Coalition proposed two levels 

of coordinated hospital-based systems for acute stroke treatment, namely primary and 

comprehensive stroke centres [13, 14]. In addition, the American Heart and Stroke association has 

recommended telemedicine as an effective organisational model to increase access to acute 

stroke care for geographically remote areas with limited stroke expertise. A novel concept is 

prehospital thrombolysis by a mobile stroke unit [15].

The aim of this study was to review organisational models and summarise the evidence of 

efficacy to enhance implementation of tPA treatment in acute ischemic stroke.

Methods

Literature search

An online literature Pubmed, Embase, Web of Science, search was performed by one author 

(M.L.) for studies published from January 2000 to May 2012. Pubmed was searched using a 

combination of the following terms: [models, theoretical OR organisation OR management] 

AND [stroke OR brain infarction] AND [thrombolytic therapy OR actilyse OR thrombolysis] AND 

[randomised clinical trials]. The Embase search combined the following terms: [acute AND 

stroke OR brain] AND [infarction OR ischemic] AND [stroke] AND [blood clot lysis OR fibrinolytic 

therapy OR alteplase OR actilyse OR thrombolysis] AND [theoretical model OR organisation 

OR management] AND [randomised clinical trials]. The Web of Science was searched using a 

combination of the following words: [acute stroke] AND [brain infarction] AND [ischemic stroke] 
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AND [thrombolytic therapy] OR [alteplase] OR [actilyse] AND [management] AND [organisation] 

AND [theoretical model] AND [randomised clinical trials]. An additional search for randomised 

clinical trials was performed using the websites http://clinicaltrials.gov/ and http://www.

controlled-trials.com/. Both websites were searched using a combination of the following terms: 

[stroke] AND [thrombolysis]. Other relevant articles were identified through cross reference 

searches. The first selection of the literature was made based on Medical Subject Headings 

(MESH) terms, text words in the title, and the abstract of the selected literature. This selection 

was screened for relevance by reading abstracts or, if necessary, full articles. Finally, all selected 

literature was read in full. Articles not specifically on the delivery of i.v. tPA for acute ischemic 

stroke, organisational models for acute ischemic stroke, abstracts, scientific comments, scientific 

advisories, and publications without abstract were excluded. Only original contributions (clinical 

studies) were included. Related (review) articles were used for cross reference searches. All 

selected literature was in English.

Outcome measures

The effectiveness of organisational models was considered using the following outcome 

measures: thrombolysis rates, time dependent operational endpoints, safety (rate of symptomatic 

intracranial hemorrhage (sICH) defined to the Safe Implementation of Thrombolysis in Stroke-

Monitoring Study [16], mortality rates and functional outcome at 90 days, defined as excellent 

(modified Rankin Scale 0-1) and good (modified Rankin Scale 0-2). Articles published on the topic 

of cost-effectiveness of organisational models were not collected in this review; this is covered in 

a paper published elsewhere [17]. Also descriptions of stroke units were not included in this review 

because they represent standard care [18].

Definitions

The following definitions for organisational models were identified: stroke centres and 

telemedicine.

Stroke centres are meant to improve treatment by applying uniform criteria for standardised 

stroke practice. Two main subcategories of stroke centres were distinguished: primary stroke 

centres (PSCs), which have the necessary staffing, infrastructure, and programs to stabilize and 

treat most acute stroke patients [13], and comprehensive stroke centres (CSCs), equipped with the 

essential personnel, infrastructure, expertise and programs to diagnose and treat stroke patients 

who require a high intensity of medical and surgical care, specialised tests, or interventional 

therapy [14].

Telemedicine or telestroke services can be defined as the exchange of medical information 

from one site to another using electronic communication, such as telephone, internet, or 

teleconference [19]. So-called ‘hub and spoke’ models operate as urban located regional stroke 

centres (the hub) that provide 24-hour centralized support to satellite rural hospitals (spokes) 
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lacking specific stroke expertise, in an effort to enhance the administration of acute stroke 

therapies in rural areas [20].

Results

Fifty-eight articles were included in the final review (Figure 1). Findings of the literature on 

organisational models for the delivery of i.v. tPA for acute ischemic stroke and their main outcome 

measures are summarised in Table 1.

 Pubmed 
2544 titles

 

Embase 
1884 titles

 

Web of Science 
4190 titles

 

Exclusion of duplicates 

8323 abstracts screened for 
eligibility  

 

 

 

 

 
 

 
58 articles selected for full text 

reading 

Clinical trials 
websites 275 titles 

8265 excluded  

 

• No focus specifically on acute ischemic 
stroke  

•  No focus specifically on i.v. thrombolysis for 
stroke  

•  No focus specifically on organisational model 
for acute ischemic stroke  

Figure 1. Results of search strategy
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Table 1. Studies reporting on organisational models

Primary stroke 
centres

Comprehensive 
stroke centres

Telemedicine Mobile stroke 
unit

tPA rate (%) 0.7 – 20.8 2.0 – 21.9 2.1 – 30.0 22.6

Safety (%) 2.7 – 5.6 0.0 – 9.2 0.0 – 11.5

Mortality rate

Hospital (%) 10.1 – 19.0 5.7 – 22.0 3.4 – 14.9

30 days (%) 10.1

90 days (%) 6.0 – 15.0 12.5 – 16.1 11.0 – 31.9

1-year case fatality (%) 19.1 16.6

90 day functional 
outcome

Excellent (mRS 0-1) (%) 36.4 – 40.0 34.0 – 74.2 29.4 – 47.0

Favourable (mRS 0-2) (%) 37.7 – 45.5 43.0 – 77.4 42.0 – 49.1

Efficacy (process times)

Onset to door time

Median (min) 60.0 – 142.0 52.0 – 84.0 50.0 – 60.0

Mean (min) 49.0 – 106.0 53.0 30.4 – 144.2

Door to neurological 
examination

Median (min) 15.0 0.0

Mean (min) 8.6

Door to CT evaluation

Median (min) 32.0 – 60.0 8.0 – 67.0 15.0 – 25.0

Mean (min) 27.0 59.0 17.0 – 86.3

Door to needle time

Median (min) 20.0 – 98.0 35.0 – 84.0 61.0 – 90.0

Mean (min) 28.0 – 120.0 86.0 – 95.0 49.1 – 104.9

Onset to needle time

Median (min) 119.0 – 134.0 96.0 – 165.0 125.0 – 151.8 72.0

Mean (min) 133.0 – 169.0 119.0 – 155.0 113.0 – 170.2

Abbreviations: tPA, tissue plasminogen activator; mRS, modified Rankin Scale; CT, computated tomography.

Stroke centres

Primary stroke centres: the literature search identified 11 articles including 199760 patients. 

Seven studies were prospective [21-27], 4 were retrospective [28-31].

Treatment with thrombolytic therapy ranged from 0.7% – 20.8% [22-31].
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Rate of sICH rate ranged from 2.7% – 5.6% [26, 27]. Hospital mortality ranged from 10.1 % – 

19.0% [26, 29, 30]. Reported thirty day mortality rate was 10.1% [22], 90 day mortality rate ranged 

from 6.0% – 15.0% [21, 27], and one-year mortality 19.1% [25].

Excellent functional outcome was 40.0% [27]. Reported good functional outcome was 

37.7% [21].

Time from stroke onset to hospital arrival ranged from a median of 60.0 – 142.0 minutes [21, 23, 

24], and a mean of 49.0 – 106.0 minutes [21, 27, 30]. Median time from hospital arrival to computated 

tomography (CT) imaging was 60.0 minutes [23], at a mean of 27.0 minutes [27]. Time from hospital 

arrival to treatment with tPA ranged from a median of 20.0 – 68.0 minutes [21, 23], and a mean 

of 28.0 – 120.0 minutes [21, 26, 27, 30]. Median time from stroke onset to tPA treatment was 119.0 – 

127.0 minutes [21, 23], mean time ranged from 133.0 – 169.0 minutes [21, 26, 27, 30].

Three studies including 2948 patients reported outcomes before and after implementation of 

acute stroke care [32-34].

The proportion of patients treated with tPA increased ranging from 2.8% – 17.7% [32-34]. The 

median time from hospital arrival to neurological consultation decreased to 15 minutes [33], from 

hospital arrival to CT imaging to 32 minutes [33], and from hospital arrival to tPA treatment to 98 

minutes [33].

Comprehensive stroke centres: the literature search identified 14 articles including 39001 patients. 

Eight studies were prospective [25, 35-41], and 6 retrospective [42-47]. Treatment with thrombolytic 

therapy ranged from 2.0% – 21.9% [25, 35-40, 43, 44, 46].

Rate of sICH ranged from 0.0% – 9.2% [36, 37, 42-44, 46-48]. Hospital mortality rate ranged from 

5.7% – 22.0% [36, 38, 46, 47], 90 day mortality rate from 12.5% – 16.1% [36, 37, 43, 44]. One-year mortality 

was 16.6% [25].

Excellent functional outcome ranged from 34.0% – 74.2% [37, 41-44], reported good functional 

outcome from 43.0% – 77.4% [36, 39, 42, 43, 48].

Time from stroke onset to hospital arrival ranged from a median of 52.0 – 84.0 

minutes [36, 38, 43], reported mean time was 53.0 minutes [41]. Median time reported for hospital 

arrival to neurological examination was 0.0 minutes [36]. Time from hospital arrival to CT imaging 

ranged from a median of 8.0 – 67.0 minutes [36, 38, 47], and a mean of 59.0 minutes [41]. Time from 

hospital arrival to treatment with tPA ranged from a median of 35.0 – 84.0 minutes [36, 37, 47], and 

a mean of 86.0 – 95.0 minutes [35, 41, 43]. Time from stroke onset to tPA treatment ranged from 

a median of 96.0 – 165.0 minutes [36-38, 42, 44, 47, 48], and a mean of 119.0 – 155.0 minutes [41, 43, 46].

Telemedicine

The literature search identified 26 articles including 34339 patients. Fifteen studies were 

prospective [49-63], 11 studies were retrospective [45, 64-73].
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Treatment with thrombolytic therapy ranged from 2.1% – 31.0% [49, 50, 53, 54, 56, 58-60, 66, 67, 70, 72, 73].

Rate of sICH ranged from 0.0% – 11.5% [45, 50-52, 55, 59-61, 64, 65, 67, 69, 71]. Hospital mortality rate 

ranged from 3.4% – 14.9% [45, 50, 54, 55, 58-61, 64, 66, 69, 71], and 90 day mortality rate from 11.0% – 

31.6% [49, 51, 52, 57, 58, 65, 67, 68].

Excellent functional outcome ranged from 29.4% – 47.0% [49, 51-53, 56, 57, 68], reported good 

functional outcome from 42.0% – 49.1% [51, 52, 65, 67].

Time from stroke onset to hospital arrival ranged from a median of 50.0 – 60.0 minutes 
[50, 59, 65], and a mean of 30.4 – 144.2 minutes [49, 59-62, 71]. The mean time from hospital arrival to 

neurological examination was 8.6 minutes [49]. Time from hospital arrival to CT imaging ranged 

from a median of 15.0 – 25.0 minutes [59, 65], and a mean from 17.0 – 86.3 minutes [49, 59]. Time 

from hospital arrival to treatment with tPA ranged from a median of 61.0 – 90.0 minutes [50, 59, 64, 

65, 67, 69], and a mean of 68.0 – 104.9 minutes [52, 59, 60, 62, 71]. Time from stroke onset to tPA treatment 

ranged from a median of 125.0 – 151.8 minutes [45, 50, 59, 64, 65, 69], and a mean of 113.0 – 164.8 

minutes [49, 52, 53, 55-57, 59-62, 68, 71].

Three studies including 676 patients reported outcomes before and after implementation of 

acute stroke care [74-76]. The proportion of patients treated with tPA increased ranging from 5.6% 

– 21.0% [74-76].

Mobile stroke unit

The literature search identified 1 prospective study including 53 patients [15]. Treatment with 

thrombolytic therapy was 22.6%. Median time from symptom onset to tPA treatment was 

72.0 minutes.

Qualitative results

Improvements in acute stroke care reported in the selected literature are largely influenced by 

the implementation of guidelines on acute stroke care. For example, using (national) guidelines 

for the development of primary and comprehensive stroke centres resulted in substantial 

improvements over time in the proportion of patients treated with thrombolysis, time dependent 

operational endpoints, safety, referral rates to primary care and local emergency departments, 

and the overall level of stroke care [25, 26, 29, 32, 34, 39].

Guideline driven telemedicine systems can lead to an increase the proportion of patients 

treated with thrombolysis, lower mortality, and the rapid and safe use of tPA in rural community 

hospitals [57, 58, 61, 63]. In addition, developing telemedicine initiatives may lead to similar outcomes 

as on-site treatment at a primary or comprehensive stroke centre [51].
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DISCUSSION

To our knowledge, this is the first systematic review that addresses the efficacy of different 

stroke care systems in relation to thrombolytic therapy in acute stroke. Within the scope of this 

review, four organisational models of acute stroke care were identified. Three models (primary 

and comprehensive stroke centres, telemedicine) share a primary focus on in-hospital care, one 

model on prehospital stroke care (mobile stroke unit). The mobile stroke unit is a very promising 

approach to reduce delay in acute stroke therapy; however its efficacy still has to be proven.

All models achieved increases in the rate of thrombolytic therapy, time delays and functional 

outcome albeit with considerable variation. These models can be viewed as equivalent, with 

stroke centres predominantly serving urban areas, and telemedicine applied in rural areas where 

stroke centres provide expertise to outlying hospitals.

In the literature numerous guidelines on how to improve the level of acute stroke care are 

published. The most important are from the American Stroke Association [77], and the European 

Stroke Organisation [78]. These guidelines recommend several important factors on prehospital 

and emergency department aspects regarding acute stroke care. Prehospital factors include 

calling 911 in response to stroke symptoms, priority dispatch, field use of stroke screening tool, 

and prehospital notification. Emergency department factors include rapid triage, laboratory, and 

neuroimaging testing. Adherence to these guidelines may improve the quality of acute stroke 

care in areas with low tPA utilization [32, 75]. Recommendations are made how guidelines for acute 

stroke care can be implemented [79]. The Brain Attack Coalition provides action plans for stroke 

pathways to implement or improve acute stroke care [80].

Comparability and pooling across studies was difficult because of methodological differences, 

variation in patient selection, and regional differences in stroke systems [81]. In addition, it proved 

difficult for regions to formulate an optimal model in relation to the region. Large differences 

were observed in pre- and intra-hospital delays between studies. This may primarily reflect 

geographical inequalities with differences in resources, stroke expertise, and subsequent stroke 

technology leading to suboptimal generalisation to other regions.

How to go forward? There will always be a need for randomised controlled trials (RCTs) to 

provide evidence in support of particular interventions along the stroke care pathway. RCTs 

are, however, expensive and time consuming and their focus on particular interventions may 

not make them the best options to identify critical success factors along the entire stroke 

pathway. An alternative method to study the entire stroke pathway is that applied in simulation 

modelling. For example, a discrete event simulation model indicated that a National Institutes of 

Neurological Disorders and Stroke (NINDS)-compliant iv-TPA treatment strategy would result in 

a higher proportion of patients treated, whilst remaining cost-effective [82]. As currently used in 

efforts to streamline patient flow and facilitate budget analysis, simulation modelling offers a 
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tool to study the entire chain of care, identify the weakest links and directing limited budgets to 

interventions that are most likely to improve stroke system outcomes.

As for the robustness of our findings we acknowledge that our systematic review may have 

some shortcomings. Any literature search can miss some articles regarding organisational models 

in acute ischemic stroke. Besides the existence of stroke units we found it difficult to extract 

the concept of an organisational model for acute ischemic stroke. We nevertheless feel that the 

overall observation of fragmented approaches towards organising stroke care is compelling.

In conclusion, current literature on organisational models has a predominant focus on 

intra hospital stroke care and shows better outcome when stroke care is organised in regional 

stroke centres and/or applies telemedicine initiatives. There is a need for a targeted approach to 

eliminate bottlenecks in the entire pre- and intra hospital stroke care pathway, such as may be 

provided by simulation modelling.
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Abstract

Background and Purpose

Nowadays treatment of acute stroke consists of tissue plasminogen activator (tPA), admission 

to a stroke unit and aspirin. Although tPA treatment is the most effective, there is substantial 

undertreatment. Centralized care may affect rate, timing, and outcome of thrombolysis compared 

to decentralized treatment in community hospitals. The present study aimed to assess the impact 

of organizational models on the proportion of patients undergoing tPA treatment.

Methods

A prospective multicenter observational study among 13 hospitals in the North of the Netherlands 

was conducted. In the centralized model, tPA treatment for 4 hospitals was administered in one 

stroke center. The decentralized model comprised 9 community hospitals. Primary outcome was 

the proportion of patients treated with tPA. Secondary outcome measures were proportion of 

patients arriving within 4.5 hours, safety, 90 days functional outcome, onset-to-door, door-to-

needle and onset-to-needle times. Potential confounders were adjusted using logistic regression 

analysis.

Results

283 and 801 ischemic stroke patients were enrolled in the centralized and decentralized 

setting. Numbers of patients treated with tPA were 62 (21.9%) and 113 (14.1%) (OR 1.72, 

95% CI 1.22 – 2.43). Adjusting for potential confounders did not alter results (OR 2.03, 95% 

CI 1.39  –  2.96). In the centralized setting significantly more patients arrived at the hospital 

within the 4.5  hours time-window (P<0.01), and shorter door-to-needle times were reached 

(35 vs 47 min.). Other secondary outcome measures did not differ across setting.

Conclusions

In a centralized setting, the results demonstrate a 50% increased likelihood of treatment. 

Prehospital factors seem to contribute to this result.

Introduction

Treatment with intravenous tissue plasminogen activator (tPA) is the most effective therapy for 

acute ischemic stroke in the first hours after stroke1,2. Nonetheless, many potentially eligible 

patients do not receive this treatment. Of all stroke patients, 2-10% globally3,4 and 5-7% in the 

Netherlands are treated with tPA. Notably, a proportion up to 25% may be attained in optimized 

settings5. Unfamiliarity of patients with stroke symptoms and how to act, late hospital arrival, 

the narrow therapeutic window of opportunity, and variance in the selection of patients for 
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thrombolysis are among the elements possibly contributing to the under treatment signalled6. 

These factors in fact are components of acute stroke care organization. Three dominant models 

in acute stroke care are encountered. On the one hand there is centralized stroke care, which 

requires patients eligible for thrombolysis to be transported to a single specialized stroke center, 

bypassing smaller community hospitals that may be located closer to the patient. On the other 

hand, a decentralized model assumes patients to be transported to the nearest general hospital 

offering tPA treatment. As a third model, telemedicine support across multiple community 

hospitals is available for remote hospitals without on-site stroke expertise.

Centralized care in stroke centers has been associated with rapid referral and early access 

to tPA treatment, better functional outcome, and high quality of care7-11. However, reports 

on a head-to-head comparison between centralized and decentralized care for proportion of 

patients treated with tPA and outcome are lacking. The aim of this study was to establish a direct 

comparison of the proportion of patients treated with tPA in a centralized versus decentralized 

organizational setting of acute stroke care.

Materials and methods

Study design and patients

This study was a six-month prospective, multicenter, observational, study enrolling all patients 

admitted with a stroke to hospitals in the three Northern provinces of the Netherlands (Figure 1). 

The Northern region of the Netherlands is an 8.981 km² predominantly urban area with a 

population of 1.7 million, and a population density of 209 inhabitants/ km². Part of the region, 

covering the catchment area of 4 hospitals, is served according to a centralized model for acute 

stroke care. The centralized model serves a population of 577 081 inhabitants with a population 

density of 247 inhabitants/km². The function of central stroke center is executed by the Groningen 

University Medical Center. Within this catchment area, arrangements are made with emergency 

medical services and general practitioners to transport patients directly to the central stroke 

center for examination and possible treatment with tPA. The stroke center has 24-hour, 7-day 

immediate access to neurological consultation and neuroimaging at the emergency department, 

stroke physicians available for phone consultation for all referring general hospitals and 

interventional neuroradiology. The remainder of the region is served by 9 general or community 

hospitals, each attending to acute stroke patients within its catchment area. This region serves 

a population of 1 137 188 inhabitants with a population density of 181 inhabitants/km². At the 

community hospitals general neurologists and neuroimaging were available 24 hours, 7 days 

a week. Both regions consist of urbanized areas with short distances to surrounding hospitals, 

and similar access to healthcare services such as the general practitioners office in- and outside 

business hours, emergency medical services, and hospital services12. Emergency Medical Services 

(EMS) protocols for suspected stroke victims were similar for both regions. High prioritization by 
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EMS was defined as ambulance arrival within 15 minutes from 911 call until ambulance arrival at 

the location of the patient.

Figure 1. Organizational models in the 3 Northern provinces of the Netherlands

Patients eligible for treatment were treated within a 4.5 hours time window after onset of stroke 

symptoms according to the ECASS-3 protocol, with the exception that age above 80 years was 

allowed, based on our experience in our stroke center and others13,14. Experimental forms of 

thrombolysis such as local intra-arterial thrombolysis and thrombectomy were not part of the 

assessment. Data on all patients admitted or referred to hospital and suspected of stroke were 

collected from February through July 2010. Demographics (age and sex), symptom onset, arrival 

time at the hospital, diagnosis, onset time, and treatment with tPA inside and outside business 

hours and in the weekends were recorded. Initial stroke severity was assessed using the short 

version of the National Institute of health Stroke Scale (sNIHSS)15.

Outcome measures

The primary outcome measure was the proportion of ischemic stroke patients treated with 

thrombolysis. Secondary outcome measures were (1) proportions of patients arriving in time 

for tPA treatment, (2) the proportion of these patients actually treated with tPA, (3) safety, 
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characterized by the occurrence of symptomatic intracerebral haemorrhage (sICH) (defined 

according to the SITS-MOST as a 4-point increase on the NIHSS score within 36 hours after 

stroke onset16), (4) functional outcome at 90 days (favorable defined as modified Rankin Score 

0-2), (5) onset-to-door, door-to-needle, onset-to-needle times and (6) proportion treated outside 

business hours.

Statistical analysis

We compared the proportion (inclusive of 95% CIs) of patients treated with tPA in both 

organizational models. We considered variables with P<0.15 on univariate testing for entry 

into a multivariate logistic regression model. The regression model was used to adjust for 

possible differences in baseline characteristics potentially confounding the association between 

determinants and outcome. Odds ratios and 95% confidence intervals were estimated for 

determinants of treatment with tPA, functional outcome, and safety. Continuous variables and 

the different process times were evaluated using ANOVA or the Mann-Whitney U test. A p-value 

< 0.05 was considered significant in the final model. All statistical analyses were performed using 

SPSS 18 software (Chicago, IL).

Informed consent

Informed consent was obtained from all patients participating in this study.

Results

Patient Characteristics

A total of 1432 patients were included in the study. Figure 2 shows the distribution of the 

patients across both settings and the reasons for exclusion from tPA treatment. In the centralized 

model more patients were excluded, because they had diagnoses other than stroke or because 

of a transient ischemic attack. In both groups, a comparable proportion of patients were not 

treated with tPA for various reasons as shown in Figure 2. In Table 1 the baseline characteristics 

of the overall group of ischemic stroke patients, those arriving at the hospital within 4.5 hours 

after stroke onset, and finally those treated with tPA are shown. In the overall group, patients 

in the centralized model were more often male and significantly younger. Stroke severity did 

not differ across setting. For all patients arriving within 4.5 hours and all patients treated with 

thrombolysis, there were no differences in patient characteristics between both models.
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Figure 2. Flow chart of the study.

Outcome Measures

Primary outcome

In the centralized model, 62/283 patients (21.9%) were treated with thrombolysis compared to 

113/801 (14.1%) in the decentralized model (OR, 1.72; 95% CI, 1.22 – 2.43). After adjustment 

for stroke severity, age and gender, the odds ratio for likelihood of treatment with tPA was 2.03 

for centralized versus decentralized care (95% CI, 1.39-2.96).

Secondary outcomes and safety

Table 2 shows the secondary outcome measures. The proportion of patients arriving in time 

for tPA treatment was significantly higher in the centralized model (124/283 versus 227/801, 

P<0.01). In both models the proportion of treatment of stroke patients arriving within 4.5 hours 

after stroke onset was the same (62/124 versus 113/227, P=0.81). In the centralized model 41/62 

(66%) of the patients displayed a favorable functional outcome compared to 59/113 (52%) in 

the decentralized model. This was, however, not statistically significant in univariate (OR, 1.79; 

95% CI, 0.94 – 3.40) or multivariate analysis (OR, 1.62; 95% CI, 0.76 – 3.42). sICH occurred in 

1/62 patients (1.6%) in the centralized model and 3/113 patients (4.1%) in the decentralized 

model (OR, 0.60; 95% CI, 0.06 – 5.90). Odds for sICH remained similar after adjustment for 
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Table 1. Baseline Characteristics

  Centralized model Decentralized model
All ischemic stroke patients    

n 283 801

Age (y), mean (SD) 70 (14) 73 (13)*

Male, (%) 158 (56) 391 (49)*

sNIHSS on arrival (IQR), median 1 (0-3) 1 (0-3)

Referral GP (%) 135 (48) 456 (57)

First responder EMS (%) 84 (30) 184 (23)*

Transported by EMS (%) 213 (75) 460 (57)*

High prioritization by EMS (%) 170 (80) 311 (68)*

Median distance to hospital (km) 13.5 8.5**

Patients arriving within 4.5 hours after 
stroke onset
n (%) 124 (44) 227 (28)**

Age (y), mean (SD) 69 (14) 71 (13)

Male, (%) 63 (49) 124 (54)

sNIHSS on arrival (IQR), median 2 (0-4) 2 (0-5)

Referral GP (%) 63 (51) 108 (48)

First responder EMS (%) 53 (43) 110 (48)

Transported by EMS (%) 115 (93) 181 (80)*

High prioritization by EMS (%) 109 (95) 162 (90)

Median distance to hospital (km) 22.1 8.3**

 

Patients treated with tPA

n (%) 62 (22) 113 (14)

Age (y), mean (SD) 69 (16) 70 (14)

Male, (%) 35 (56) 60 (53)

sNIHSS on arrival (IQR), median 4 (2-7) 4 (2-7)

Referral GP (%) 27 (44) 35 (31)

First responder EMS (%) 31 (50) 71 (63)

Transported by EMS (%) 59 (95) 98 (87)

High prioritization by EMS (%) 55 (93) 94 (96)

Median distance to hospital (km) 23.1 8.8**

SD indicates standard deviation; NIHSS, National Institutes of Health Stroke Scale; IQR, interquartile range; 
GP, General Practitioner; EMS, Emergency Medical Services; km, kilometer.
* P<0.05, ** P<0.01
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stroke severity, age and gender (OR, 0.82; 95% CI, 0.08 – 8.82). The median onset-to-door 

time for all patients treated with thrombolysis was 1 hour 24 minutes for the centralized setting, 

and 1 hour 12 minutes for the decentralized model (P=0.12). The median door-to-needle time 

was 35 minutes for the centralized model compared to 47 minutes in the decentralized model 

(P=0.01). The total median onset-to-needle time was 124 minutes for the centralized setting and 

120 minutes for the decentralized setting (P=0.75). In both settings, there was no difference in 

proportion of patients treated inside or outside business hours. In the centralized model 25/62 

(40%) patients were treated with tPA outside business hours compared to 54/113 (40%) in the 

decentralized model.

Discussion

This study demonstrates that the proportion of patients treated with tPA is different for two 

contrasting organizational models of acute stroke care. The likelihood of treatment was almost 

twice as high in the centralized setting compared to decentralized setting. Among patients 

arriving within 4.5 hours at the hospital thrombolysis rates were similar for both models. This 

suggests that the effect on proportions treated with thrombolysis is mainly caused by prehospital 

factors. The centralized organizational model yielded a larger proportion of patients arriving 

within 4.5 hours after stroke onset, and a significantly shorter door-to-needle time. The latter 

was subsequently offset by a longer onset-to-door time, ultimately leading to a similar overall 

process time (onset-to-needle time). As far as functional outcome at 90 days was concerned, 

patients treated with tPA in the centralized model had more favorable outcomes, however the 

difference was not significantly different from the outcome in the decentralized model in the 

univariate or multivariate analysis. Safety was similar in both organization models.

The overall results of our study indicate that the organization of acute stroke care across the 

Northern Netherlands surpassed national averages17. The high proportion of patients treated in 

the centralized model is in line with results published for other stroke centers18-20. The proportion 

of patients treated in the decentralized model was higher than reported previously21,22. 

Importantly, no interventions were executed to increase thrombolysis rates during the period 

of data collection, because this was an observational study. Interestingly, any beneficial effect 

of centralizing stroke care might be further augmented when carried out in regions with lower 

treatment rates than the ones achieved in the decentralised model in our study.

Stroke patients presenting to the emergency department within 4.5 hours had similar 

chances of receiving thrombolysis regardless of setting. However, many more patients presented 

within 4.5 hours in the centralized model. These results suggest that in our region treatment 

rates may largely depend on prehospital factors. The difference in the proportion of patients 

arriving within 4.5 hours for both models may have several causes. Firstly, within the centralized 

model a greater awareness of tPA treatment may exist among caregivers. Within the literature, 
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the –  more experienced – stroke centers report higher treatment percentages and levels of 

knowledge regarding organizing services for treatment with thrombolysis23. Although not directly 

measured in this study, an increased awareness can be the result of a combination of experience 

and exposure to tPA, continuing medical education, and new trainees entering the workforce24. 

Secondly, a referral preference may exist for the centralized model. The better intrahospital 

logistics, as indicated by shorter door-to-needle time and the trend towards better functional 

outcome may be among the factors that determine possible preferences. As yet, the extent of 

and reasons for any such preference are unknown and require further study. Thirdly, within the 

decentralized model use of EMS and high prioritization were significantly lower. This may have 

contributed to delayed arrival patterns and subsequent fewer patients arriving within 4.5 hours 

at the hospital in this group. High prioritization of EMS occurred signifantly more frequently in 

the centralized model, possibly indicating more calls recognized as medical emergency. Patients 

transported in the decentralized model had significantly shorter median distances to the hospital, 

explaining the shorter onset-to-door times in this region. Finally, patients were older and more 

frequently women in the decentralized region possibly reflecting a higher percentage of people 

living alone, adding to delayed hospital arrival.

Since treatment with thrombolysis remains underused, attempts have been made to improve 

implementation19,25. Treatment with thrombolysis is a complex multifaceted intervention. It is 

challenging to identify critical success factors along the entire care pathway, both in the pre- 

and inhospital phase. Typically, classic experimental study designs are performed26. For example, 

a two-year implementation study for thrombolysis was recently evaluated. This study resulted 

in a negligible increase of thrombolysis rate from 12% in the control group to 13% in the 

interventional group27. The question arises whether such research methods are an efficient way 

Table 2. Secondary outcomes measures in Relation to Organizational Model Acute Stroke care

  Centralized 
model
n (%)

Decentralized 
model
n (%)

OR (95% CI) 
unadjusted

OR (95% CI) 
adjusted for patient 

characteristics

All patients 283 801  

sICH 1/62 (2) 3/113 (3) 0.60 (0.06 – 5.90) 0.82 (0.08 – 8.82)

mRS ≤2 at 90 days 41/62 (66) 59/113 (52) 1.79 (0.94 – 3.40) 1.62 (0.76 – 3.42)

Patient arriving in time for 
treatment with tPA

124/283 (44) 227/801 (28)** 1.94 (1.46 – 2.56) 1.99 (1.49 – 2.66)

Patients arriving in time 
and treated with tPA

62/124 (50) 113/227 (50) 1.16 (0.76 – 1.77) 1.30 (0.79 – 2.14)

Patients treated with tPA 
outside business hours

25/62 (40) 45/113 (40) 1.01 (0.55 – 1.87) 1.02 (0.55 – 1.90)

OR indicates odds ratio; CI, confidence interval; sICH, symptomatic intracerebral hemorrhage; mRS modified 
Rankin Scale
** P<0.01
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forward to study and improve implementation of complex treatment trajectories. Other research 

methodologies may be required such as discrete event simulation28,29.

There are some limitations to this study. Sociodemographic factors such as living status and 

recognition of stroke symptoms by bystanders were not collected in this study and could not be 

corrected for in the multivariate regression analyses. Initial stroke severity upon hospital arrival 

may have been slightly underestimated in both organizational models because of use of the 

shortened version of the NIHSS.

In conclusion, this study revealed that the proportion of patients treated with tPA in 

a centralized setting of acute stroke care surpassed that achieved in a decentralized setting 

considerably. Prehospital factors seem particularly relevant targets for improvement.
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Abstract

Background

Treatment rates with intravenous tissue plasminogen activator (tPA) vary by region, which can 

be partially explained by organisational models of stroke care. A recent study demonstrated that 

pre-hospital factors determine a higher thrombolysis rate in a centralised versus decentralised 

model in the North of the Netherlands.

Aim

To investigate pre-hospital factors that may explain variation in thrombolytic therapy between a 

centralised- and a decentralised model.

Methods

A consecutive case observational study was conducted in the North of the Netherlands comparing 

patients arriving within 4.5 hours in a centralised versus decentralised stroke care model. Factors 

investigated were transportation mode, prehospital diagnostic accuracy, and preferential referral 

of thrombolysis candidates. Potential confounders were adjusted using logistic regression 

analysis.

Results

A total of 172 and 299 arriving within 4.5 hours were enrolled in centralised and decentralised 

settings, respectively. The rate of transportation by emergency medical services was greater 

in the centralised model (adjusted OR 3.11; 95% CI, 1.59 – 6.06). Also, more misdiagnoses of 

stroke occurred in the central model (P=0.05). In postal code areas with and without potential 

preferential referral of thrombolysis candidates because of overlapping catchment areas, the 

odds of hospital arrival within 4.5 hours in the central vs decentral model were 2.15 (95% CI, 

1.39 – 3.32) and 1.44 (95% CI, 1.04 – 2.00), respectively.

Conclusions

These results suggest that greater tPA use in centralised stroke care may relate to a lower 

threshold to use emergency services to transport stroke patients and partly to preferential referral 

of thrombolysis candidates.
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Introduction

Treatment with intravenous tissue plasminogen activator (tPA) is the only proven treatment for 

patients with acute ischemic stroke if started within 4.5 hours (1-3). However, treatment rates with 

tPA in acute ischemic stroke vary considerably by region (4,5). The reasons for this variation are 

largely unknown. Different organisational models of acute stroke care have been suggested as 

explanatory variables.

We previously demonstrated a 50% greater likelihood of tPA treatment in a centralised versus 

decentralised model of acute stroke care (6). In this study, the centralised model consisted of 

4 hospitals, in which tPA treatment was only provided in University Medical Centre Groningen 

(UMCG), acting as a regional stroke centre. The decentralised model consisted of 9 general 

hospitals each providing tPA treatment for patients in their catchment area. The centralised model 

yielded a larger proportion of patients presenting to the Emergency Department (ED) within 

the 4.5 hours time window (onset-to-door). Thus, more patients were eligible for thrombolytic 

therapy in the centralised model based on prehospital factors.

Aim

To investigate which prehospital organisational factors determine this benefit of the centralised 

model.

Methods

Study design and setting

We performed a consecutive case observational study in the North of the Netherlands. The 

centralised model consisted of four hospitals in which thrombolysis is provided by the UMCG, 

acting as stroke centre. Within its catchment area, arrangements were made with General 

Practitioner (GP) offices and Emergency Medical Services (EMS) to transport suspected stroke 

patients potentially eligible for thrombolysis to the UMCG, thereby bypassing community 

hospitals which may be located closer to the patient. The centralised stroke model served an 

approximate population of 0.58 million inhabitants with a population density of 250 inhabitants/

km². The decentralised model consisted of nine community hospitals all treating patients with 

thrombolysis within their own catchment area. The decentralised model served a population of 

1.14 million inhabitants with a population density of 190 inhabitants/km². Distances and access 

to healthcare services, such as the GP and EMS were comparable for both models (7).

In this study we focused on assessing prehospital organisational factors across patients 

arriving at the hospital within 4.5 hours, regardless of the final hospital discharge diagnosis. 

This means that, as opposed to a previous publication in which we focused on ischemic stroke 
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patients  (6), those patients suffering from Transient Ischemic Attack (TIA), hemorrhage, and 

alternative diagnoses were also included in the current analysis (Figure 1). We also expanded the 

study period to August 30, 2010.

Selection of participants

Inclusion criteria included patient age 18 years and older who presented to the GP, EMS, or 

the ED from February 1 to August 30, 2010, and who were triaged as a possible stroke victim. 

Recurrent strokes were considered eligible for study enrollment. No limitations were made for 

upper age limits based on experiences in our setting and others (8,9).

Data collection

Identical protocols for tPA treatment (adjusted ECASS III (10)), identification and triage of suspected 

stroke patients, and 911 systems were used in both models. Pre-hospital data was gathered by 

ambulance personnel using a survey containing 16 data fields that were completed for each 

suspected stroke patient they transported. Hospital data was gathered upon ED arrival for all 

suspected stroke patients by the neurologist on call using a survey containing 28 items. Identical 

surveys were used by all EMS systems and hospitals participating in this study. All information was 

entered electronically into a central database by either the stroke neurologist, stroke nurse, or 

the principal investigator (M.L.). Identical stroke guidelines (11) and EMS protocols were available 

for GP offices and for dispatch (12) and ambulance personnel (13). In case of possible candidacy for 

tPA treatment high priority transport was assigned, defined as a normative value of 15 minutes 

between 911 call and ambulance arrival at the location of the patient. Both ambulance personnel 

Figure 1. Flow chart of the study.
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and the GP (either by telephonic or visit) used the Face Arm Speech Test (14) as stroke identification 

tool. Hospital prenotification of the ED was performed in both models. National public campaigns 

about stroke symptoms and how to act were similar in both models.

Outcome measures

Factors investigated were: (1) time from stroke onset to call for help, (2) mode of referral, i.e., 

via EMS (911 call), via GP and subsequent self-transport, via GP and subsequent EMS transport 

or self-transport to hospital (3) mode of transportation and high prioritization, (4) pre-hospital 

diagnostic accuracy, and (5) preferential referral of tPA candidates.

Pre-hospital diagnostic accuracy was determined by comparing EMS triage stroke diagnosis 

to the hospital discharge diagnosis.

In postal code areas, where strokes victims might be routed through both organisational 

models preferential referral of potential tPA candidates to one particular model may be considered 

a selection bias (15). Therefore, we calculated the odds ratio of presenting in hospital with a stroke 

within 4.5 hours for centralised versus decentralised care. These odds ratios were compared 

between a group of postal code areas with more than 90% of all stroke patients referred to one 

predominant model of care and postal code areas with a choice of models (<90% of patients in 

one model). We assumed that in postal code areas that refer (>90% of cases) within one model, 

the proportion of potential tPA candidates among all stroke patients is a model characteristic not 

influenced by selection bias.

Statistical analysis

Mann-Whitney U, Fisher’s exact tests, and odds ratios were calculated for continuous and 

categorical variables in both organisational models. Odds ratios were adjusted for baseline 

characteristics age, gender, and the short version of the National Institutes of Health Stroke 

Scale  (16) using logistic regression. All factors with p<0.10 in the univariate analysis were 

entered into the final model. SPSS 20.0 for windows software package (Chicago, Il) was used. 

A p-value < 0.05 was considered statistically significant.

Informed consent and study approval

Informed consent was obtained from all subjects participating in this study. The study was 

approved by the institutional review board of the UMCG.

Results

Characteristics of study subjects

A total of 471 patients arriving at the hospital within 4.5 hours were enrolled in the study, 172 in 

the centralised versus 299 in the decentralised model. Three patients suffered a recurrent stroke 
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during the study period. Figure 1 shows the distribution of the patients across both settings. 

Within the centralised model, 126 (73.2%) suffered ischemic stroke, 11 (6.4%) TIA, 13 (7.6%) 

intracranial hemorrhage, and 22 (12.8%) were diagnosed with a disease other than stroke. The 

leading final discharge diagnoses for the 22 patients with alternative diagnosis in the centralised 

model included: epilepsy or seizure (n=6), migraine (n=5), functional or medically unexplained 

symptoms (n=5), infection (n=3), altered level of consciousness (n=1), and other (n=2). Mean age 

was 67.5 years, and 90 (52.3%) were women. In the decentralised model, 237 (79.3%) suffered 

ischemic stroke, 9 (3.0%) TIA, 38 (12.7%) intracranial hemorrhage, and 15 (5.0%) were diagnosed 

with a disease other than stroke. The 15 patients with alternative diagnosis in the decentralised 

model included: epilepsy or seizure (n=5), functional or medically unexplained symptoms (n=3), 

malignancy (n=2), migraine (n=1), vertigo (n=1), delirium (n=1), and other (n=2). Mean age was 

71.3 years, and 135 (45.3%) were women. Table 1 describes the baseline characteristics and 

Table 2 outcome measures for this subset of patients.

Main results

In the centralised model, 172 of 531 patients (32.4%) arrived within 4.5 hours after stroke 

onset compared to 299 of 1280 (23.4%) in the decentralised setting (adjusted OR 1.96; 95% CI 

1.51 – 2.53).

For those patients arriving within 4.5 hours, the median patient delay from symptom onset to 

call for help was 28 minutes (interquartile range, 2–68) in the centralised model, vs 30 minutes 

(interquartile range, 9–72) in the decentralised model (P=0.16). Comparing centralised to 

decentralised care, referral via 911 occurred in 41.9% vs 46.8% (adjusted OR, 0.85; 95% CI, 

0.56 – 1.28), referral by GP followed by self transport in 1.2% vs 10.7% (adjusted OR, 0.08; 

95% CI, 0.02 – 0.35), GP plus EMS transport in 51.1% vs 36.1% (adjusted OR, 2.02; 95% CI, 

1.33 – 3.06), and self-transport in 1.2% vs 4.3% (OR, 0.26; 95% CI, 0.06 – 1.16), respectively. 

Transportation by ambulance occurred in 93.0% in the centralised model, vs 82.9% in the 

decentralised model (adjusted OR, 3.11; 95% CI, 1.59 – 6.06). High priority transportation 

occurred in 95.0% vs 85.1%, respectively (adjusted OR, 3.67; 95% CI, 1.65 – 8.17). Of all patients 

triaged by EMS as stroke, 88.0% actually had a stroke in the centralised model, vs 94.3% in the 

decentralised model (P=0.05). In regions with and without possible preferential referral, the odds 

ratios for hospital arrival within 4.5 hours for centralised versus decentralised care were 2.15 

(95% CI, 1.39 – 3.32) and 1.44 (95% CI, 1.04 – 2.00), respectively (P<0.01).
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Discussion

This study demonstrated that pre-hospital factors in patients potentially eligible for tPA treatment 

differed between a centralised and decentralised acute stroke care model. The results of this study 

suggest a greater use and lower threshold to transport, prioritize, and refer patients potentially 

eligible for tPA treatment in the centralised model.

The results showed no difference between models for the time from stroke onset to call for 

help. Within the centralised model there was a higher rate of (1) EMS transportation of stroke 

patients both in the overall study population and for those referred by the GP, and (2) high priority 

EMS transportation. The increased use of EMS in the centralised model may have shortened 

prehospital delay in this group, and led to a larger proportion of patients arriving within 4.5 hours 
(17,18). This may explain part of the variation in tPA use between both models. Because not all 

patients arriving within 4.5 hours were assigned high priority transport (i.e. 95% in the centralised 

and 85% in the decentralised model), there is still room for improvement regarding the education 

of EMS providers in both models. Importantly, travel times and distances were significantly 

longer in the centralised model, and hence could not have contributed to the difference in the 

proportion of patients arriving quickly. Less severe strokes were observed in the centralised model, 

possibly reflecting a lower threshold of EMS services to transport potential stroke victims. Despite 

comparable stroke recognition tools and transport protocols for EMS systems, the threshold to 

transport, prioritise, and refer patients potentially eligible for tPA treatment differed between both 

models. Possible explanations for this difference may include the presence of a stroke champion 

in the centralised model, who actively promotes rapid identification and transport of potential 

stroke victims among GPs, EMS dispatchers, and ambulance personnel.

Table 1. Baseline characteristics patients <4.5 hours.

Centralised model Decentralised model

N 172 299

Age (y), mean (SD) 68 (15) 71 (13)*

Male, (%) 82 (48) 163 (55)

Short version of NIHSS on arrival (IQR) 
median

1 (0 – 4) 2 (1 – 5)*

Ischemic stroke (%) 126 (73) 237 (79)

TIA (%) 11 (6) 9 (3)

Hemorrhage (%) 13 (8) 38 (13)

Alternative diagnosis (%) 22 (13) 15 (5)*

Median distance to hospital, km (IQR) 26 (7 – 35) 10 (3 – 17)†

Median ambulance travel time to hospital 
(IQR)

19 (7 – 35) 11 (6 – 16)†

SD indicates standard deviation; IQR, interquartile range; TIA, transient ischemic attack.
* P<0.05
† P<0.01
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Analysis of patients arriving outside the 4.5 hour time window showed an identical mode of 

referral between models. However, in both models patients arriving outside 4.5 hours were more 

often triaged by the GP, and less often called 911. Notably, this appears to suggest that raising 

public awareness to call 911 in response to stroke symptoms might results in earlier presentation 

at the hospital and increased tPA use, as demonstrated in other studies (19).

Table 2. Outcome measures patients <4.5 hours.

Centralised system Decentralised system

N 172 299

Time between stroke onset and call for help

Median delay in minutes (IQR) 28 (2 – 68) 30 (9 – 72)

Time between stroke onset and EMS activation

Median delay in minutes (IQR) 37 (5 – 72) 30 (8 – 66)

Mode of referral

Emergency services, 911 call (%) 72 (42) 140 (47)

GP referrals (%) 2 (1) 32 (11)

GP referrals plus emergency services (%) 88 (51) 108 (36)†

Self transport (%) 2 (1) 13 (4)

Other (%) 8 (5) 6 (2)

Mode of transportation

Transported by EMS (%) 160 (93) 248 (83)†

High priority transport (%) 152 (95) 211 (85)*

Pre-hospital diagnostic accuracy

EMS stroke diagnosis (n) 117 194

Hospital discharge stroke diagnosis (%) 103 (88) 183 (94)*

Proportion treated with tPA (%) 63 (35) 109 (37)

Exclusion GP referrals

N 84 160

Median delay between stroke onset and call for help, 
minutes (IQR)

13 (1 – 57) 19 (5 – 47)

Transported by EMS (%) 74 (88) 141 (88)

High priority transport (%) 71 (96) 124 (88)

IQR indicates interquartile range; GP, general practitioner; EMS, emergency medical services.
*P<0.05
†P<0.01

More misdiagnoses by EMS were observed in the centralised model. This may suggest a more 

liberal referral policy of EMS. However, this policy may also lead to higher proportions of patients 
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eligible for tPA treatment. Further cost-effectiveness studies are needed to evaluate this liberal 

policy of EMS services. The proportion of cerebral emergencies that ultimately did not appear to 

be an ischemic stroke, particularly TIA, did not differ across organisational models. This category 

of patients, however, does imply that emergency services have to be well trained and alert to 

perform adequate triage.

The analyses on preferential referral showed that, in regions where more than 90% of 

patients were referred to one predominant model of care, patients were one and a half times 

as likely to present in hospital within 4.5 hours in the centralised setting. This may be the result 

of a combination of experience and exposure to tPA, continuing medical education and new 

trainees entering into the workforce (20). In regions where both models co-existed and competed 

for stroke patients, a preference for the central model was revealed. This may be due to the 

EMS recognizing the UMCG and its stroke team as actively promoting thrombolysis and always 

available, resulting in preferential hospitalization of thrombolysis candidates (21). The causes for 

this selection preference deserve further study, as this preference may ultimately affect further 

implementation efforts.

There are several study limitations. First, the subgroup analysis concerning preferential 

referral was only defined a posteriori and cannot definitively refute or confirm preferential 

referral. Nonetheless, it is a novel explorative analysis that gives a good indication of the impact a 

selection preference may have had on the results of the comparative cohort study and addresses 

concerns that were raised in the literature (15). Also, it may allow a more accurate estimation of 

the gains to be made by re-organising acute stroke care. Second, because only suspected stroke 

victims were investigated, and not all patients, transported by ambulance to the participating 

hospitals during the study period, we were unable to estimate the total number of true and 

false negative triages. Finally, it cannot be excluded that pre-hospital factors not identified in 

this study may partly explain some of the differences between the models. Specifically, non-

organisational prehospital factors such as demographic and other patient characteristics including 

race, educational level, facial droop, comorbidity, living status, and risk factors for stroke such as 

diabetes or a history of heart failure (22) lay outside the scope of this study and were therefore 

not included in the analysis. Demographic studies of the adherence areas however did not reveal 

any relevant differences across respective catchment areas (23).

Conclusions

In summary, lower threshold for use of EMS and high priority transport of potential stroke patients, 

and partly a preferential referral of potential tPA candidates to a centralised organisational model 

were identified as prehospital factors contributing to variation in tPA use. These factors warrant 

further concerted action to improve acute stroke care.
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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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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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Abstract

Background

Various studies demonstrate better patient outcome and higher thrombolysis rates achieved 

by centralized stroke care compared to decentralized care, i.e. community hospitals. It remains 

largely unclear how to improve thrombolysis rate in decentralized care. The aim of this simulation 

study was to assess the impact of previously identified success factors in a central model on 

thrombolysis rates and patient outcome when implemented for a decentral model.

Methods

Based on a prospectively collected dataset of 1084 ischemic stroke patients, simulation was 

used to replicate current practice and estimate the effect of re-organizing decentralized stroke 

care to resemble a centralized model. Factors simulated included symptom onset call to for help, 

emergency medical services transportation, and in-hospital diagnostic workup delays. Primary 

outcome was proportion of patients treated with thrombolysis; secondary endpoints were good 

functional outcome at 90 days, Onset-Treatment-Time (OTT), and OTT intervals, respectively.

Results

Combining all factors might increase thrombolysis rate by 7.9%, of which 6.6% ascribed to 

pre-hospital and 1.3% to in-hospital factors. Good functional outcome increased by 11.4%, 

8.7% ascribed to pre-hospital and 2.7% to in-hospital factors. The OTT decreased 17 minutes, 

7  minutes ascribed to pre-hospital and 10 minutes to in-hospital factors. An increase was 

observed in the proportion thrombolyzed within 1.5 hours; increasing by 14.1%, of which 5.6% 

ascribed to pre-hospital and 8.5% to in-hospital factors.

Conclusions

Simulation technique may target opportunities for improving thrombolysis rates in acute stroke. 

Pre-hospital factors proved to be the most promising for improving thrombolysis rates in an 

implementation study.

Introduction

Treatment with tissue plasminogen activator (tPA) or thrombolysis is the most effective therapy 

for acute ischemic stroke patients within the first 4.5 hours following the onset of stroke 

symptoms [1,2]. However, thrombolysis is substantially underused. Of all stroke patients, currently 

between 1-8% [3-5] are treated with tPA worldwide and around 11% (ranging from 4-26%) within 

the Netherlands [6], while 24-31% may be achieved in optimized settings [7,8]. Reasons for this 

undertreatment are multi-factorial. Patients may not be familiar with the symptoms of a stroke 
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or may not know how to act. Also, access to stroke care and expertise may vary by location 
[9,10]. Other factors influencing the use of thrombolysis ensue from the organization of acute 

stroke care. Recently we demonstrated a 50% greater likelihood and up to 22% overall rate of 

treatment with thrombolysis achieved by a stroke center in a centralized organizational model 

versus nine community hospitals united in a decentralized organizational system of acute stroke 

care [11].

So far, it remains largely unclear how to improve thrombolysis delivery in decentralized stroke 

care; i.e. community hospitals. A method to study improvement of thrombolysis delivery is using 

Randomized Controlled Trials (RCTs). Although the benefits of RCTs have been clearly established 

in case of single interventions, their efficacy may be limited in case of complex patient pathways 

such as thrombolysis. For example, two recently published RCTs showed nonsignificant increases 

in thrombolysis rate following an intensive multicomponent intervention [12,13]. Taken together, 

these studies focused on singular aspects of thrombolysis delivery (i.e. the in-hospital phase) and 

seem to yield very little gains- in terms of an increase in thrombolysis use- for the time and money 

invested. This warrants the question whether alternative research strategies are needed to study 

delivery of thrombolysis.

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

or precursor to clinical trials, for example by predicting the prognosis after aortic heart valve 

replacement before implementation of the therapy [14], and studying the clinical benefit of 

reducing in-hospital delays to maximize the population benefit of thrombolysis in acute ischemic 

stroke [15]. As opposed to RCTs, simulation models allow for studying the effect of multiple factors 

along the entire stroke pathway at high pace and low costs.

The aim of this simulation study was to assess the impact of previously identified success 

factors in a central model on thrombolysis rates and patient outcome when implemented for a 

decentral model.

Methods

Study setting and patients

In the North of The Netherlands a centralized and a decentralized organizational model co-exist. 

The centralized model covers the catchment area of 4 hospitals, in which thrombolysis is only 

provided by University Medical Center Groningen (UMCG) acting as a designated stroke center. 

The decentralized model is adopted by 9 community hospitals all providing thrombolysis for 

their own catchment area. From February 1 to July 31 2010 all ischemic stroke patients admitted 

or referred to hospitals were registered. For both models identical protocols for tPA treatment 

(adjusted ECASS III [16]), identification and triage of suspected stroke patients, and 911 systems 

were used. Further details on population densities and access to healthcare services are provided 

in a previously published paper [11].
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Simulation model

A simulation model was developed using Plant Simulation software [17]. Factors in which the 

central model performed significantly better than the decentral model were incorporated in 

the simulation model: lapse between symptom onset to call for help, first responder; i.e. 911 or 

General Practitioner (GP), Emergency Medical Services (EMS) transport, high priority transport 

by EMS, and the time from hospital arrival to neurological- and neuroimaging (Computed 

Tomography, CT) examination. Data collected in a previously performed prospective study of 801 

diagnosed ischemic stroke patients admitted in a decentralized model and 283 in a centralized 

model were used as input for the simulation model [11]. We aimed to simulate current practice 

and compare it with scenarios in which we implemented success factors of the central model in 

the decentral model. Next, the impact on thrombolysis rates and patient outcome were assessed 

for single factors and combinations thereof. Probability distributions derived from empirical data 

were used to model event rates, activity durations and diagnostic accuracy. Details on stroke 

pathway setup, simulation methodology, and model data are provided online as Supporting 

Information. In the model, 10,000 patients progressed along the stroke pathway.

Data collection

Data of ischemic stroke patients were collected for both the pre-hospital and in-hospital phase 

by ambulance personnel and experienced stroke neurologists. All data were entered directly into 

a web-based database to ensure high quality of data. Patients not transported by EMS were 

referred by the GP and arrived at the hospital by self transport in case no longer eligible for 

thrombolysis and the medical condition allowed such (i.e. stable or not).

Outcome measures

The primary end-point was the proportion of patients treated with thrombolysis. Secondary end-

points were proportion of patients with good functional outcome at 90 days (modified Rankin 

Scale 0-1), Onset-Treatment-Time (OTT), and shift of OTT to a shorter time window, because the 

benefit of thrombolysis is strongly time dependent, the sooner the better.

Statistical analysis

Mann-Whitney U tests and Chi-square tests were performed for continuous and categorical 

variables. A p-value < 0.05 was considered statistically significant. SPSS 20.0 for windows 

software package (Chicago, Il) was used.

Informed consent

Informed consent was obtained from all subjects participating in the previous observational 

study and extended for current use [11]. Written consent was given by the patients for their 
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information to be stored in the hospital database and used for research. The study was approved 

by the institutional review board of the University Medical Center Groningen.

Results

Observational study – performance for organizational models

In the observational study, the difference in thrombolysis rate between the decentralized 

and centralized model was 7.8% (14.1% vs. 21.9%, respectively) [11]. Table 1 describes the 

performance for each factor investigated in both models, and Table 2 shows the results of the 

nine scenarios selected for this study on primary and secondary outcome measures. Details on the 

distributions underlying activity durations and diagnostic accuracy of both the decentralized- and 

centralized organizational model are presented in Supplementary Tables 1 and 2, respectively, as 

Supporting Information. Key activities of the acute stroke pathway and treatment decision are 

presented in Supplementary Figures 1 and 2, respectively.

Primary outcome

Compared to current practice, improving all factors to the level of the central model might 

increase thrombolysis rate by 7.9%, of which 6.6% ascribed to pre-hospital factors, and 1.3% to 

in-hospital factors. Of all pre-hospital factors, improving lapse between symptom onset to call for 

help contributed 1.7% to the total effect, 911 calls 0.9%, EMS transport 2.8%, and high priority 

Table 1. Organizational model performance for the pre- and in-hospital acute stroke pathway.

Centralized model Decentralized model

N 283 801

Pre-hospital phase

Symptom onset to call for help time, valid cases
Median (min)

152 (53.7)
40.5

249 (31.1)*
36.5

First responder (%)
General practitioner
911

135 (47.7)
84 (29.7)

456 (56.9)†
184 (23.0)†

Transported by EMS (%)
High priority transportation by EMS (%)

213 (75.3)
170 (79.8)

462 (57.8)*
310 (67.1)*

In-hospital phase

In-hospital diagnostic workup, median (min)
Time to neurological examination
Time to neuroimaging examination

0.0
8.0

4.0*
22.0*

EMS indicates emergency medical services.
* P<0.01
† P<0.05
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EMS transport 0.2%. The remaining 1.0% is caused by an interaction effect between symptom 

onset to call for help and EMS transport. Of all in-hospital factors, 0.5% can be attributed to 

neurological examination, and 0.8% to neuroimaging examination.

Secondary outcomes

Improving all factors led to an 11.4% increase in patients with good functional outcome, of 

which 8.7% ascribed to pre-hospital factors and 2.7% to in-hospital factors. The OTT decreased 

17 minutes; of which 7 minutes ascribed to pre-hospital factors and 10 minutes to the in-hospital 

factors. A shift was observed in the proportion of patients thrombolyzed within 1.5  hours; 

increasing by 14.1%, of which 5.6% ascribed to pre-hospital factors, and 8.5% to in-hospital 

factors. Treatment between 1.5 – 3.0 and 3.0 – 4.5 hours decreased by 9.3% and 4.8%, 

respectively; of which 4.3% and 2.2% attributed to pre-hospital factors and 5.0% and 2.6% to 

in-hospital factors, respectively. Figures 1 and 2 show the proportion of patients treated with 

thrombolysis according the OTT intervals and the proportion of patients with good functional 

outcome, respectively.

Figure 1. Number of patients treated with thrombolysis according to onset-treatment-time (OTT) intervals.
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Discussion

This simulation study quantifies the potential benefit of implementing success factors from 

a centralized organizational model in a decentralized model. Combining all factors raised 

thrombolysis rate by 7.9% thereby closing the gap observed between both models. Furthermore, 

our model demonstrates that the proportion of patients with a good functional outcome 

(mRS 0-1) may increase by 11.4% and those thrombolyzed within 1.5 hours by 14.1%.

This simulation study provides an example of an alternative research method to study delivery 

of thrombolysis in acute ischemic stroke. Contrary to traditional approaches that evaluate 

improvement strategies (i.e. RCTs), simulation models may be better suited to investigate multiple 

factors of stroke system organization simultaneously and allow for quicker answers at lower costs 
[15]. Instead of time-consuming and expensive trials such as double-blinded randomized trials, we 

advocate action research. This means implementing critical success factors determined from the 

simulation study in the existing acute stroke pathway and study the effects of interventions with 

baseline measurements. Simulation experiments obviously precede implementation to check 

whether comparable results can actually be achieved in clinical practice. By using the results 

obtained from simulation, implementation studies may be tailored towards improving factors 

impacting most on thrombolysis rates and patient outcome, while excluding others that do not.

Based on the identified potential for improving thrombolysis rates and patient outcomes 

pre-hospital factors seem primary targets for change. The importance of the pre-hospital phase 

in advancing the acute stroke care pathway is supported by a recent review article emphasizing 

that every link in the care pathway matters and should be studied for potential improvements [18]. 

Figure 2. Patient outcome at 90 days for onset-treatment-time (OTT) intervals.
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In addition, we observed an interaction effect between improving symptom onset to call for 

help and EMS transport. This interaction effect may be explained by a volume effect – meaning 

more patients arriving at the hospital in time for thrombolysis, and by shortening the time to 

treatment for those already thrombolyzed. As treatment rates with thrombolysis are relatively 

high in our study compared to international standards, we would expect even larger effects 

when implemented in regions with low treatment rates.

Our study has limitations. Firstly, we were limited by the documentation of symptom 

onset times by ambulance and hospital personnel, i.e. possibly some of the ‘unknown’ onset 

times were actually known but never documented. However, the proportion of patients with 

unknown or estimated onset times was comparable to or even better than in previous studies 
[19,20]. Secondly, the interaction between hospital size, i.e. stroke center and community hospitals, 

may be difficult to interpret because requirements of stroke centers are such that community 

hospitals are unlikely to meet them.

Conclusions

This study demonstrates that simulation may be employed as research tool to target opportunities 

for improving the acute stroke care pathway and therefore thrombolysis rates. Pre-hospital factors 

proved to be the most promising targets for improving acute stroke care in an implementation 

study.
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Introduction

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

study. This online supporting information details on simulation modeling methodology and 

model data.

Supplemental Methods

Discrete event simulation

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

Simulation (DES) entails the modeling of a system as it evolves over time by a representation in 

which variables change instantaneously at separate, i.e. discrete, points in time [1]. Because the 

acute stroke pathway incorporates a great deal of variation in activity durations and diagnostics, 

DES is considered an appropriate method for modeling such processes.

Model validation

Comparing simulation model outcomes with real system performance, thrombolysis rate in 

the model was 14.4% vs. 14.1% in the real system (P=0.87), and onset-treatment-time 127 vs. 

134  minutes (P=0.12). Face validity was supported by two stroke neurologists (G-J.L., and 

P.C.A.J.V.) acting as domain experts.

Distribution fitting

Probability distributions for input parameters of the model were determined (fitted) using 

ExpertFit (Supplementary Tables 1 and 2). Main steps involved:

– 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 usage of the candidate 
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distribution(s), commonalities between highest ranked distributions, and consultation of 

domain experts [2]. If such evidence is not found an empirical distribution was chosen.

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 corresponds to description of the acute stroke pathway (Supplementary Figure 1). 

Patients are classified according to their choice of route towards the hospital (see Supplementary 

Table 1 for the decentralized model and Supplementary Table 2 for the centralized model). Next, 

traversing each route entails sampling from distributions specifying activity durations. Note how 

activity durations may be moderated by diagnostic outcomes. Finally, 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.

Supplementary Results

Treatment decision

The efficacy of thrombolysis in acute ischemic stroke is greater the earlier it is administered, and 

the clinical benefit declines progressively over time [5]. For the simulation model the likelihood of 

treatment is approximated by a linear function, see Supplementary Figure 2. We used a linear 

regression model (Y-axis intercept 82.1; slope -0.25) to approximate the chance of tPA treatment 

set against the overall time delay for all patients arriving < 4.5 hours from the onset of stroke 

symptoms (i.e. eligible for tPA treatment).
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Supplementary Table I. Distributions specifying activity durations and diagnostic characteristics for the 
decentralized model.

Activity duration (minutes)
Model parameter Distribution: type 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

0
60
120
180
240
480

0
5
10

480

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

60
120
180
240
480
2880

5
10
15

2880

Frequency
39
21
15
35
33
14
40
16
10
9

230

9
17
3
4
2

286

1
1
1
15

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 Continuous empirical Left bound

0
5
10
15
20
25
30
35

Right bound
5
10
15
20
25
30
35
40

Frequency
53
145
85
23
2
1
0
2

A2 Gamma Alpha (3.36), Beta (4.22)

B Beta Alpha 1 (0.69), Alpha 2 (0.53) , a (8.92), b (59.33)
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Activity duration (minutes)
Model parameter Distribution: type Parameters
Time spent on scene

A1 Continuous empirical Left bound
0
5
10
15
20
25
30
35
40
45

Right bound
5
10
15
20
25
30
35
40
45
60

Frequency
3
45

106
87
39
13
8
3
4
2

A2 Lognormal Mean (15.24), St. dev. (7.67)

B Lognormal Mean (15.12), St. dev. (8.14)

Transport time
A1
A2
B

Beta
Gamma

Beta

Alpha1 (1.69), Alpha2 (4.16), a (39.66), b (0.62)
Alpha (5.53), Beta (2.51)

Alpha 1 (1.07), Alpha 2 (1.41), a (0.02), b (31.61)

Time to neurological 
consultation

Continuous empirical Left bound
0
0
1
2
5
10
15
30

Right bound
0
1
2
5
10
15
30
72

Frequency
79
5
13
39
30
19
12
19

Time to neuroimaging 
(CT) examination

Continuous empirical Left bound
0
5
10
15
20
25
30
35
40
45
50
55
85
90

Right bound
5
10
15
20
25
30
35
40
45
50
55
85
90
135

Frequency
9

23
36
29
32
29
21
11
11
3
2
7
3
2
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Activity duration (minutes)
Model parameter Distribution: type Parameters
Time to laboratory 
examination

Continuous empirical Left bound
0
0
10
15
20
25
30
35
40
45
50

Right bound
0
10
15
20
25
30
35
40
45
50
80

Frequency
61
5
8
14
18
16
14
20
18
12
16

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

tPA mixing Constant 5

Diagnostics
Choice of route

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

Discrete empirical Value
1
2
3

Frequency
462
18
321

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

Discrete empirical Value
1
2
3

Frequency
184
56
126

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

92
7
1

60
39
1

47
42
11

Route 1, 2, and 3 indicate patients transported by emergency medical services, patients arriving by 

self transport, and those suffering a stroke in the hospital, 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; CT, computated tomography; 

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

neuroimaging, and laboratory examination are considered parallel activities.
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Supplementary Table II. Distributions specifying activity durations and diagnostic characteristics for the 
centralized model.

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

0

120
240
480

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

5

180
480
2880

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

6

1
1

58

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

Diagnostics
Choice of route

1. Entire stroke pathway
2. In-hospital
3. Self-referral

Discrete empirical Value
1
2
3

Frequency
213
7

60

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
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Activity duration 
(minutes)

Distribution Parameters

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 emergency medical services, patients arriving by 

self transport, and those suffering a stroke in the hospital, 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; EMS, emergency medical 

services. Neurological examination, neuroimaging, and laboratory examination are considered 

parallel activities.

Supplementary Figure I. Acute stroke pathway: key activities.
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Supplementary Figure II. Treatment decision: a patient’s chance of being treated given the overall time 
delay.
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Abstract

Introduction

Centralization of thrombolysis may offer substantial benefits at patient level. We performed a 

simulation study to assess short term costs and effects of centralization compared to optimized 

care in a decentralized stroke care system, consisting of nine community hospitals.

Methods

Using a simulation model, three scenarios to improve decentralized settings were assessed: 

(1) improving stroke care at all separate hospitals, (2) centralizing thrombolysis treatment to four, 

and (3) two hospitals. Primary outcomes were annual mean and incremental costs per patient for 

all scenarios. Secondary outcomes were proportion of patients treated with thrombolysis, Onset-

Treatment-Time (OTT), and additional travel distance in case of centralization.

Results

Optimizing all community hospitals separately led to $US 451 and 633 additional annual costs 

per patient, at a mean of $US 2,128 (95% CI, 1,129 – 3,176), compared to $US 1,677 (95% CI, 

685 – 2,732) when centralizing thrombolysis in four, and $US 1,495 (95% CI, 507 - 2,554) when 

centralizing in two hospitals (P<0.01), respectively. Thrombolysis rates decreased from 22.4% 

to 21.7 and 21.2% (P=0.12 and P=0.01) in case of centralization, and OTT increased from 119.0 

to 122.0 and 125.0 minutes (P=0.05 and P=0.01), respectively. Overall, travel time increased 

to 15.0 (95% CI 2.0 - 35.0) and 19.0 minutes (95% CI, 2.0 - 54.0), respectively, compared to 

12.0 minutes (95% CI, 2.0 – 33.0) in the baseline scenario (P<0.01).

Discussion

Centralizing thrombolysis substantially lowers mean annual costs per patient compared to raising 

stroke care at community hospitals simultaneously. Small, but statistically significant negative 

effects on thrombolysis rates and OTT may be expected compared to optimized decentral care, 

but centralization is still more effective than current decentralized stroke care.

Introduction

Costs associated with stroke are substantial, mainly as a result of hospitalization, rehabilitation, 

and nursing home care1. Treatment with tissue plasminogen activator (tPA) or thrombolysis is 

cost-effective for acute ischemic stroke patients within 4.5 hours of symptom onset2,3. However, 

current use of thrombolysis is low. Of all patients suffering a stroke, currently 1-7%4,5 worldwide 

and 11% in the Netherlands are treated6, whereas up to 31% may be achieved in optimized 

settings7.
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Treatment with thrombolysis in stroke centers as part of a centralized organizational model is 

associated with better patient outcomes and higher thrombolysis rates compared to community 

hospitals in a decentralized model8,9. In addition to better patient outcomes, centralization of 

thrombolysis may lead to substantial cost-savings9. Compared to stroke care at community 

hospitals, admission to a stroke center was associated with an incremental cost-effectiveness 

ratio of US$ 24,000 per quality-adjusted life year gained10. For every 5% absolute increase in 

thrombolysis rates, an additional 30,000 patients annually may be treated. In approximately 

4000 of these patients long-term disability may be avoided while saving more than US$100 

million on healthcare costs11, based on the National Institutes of Neurological Disorders and 

Stroke rt-PA trial and the medical literature12. The short-term costs and resource implications 

associated with advancing community hospital stroke care to the standards of a stroke center 

however remains unclear, hampering broad implementation of thrombolysis.

Because distances to hospitals offering thrombolysis in the Netherlands are relatively short, 

decentralized stroke systems may be improved in two ways: (1) raising stroke care to the standards 

of a stroke center at all separate community hospitals, and (2) centralizing thrombolysis treatment 

thereby reducing the number of community hospitals offering thrombolysis. Prior to large-scale 

implementation, the financial and personnel implications of both scenarios should be assessed.

Using a simulation model, the aims of this study were (1) to estimate the effects of centralization 

on the proportion of patients treated with thrombolysis, total process time, and travel time and 

(2) to estimate the short-term costs associated with raising stroke care at all community hospitals 

simultaneously compared to centralization of thrombolysis treatment.

Methods

The present study was based on a previously published six-month prospective study on a 

centralized (n=280 of which 124 thrombolysis candidates) and decentralized (n=801 of which 

227 thrombolysis candidates) organizational model of acute stroke care within a Dutch region8. 

A summary on baseline patient characteristics, population densities, and access to healthcare 

services is provided in the previously published paper.

Organizational models of acute stroke care

In the North of the Netherlands, a centralized and decentralized organizational model co-exist. 

The decentralized model comprises nine community hospitals in which tPA treatment is provided 

to patients in their catchment area. Community hospitals included in this study were medium 

to large hospitals with 100 to 400 stroke patients admitted per year. University Medical Center 

Groningen (UMCG) acting as stroke center served as an example of centralized stroke care. 

The stroke center has 24-hour, 7-day acute stroke care coverage, including immediate access to 

neuroimaging (Computed Tomography scan) and examination at the Emergency Department 
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(ED). Informed consent was obtained from all subjects participating in the prospective study and 

extended for current use. The study was approved by the institutional review board of UMCG.

Simulation model

A simulation model was designed using Plant Simulation software13 to replicate current practice 

of community hospitals based on parameter estimations obtained in the prospective study. 

A previously developed simulation model was used and extended to represent input data from 

the decentralized model14. Time delays and diagnostic processes were modelled along the pre-

hospital and in-hospital stroke pathway using probabilistic distributions. Costs associated with 

resource use were accounted for in the model. Key activities included model building, validation, 

and performing experiments15. Using the model we considered three scenarios for improving 

decentralized stroke care: (1) simultaneously improving stroke care at all community hospitals, 

(2) centralization of acute stroke care in four, and (3) in two community hospitals, thereby 

reducing the number of community hospitals offering thrombolysis. The community hospital 

hypothetically acting as a stroke center was chosen based on their geographical location within 

a region. The UMCG also participated in these scenarios as stroke center. For the two latter 

scenarios the effect of centralization on travel time to the treating hospital was assessed. In all 

scenarios the level of stroke care at hospitals was assumed to rise to the performance of the 

centralized model; i.e. 22% of all ischemic stroke patients would be administered thrombolysis8.

Improvements associated with centralization of thrombolysis treatment were implemented in the 

simulation model. Pre-hospital factors modelled included: lapse between stroke onset and call 

for help, General Practitioner (GP) consultation, Emergency Medical Services (EMS) use, and high 

priority ambulance transportation. Data collected in the prospective study included the travel 

time from the exact geographical location of the patient to the hospital providing thrombolysis 

for all patients transported by EMS. In-hospital factors included time from hospital arrival to 

neurological examination, neuroimaging (CT scan), and treatment with thrombolysis. In the 

model 10,000 patients progressed along the stroke pathway.

Cost calculation

Data was collected on resource use at the level of all individual patients in both the pre-hospital 

and intra-hospital phase of the stroke pathway. We calculated additional use of resources 

associated with an increase in the proportion of thrombolysis candidates by 16% (from 28% to 

44%), and in treatment with thrombolysis by 8% (from 14% to 22%) in case of centralization of 

thrombolysis treatment8. Unit costs were entered into the simulation model and contributed to 

overall resource use.

Mean and incremental annual costs per patient were estimated for all scenarios including 

fixed and variable costs. Fixed costs were considered constant whereas variable costs fluctuated 

directly with patient volumes. Fixed costs included annual public education campaigns and staff 
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education, and the purchase of a new CT scanner located in the ED. Yearly depreciation costs for 

a new CT scanner were conservatively estimated at 10%16 of the initial investment. Variable costs 

estimated included GP consultation either by telephone or visit, EMS utilization, staff deployment 

associated with activation of the acute stroke team including a stroke neurologist, resident 

neurology, and stroke nurse, outpatient clinic visits, and treatment with thrombolysis (alteplase). 

All patients irrespective of eligibility for thrombolysis underwent neurological examination, CT 

scanning, and laboratory examination, either in the ED for those arriving within the 4.5 hour time 

window or outpatient clinic. No additional staff deployment (emergency physicians, neurologists, 

radiologists, or nurses) was anticipated in case of centralization of thrombolysis, based on expert 

judgment. Costs per ambulance ride include tariffs for emergency transport, EMS dispatch, and 

costs per driven kilometer. Costs for deployment of medical personnel per hour included a 39% 

bonus for social gratuity, holiday pay, and other. The six-month study period was extrapolated 

to one year assuming similar resource utilization serving 1602 patients. The costs in euros were 

adjusted to the current euro-dollar exchange index of 1.31 $US per 1 euro17.

Travel time and distance

Travel time and distance in case of centralization of thrombolysis treatment was performed by 

hypothetically transporting patients from the emergency site to the nearest facility offering 

thrombolysis. Only those patients transported by EMS were included in this analysis, because of 

availability of data on exact geographical locations for this group. In the scenario of centralization 

of thrombolysis, travel time and distance were calculated with the use of a Web-based route 

planner (http://route.anwb.nl/routeplanner/) as the product of estimated distances and projected 

travel speeds, consistent with strategies used in previous studies18,19. The values obtained by 

the Web-based route planner were corrected to represent real-world data, as the route planner 

does not account for faster driving speed achieved by ambulance transportation.

Outcomes measures

The primary end-points were mean and incremental costs per patient associated with all 

scenarios. Secondary end-points, using the simulation model, included estimations of the effects 

of centralization on thrombolysis rates, Onset-Treatment-Time (OTT) because the efficacy of 

thrombolysis is time-dependent20, and additional travel time.

Analysis

Costs were assessed separately and presented as means with their corresponding 95% CIs for all 

scenarios. Travel times and distances were presented as medians with their corresponding 95% 

CIs. 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.
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Results

In the former prospective study, the difference in thrombolysis rates between centralized- and 

decentralized stroke care setting was 7.8% (21.9% and 14.1%, respectively)8. The costs associated 

with resource use along the stroke pathway for fixed and variable costs are presented in Table 1.

Primary outcomes

Improving stroke care at community hospitals separately led to incremental annual mean costs 

per patient ranging between $US 451 and 633 per patient, at a mean of $US 2,128 (95% CI, 

1,129 – 3,176), compared to $US 1,677 (95% CI, 685 – 2,732) when centralizing thrombolysis in 

four, and $US 1,495 (95% CI, 507 – 2,554) in two community hospitals (P<0.01), respectively.

Table 1. Mean costs associated with resource utilization.

Resource Unit costs (USD) Source

Variable costs

General practitioner (costs per patient)
Telephonic consultation
Visit by general practitioner

$36.68
$56.33

[1]

Emergency medical services transport
Emergency transport
Dispatch
Per driven kilometer

$882.00
$71.00
$5.00

[2]

Medical personnel ER visit
Medical specialist (15 minutes)
Resident (1 hour)
Nurse (1 hour)

$44.38
$36.48
$35.04

[1]

Outpatient clinic visit $75.75 [1]

CT scan $190.00 [3]

Central laboratory (per test) $27.10 [4]

Alteplase $994.96 [5]

Fixed costs

Public education campaigns (range) $3,750 ($2,500 – $5,000) [6]

Staff education (range) $7,500 ($5,000 – $10,000) [6]

Computed tomography scan
Purchase computed tomography scan $1,310,000

[7]

USD indicates United States dollar.
[1] Health Care Insurance Board (CVZ)24; [2] Data from regional ambulance services Groningen; [3] Dirks et al, 
201225; [4] Claes et al, 200626; [5] www.medicijnkosten.nl; [6] Alberts et al, 201127; [7] http://medischcontact.
artsennet.nl/archief-6/tijdschriftartikel/76475/.htm.

Lahr.indd   100 4-10-2013   13:48:21



Centralizing thrombolysis treatment in decentralized stroke care systems  |  101

7

Table 2. Travel times and distances for the baseline case and centralization.

All patients Baseline Centralization  
(4 stroke centers)

Centralization 
(2 stroke centers)

Estimated travel time 

N 446 446 446

Median (IQR) 12 (2 – 33) 15 (2 – 35)† 19 (2 – 54)†

< 5 minutes (%) 86 (19) 67 (15) 51 (11)

5-25 minutes (%) 337 (76) 311 (70) 285 (64)

> 25 minutes (%) 23 (5) 68 (15) 110 (25)

Estimated travel distance

Median (IQR) 12 (1 – 31) 14 (1 – 31)*  17 (1 – 54)†

< 5 km (%) 140 (31) 122 (27) 106 (24)

5-25 km (%) 262 (59) 238 (53) 211 (47)

> 25 km (%) 44 (10) 86 (19) 129 (29)

Patients eligible for thrombolysis
Estimated travel time

N 175 175 175

Median (IQR) 11 (2 – 30) 21 (3 – 37)† 25 (4 – 48)†

< 5 minutes (%) 39 (22) 20 (11) 11 (6)

5-25 minutes (%) 134 (77) 108 (62) 80 (46)

> 25 minutes (%) 2 (1) 47 (27) 84 (48)

Estimated travel distance

Median (IQR) 11 (1 – 33) 20 (1 – 44)† 29 (1 – 57)†

< 5 km (%) 56 (32) 38 (22) 22 (13)

5-25 km (%) 100 (57) 76 (43) 49 (28)

> 25 km (%) 19 (11) 61 (35) 104 (59)

Patients treated with thrombolysis
Estimated travel time

N 94 94 94

Median (95% CI) 12 (2 – 31) 22 (3 – 39)† 25 (3 – 50)†

< 5 minutes (%) 22 (23) 9 (10) 7 (7)

5-25 minutes (%) 66 (70) 55 (59) 41 (44)

> 25 minutes (%) 6 (6) 30 (32) 46 (49)

Estimated travel distance

Median (95% CI) 12 (1 – 39) 22 (1 – 44)† 29 (1 – 57)†

< 5 km (%) 29 (31) 15 (16) 12 (13)

5-25 km (%) 53 (56) 43 (46) 29 (31)

> 25 km (%) 12 (13) 36 (38) 53 (56)

CI indicates confidence interval.
† P<0.01
* P<0.05
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Secondary outcomes

Additional travel time associated with centralization to four community hospitals ultimately was 

associated with a decrease in thrombolysis rate of 0.7%, from 22.4% to 21.7% (P=0.12), and an 

increase in OTT from 119.0 to 122.0 minutes (P<0.05). Centralizing thrombolysis treatment to 

two community hospitals decreased thrombolysis rate by 1.2%, from 22.4% to 21.2% (P<0.05), 

and increased OTT from 119.0 to 125.0 minutes (P<0.01).

Baseline travel times and distances in case of centralization are presented as medians with 

their 95% CIs in Table 2. Overall, centralization of thrombolysis treatment resulted in travel times 

of 15.0 (95% CI, 2.0 - 35.0) and 19.0 minutes (95% CI, 2.0 - 54.0) in case of four- and two 

community hospitals, respectively, compared to 12.0 minutes (95% CI, 2.0 - 33.0) in the baseline 

model (P<0.01). Travel distance increased to 14.0 (95% CI, 1 – 31) and 17.0 km (95% CI, 1.0 – 

54.0), respectively, compared to 12.0 km, 95% CI, 1.0 – 31.0) in the baseline model (P=0.01). 

Discussion

This study demonstrated that centralization of thrombolysis may lead to substantial annual 

cost-savings per patient compared to a scenario in which stroke care would be improved at all 

separate community hospitals. Mean costs were lowest when reducing the number of community 

hospitals offering thrombolysis from nine to two facilities. Centralization of thrombolysis was 

projected to lead to small, but statistically significant, negative effects on the proportion patients 

treated with thrombolysis and OTT, although thrombolysis rates are still higher than current 

decentralized care. This suggests that centralizing thrombolysis treatment should be accompanied 

by initiatives to reduce time delays in other parts of the chain of care; for example by reducing 

the door-needle-time. As no two facilities are the same, our analysis provides broadly applicable 

estimates for short-term costs associated with establishing and operating centralized stroke care 

at particular community hospitals.

Stroke center designation will impact on hospital services in several ways. First, available 

resources may be re-distributed if the hospital needs to purchase expensive equipment, hire 

more staff, or expand bed capacity. The question whether additional staff is needed to match an 

increase in patient volumes when thrombolysis treatment is centralized remains speculative, and 

further evidence is urgently needed. Assuming an annual 18% gain in thrombolysis candidates 

as a result of centralization, staff members may be deployed an additional 256 times, from 449 

(28% of 1602 annual stroke patients) to 705 (44% of 1602 patients). In case the appropriate 

equipment and staff are already available, changes may only be necessary in terms of the time 

of day staff will be on call, i.e. more hours into a stroke team. Improving coordination of care 

through stroke center designation reduces duplication of efforts and redundant diagnostic 

testing. In particular, less personnel, work hours, and materials are needed. Therefore limited 

hospital budgets only have to be spent once in a centralized setting instead of raising stroke care 
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at all community hospitals separately. Furthermore, being a stroke center likely will increase the 

use of other hospital departments and services, i.e. radiology and laboratory services, which may 

result in increased revenues 21.

Unavoidably centralization leads to longer travel times from the emergency site to the hospital 

offering thrombolysis. Yet, as demonstrated in a previously published study this can be largely 

compensated by shorter intra-hospital processes (door-to-needle time) of 35 minutes compared 

to 47 minutes in a decentralized model8. In addition, previous research showed that the door-

to-needle time may be further shortened to 20 minutes in optimized settings22. We assumed 

that despite centralizing stroke care may lead to a doubling of emergency rides by EMS; this 

would not require hiring additional EMS personnel or purchasing additional vehicles. However 

this remains a topic for further study.

Our study has limitations. First, costs associated with thrombolysis such as antithrombotic and 

lipid lowering medications were not part of the assessment and could therefore not be controlled 

for. Second, we mostly used tariffs rather than societal costs for our analyses. Also, the effects 

of improved patient outcomes on the frequency of informal (family) care should be assessed. An 

additional concern is the potential for traffic congestion which might influence estimated travel 

times in our study. However, all patients included in this study had access to 911-systems, and 

previous research indicated that traffic patterns only minimally affects ambulance travel times23.

Conclusions

Centralization of acute stroke care leads to substantially lower annual costs per patient compared 

to raising the level of stroke care at community hospital simultaneously. Small but statistically 

significant negative effects on thrombolysis rates and OTT may be expected compared to 

optimized decentral care, but centralization is still more effective than current decentralized 

stroke care.
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Reorganizing acute stroke care – shifting focus to the pre-hospital 
phase

The key determinants of underuse of thrombolysis are encountered before the patient reaches 

the hospital. Of all stroke patients only between 14 to (in some settings) 48% arrives at the 

hospital within two hours1. As a consequence a substantial proportion of patients arrive too 

late to benefit from acute therapies such as thrombolysis. A Get with the Guidelines stroke 

program showed that the proportion arriving within two hours of symptom onset did not 

increase significantly between 2003 to 20092. Current efforts to improve thrombolysis delivery 

have shifted, in part, from the organization within the hospitals towards a focus on pre-hospital 

stroke management, as supported by a recent review article1. A central component herein is that 

all links in the pre-hospital pathway matter and must be studied for improvement. Important 

determinants of pre-hospital delay are the delay in seeking medical attention by patient and/

or bystander and characteristics of EMS triage and transport. As such this may be considered 

an example of integrated care in which the patient, and professionals from various healthcare 

organizations work together closely to achieve optimal patient care.

As early recognition and rapid response to symptoms are crucial for improving access to 

thrombolysis, the effects of educational campaigns on stroke knowledge and help seeking 

behavior have been evaluated. Although some of these studies have been successful in raising 

awareness of stroke symptoms and risk factors3,4, they did not translate in the appropriate 

changes in behavior5 – that is calling 911 immediately. In addition, the effects of these publicity 

campaigns are highly variable and wane over time. Future public campaigns should be tailored 

to a more specific subpopulation. For example, minorities and stroke victims who are at high risk 

of stroke such as male sex and old age6. Most important is that public campaigns convey a clear 

message and specific action, such as an immediate 911 call. In educating the public to recognize 

a stroke, the symptoms should be well known. For example, the Face Arm Speech Time (FAST) 

test should be distributed among the whole society so that everyone knows the major symptoms 

such as speech disorders and limb weakness.

Centralized organization models vs. decentralized organization models

In Chapter 3 we demonstrated a 50% greater likelihood and up to 22% overall treatment 

rate with thrombolysis in a centralized model of acute stroke care compared to decentralized 

care at community hospitals. In the Netherlands, the incidence of stroke is expected to rise to 

2.6 per 1,000 persons in 2020, leading to 44,200 stroke admissions per year on an estimated 

17 million inhabitants7. With a 1% increase in thrombolysis rate this would result in 442 additional 

patients treated every year. Should hospitals be able to treat 22% as in our study, around the 

10,000 would be treated with thrombolysis leading to a rise of 10% in the number of patients 
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achieving independent functional outcome8. In addition substantial reductions in healthcare 

costs may be expected due to less patients requiring long-term (nursing) care. As acute stroke 

care settings and distances to hospitals that offer thrombolysis may differ, attempts should be 

undertaken to replicate the findings obtained in this thesis in other regions of the Netherlands 

and beyond. Appointing regional stroke champions to promote the benefits of centralized care 

and communication with GPs and EMS may be deployed to support such initiatives. This way 

the benefits of a centralized organizational model, as supported by the findings published in this 

thesis and international stroke guidelines9, may be realized more quickly in clinical practice and 

used to further improve thrombolysis delivery.

Attempts to further centralize acute stroke care in regions other than ours should be accompanied 

by promotional activities in the region, which can be carried out by a regional stroke champion. 

For example, inform patients to call 911 immediately in case of suspected stroke, and explain 

that centralization of care is in their own best interest because it leads to an increase in quality 

of care10. The delay occurring by first contacting the GP may be substantial. Approximately 50% 

of all stroke patients, including those potentially eligible for thrombolysis, first contact their 

GP following the onset of stroke symptoms. More effort should be undertaken to scrutinize 

data collected at the GP offices, because time delays to ambulance calls are significantly 

longer for stroke patients when the GP is first contacted11. In particular, triage of suspected 

stroke patients and subsequent actions; i.e. direct transport to the hospital by ambulance or 

not should be further studied. Unpublished experiments using our simulation model12 suggest 

that the proportion of patients treated with thrombolysis may be increased by 1-8% when all 

patients would immediately contact 911 following stroke onset. Also EMS dispatch operators and 

ambulance personnel should be continuously trained in recognizing stroke symptoms and the 

use of scales for stroke recognition such as the FAST test and how to act. Finally, it is important 

that prenotification of the receiving hospitals is used allowing the hospital to prepare for the 

arrival of the patient and to have immediate access to the CT scan. With prenotification it is 

possible to achieve a door-to-needle time of 20-25 minutes at different settings, as shown in 

previous studies13,14. The hospitals in which thrombolysis is no longer provided may be further 

trained in providing optimal stroke care after the acute phase. Of course factors such as driving 

distance and driving time to hospitals providing thrombolysis are important. However, we 

demonstrated in Chapter 3 that additional driving time for patients treated with thrombolysis in 

case of centralized stroke care can be largely compensated by a shorter door-to-needle time of 

12 minutes (35 versus 47 for decentralized care).
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Exploiting simulation models in improving thrombolysis delivery

In this thesis we stress the potential of simulation for improving acute stroke care. Use of 

simulation implies alternative study modes for assessing the impact of proposed interventions 

for optimizing the stroke pathway (Chapter 5), those studies seeking to explain differences 

among organizational models (Chapter 6), and studies investigating the effects of reorganizing 

organizational models on short-term costs and travel time (Chapter 7). Other interesting uses 

include a-priori assessment of improvement approaches prior to investments in clinical research. 

Apart from its use for research purposes concerning organization models and the stroke pathway, 

simulation models may also be used for practical implementation purposes, assuming a region 

by region optimization of acute stroke care, thereby accounting for regional differences. Ideally, 

such use of simulation should go together with a project approach, detailing steps to undertake, 

and its management. Examples are available in the engineering domain, but require tailoring for 

their application for acute stroke care.

The potential of simulation models in future stroke research may include implementation of 

improvement approaches suggested by simulation studies to investigate whether comparable 

results may be achieved in clinical practice. Implementation should be supported by face validity 

of the simulation model as offered by domain experts, patient-focused outcomes, and literature 

observations to overcome potential organizational inertia15. To expand future use of simulation in 

stroke and healthcare, a generic model should be pursued in which local variations can be easily 

accounted for, so that future attempts to improve thrombolysis may be deployed regardless of 

regional differences in stroke care set-up. This may include studying the effects of centralizing 

stroke care in other parts of the Netherlands. For example, the consequence of increases in 

ambulance transport time may be modeled and quantified in terms of clinical outcomes such 

as thrombolysis rates and patient outcome (Chapter 7). In addition, cost-effectiveness of 

interventions may be performed.

Emerging technologies

In the future, the pre-hospital emergency teams may be involved in thrombolysis treatment 

themselves. Developments indicate that it is possible to improve pre-hospital stroke management 

by transfer of all diagnostic and therapeutic measures already to the pre-hospital phase of stroke 

management. This way diagnosis and treatment of ischemic stroke patients is already available 

at the emergency site, as shown in recent trials16,17. For example, by using a Mobile Stroke Unit 

(MSU), that is an ambulance which includes everything needed for the diagnosis and treatment 

of acute stroke such as a CT scanner, a POC diagnostic device, and telemedicine connection 

to the hospital, time to thrombolysis treatment can be reduced by 50%16. However, medical 
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benefits and best setting still have to be further explored. For example, distances to hospitals 

offering thrombolysis in the Netherlands are relatively short compared to, for example, to regions 

in the United States of America or Australia. Therefore the feasibility of MSUs has to be studied 

per region prior to implementation. Also, cost-effectiveness of the MSU is unclear and has to be 

further studied.

Cost of centralizing thrombolysis treatment in decentralized stroke 
care settings

The cost analysis performed in Chapter 7 suggests that it would be more efficient in terms of 

resource and personnel utilization to centralize acute stroke therapies such as thrombolysis. In 

addition, it is made plausible that raising acute stroke care at low volume community hospitals 

to the level of specialized hospitals places a great strain on limited hospital budgets and may not 

be sustainable in the long run. To facilitate future economic evaluations, standard registration of 

the EQ-5D questionnaire18 should be considered. This way utility values can be obtained a-priori 

and used to make accurate calculations of the costs and benefits associated with proposed 

improvement approaches. Together with making improvements along the stroke pathway, the 

question is warranted whether the time has come for broad implementation of centralized acute 

stroke care in other parts of the Netherlands and beyond. This way a larger proportion of patients 

may receive state-of-art stroke treatment in the future.
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Summary

Stroke remains a major contributor of long-term disability and causes around 9% of all deaths 

around the world. In spite of substantial improvements in acute stroke treatment such as the 

introduction of the stroke unit, aspirin, and tissue plasminogen activator (tPA) or thrombolysis 

the health impact persists. Treatment with thrombolysis is the most effective treatment for acute 

brain infarction within 4.5 hours after symptom onset with an average number needed to treat 

to improve outcome to minimal or no neurological deficit of one person in seven. However, since 

the first publication on the effectiveness of thrombolysis almost twenty years ago it remains 

substantially underused. Organizational models of acute stroke care are one of the factors that 

determine undertreatment of thrombolysis. Strategies to improve thrombolysis delivery have 

primarily relied on the use of Randomized Controlled Trials (RCTs). However, the efficacy of RCTs 

in complex treatment trajectories such as thrombolysis may be limited. Simulation may provide 

an efficient alternative research methodology for testing interventions aimed at resolving barriers 

along the stroke pathway. This has been the topic of this thesis.

Organizational models in acute ischemic stroke

To improve and facilitate thrombolysis delivery novel organizational models for acute stroke 

care have been developed. In Chapter 2 we summarized the efficacy of four organizational 

models to enhance implementation of thrombolysis: primary and comprehensive stroke 

centers, telemedicine initiatives, and the mobile stroke unit concept. Results indicated that 

all organizational models achieved improvements in thrombolysis rates, functional outcomes, 

and time to treatment, although considerable variation exists between models. Stroke centers 

predominantly serve urban areas with relative short distances to hospitals. Telemedicine is applied 

to rural areas in which stroke expertise is provided via teleconsulting by stroke centers to outlying 

community hospitals. The mobile stroke unit concept aims at providing diagnosis and treatment 

of acute stroke directly at the emergency site, in an attempt to reduce time to treatment.

In Chapter 3 we performed a head to head comparison of the proportion of patients treated 

with thrombolysis in a centralized versus a decentralized organizational model. Results indicate 

that a centralized model renders a 50% greater likelihood of tPA treatment exists compared to 

decentralized stroke care, which was statistically significant in both univariate and multivariate 

analysis. Importantly, among patients arriving in hospital within 4.5 hours thrombolysis rates were 

similar for both models (50%), suggesting that pre-hospital factors were the main determinants 

of the difference in treatment rates observed. The centralized model yielded a larger proportion 

of patients arriving within the 4.5 hour time window for thrombolysis (44%) compared to the 

decentralized model (28%). In addition a significantly shorter door-to-needle time was achieved 
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in the centralized model (median 35 minutes) compared to a median of 47  minutes in the 

decentral model (P=0.01). The latter was offset by a longer onset-to-door time in the centralized 

model resulting in comparable total process times (onset-to-treatment time). Of all patient 

thrombolyzed 66% reached a good functional outcome (defined as modified Rankin Scale 0-2) 

at three months in the centralized model compared to 52% in the decentralized model. This 

was not statistically significant (P=0.12). The rate of symptomatic intracerebral hemorrhage was 

similar between models; i.e. 2% in the centralized versus 3% in the decentralized model.

It is unlikely that a selection bias; i.e. fewer patients registered in either organizational model 

contributed to the outcome measures reported in Chapter 3, because incidence of stroke did 

not differ between the two regions served by different models. Supplemental retrospective 

data suggest that within the decentralized model a larger proportion of all patients transported 

by Emergency Medical Services (EMS) as a potential stroke victim were not registered in the 

study (approximately 5% versus 2% in the centralized model). This could have led to a selection 

bias of stroke patients and hence may have lowered the proportion of patients treated with 

thrombolysis in the decentralized model. These data however remain speculative and should be 

further examined before definite conclusions can be drawn. Moreover, even in case of a possible 

difference between models it would only pertain to a small proportion of the total population.

In Chapter 4 we investigated whether pre-hospital factors differed between the centralized and 

decentralized organizational model. Within the centralized model a significantly higher rate of 

EMS utilization was observed both in the overall study population and for those referred by the 

General Practitioner (GP). Also more patients received high priority ambulance transportation. 

On the other hand, more misdiagnoses by EMS were observed in the centralized model possibly 

suggesting a more liberal referral policy of EMS. In addition preferential referral of thrombolysis 

candidates, i.e., those stroke patients arriving within the 4.5 hours time window, toward the 

centralized model was observed in regions were both models co-existed and competed for 

stroke patients. Because the number of strokes correctly identified by EMS dispatchers (88% in 

the central and 94% in the decentral model), and not all thrombolysis candidates were assigned 

high priority transport (95% in the central and 88% in the decentral model), there is still room for 

improvement and a need for continuous education. Notably, the emergency priority for stroke 

should be the same as for myocardial infarction and trauma patients. By improving the emergency 

dispatch for stroke patients the time to hospital arrival can be reduced and thrombolysis rates 

may be increased substantially (i.e. from 10% to 24% as shown in other settings than our own).

Use of simulation models in healthcare

Within this thesis simulation modeling was used to study overall system performance, and 

particularly, all unknown associations between individual parts of the chain, i.e. the determinants 
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of performance. The aim was to identify and integrate potential targets for improving thrombolysis 

delivery. We demonstrated that simulation may be used as an efficient research method and 

that results obtained come close to a realistic scenario for broad (national) implementation. In 

Chapter 5 we proposed and applied a simulation based approach to improve thrombolysis rates 

in acute ischemic stroke. The aim of this study was to reveal potential barriers along the overall 

acute stroke pathway for the centralized model, and study improvements in terms of thrombolysis 

rates, Onset-Treatment-Time (OTT), and the proportion of patients treated within 1.5 h. Relative 

lengthy delays were observed for the time spent by ambulance personnel at the location of 

the patient and for the time between hospital arrival and laboratory examination. Comparing 

patients treated and not treated with thrombolysis revealed large between-group differences for 

the period between symptom onset and call for help and high priority ambulance transportation. 

Suggested solutions for barriers included a scoop-and-run protocol for ambulance personnel 

to reduce the time spent at the emergency site by 50%, and a Point-Of-Care (POC) laboratory 

device to reduce time to laboratory examination to 1 minute, based on expert consultation 

and literature observations. By implementing a scoop-and-run protocol thrombolysis rates might 

increase by 1.2%, reduce OTT by 7 minutes, and increase the proportion of patients within 

1.5 h by 4.8%. Introducing a POC device resulted in a 3.2% increase in thrombolysis rates, 

and a decrease in OTT of 20 minutes. In addition a 19.2% increase in the proportion treated 

within 1.5 h may be expected. Increasing high priority ambulance transportation resulted in 0.1% 

increase in thrombolysis rates, a 1 minute decrease in OTT, and 0.1% increase in the proportion 

thrombolyzed within 1.5 h. The impact of publicity campaigns to increase adequate and timely 

response appeared difficult to quantify and was not subjected to further examination.

In Chapter 6 we used a simulation model to assess the impact of previously identified success 

factors of centralized stroke care on thrombolysis rates and patient outcome when implemented 

in a decentralized stroke care setting. Factors simulated included period between symptom onset 

to call for help, ambulance transportation, and in-hospital diagnostic work-up. Results suggest 

that combining all scenarios may result in a 7.9% increase in thrombolysis rates, of which of 

which 6.6% ascribed to pre-hospital and 1.3% to in-hospital factors. Good functional outcome 

would increase by 11.4%, 8.7% ascribed to pre-hospital and 2.7% to in-hospital factors. The 

OTT decreased 17 minutes, 7 minutes ascribed to pre-hospital and 10 minutes to in-hospital 

factors. An increase was observed in the proportion thrombolyzed within 1.5 hours; increasing 

by 14.1%, of which 5.6% ascribed to pre-hospital and 8.5% to in-hospital factors.

The results of Chapter 5 and Chapter 6 demonstrate that simulation models are well suited to 

efficiently explore factors along the entire stroke pathway, either in isolation or combined.  Rather 

than focusing on separate elements of an incomplete acute stroke care system, a simulation 

model may be used to identify and assess potential barriers of unnecessary delay along the entire 
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stroke chain of care. Using simulation as a replacement or precursor to real-life testing in RCTs, 

may allow for quicker answers at lower costs and may therefore function as a useful research 

methodology in improving thrombolysis delivery. Simulation experiments obviously precede 

implementation to check whether comparable results can actually be achieved in clinical practice. 

By using the results obtained from simulation, implementation studies may be tailored towards 

improving factors impacting most on thrombolysis rates and patient outcome, while excluding 

others that do not. Thus, the efficiency of simulation modeling may allow for targeting of those 

interventions along the stroke pathway that do really matter.

In Chapter 7 we performed a modeling study to assess the effects of centralizing thrombolysis 

treatment in decentralized stroke care systems on short-term costs and travel time. Using a 

simulation model, two scenarios to improve stroke care at decentralized settings were considered: 

(1) raising stroke care at all community hospitals separately, and (2) centralizing thrombolysis 

treatment. In case of raising care at all hospitals separately the annual incremental mean costs 

per patient was US$ 2,859 at a mean of US$ 6,333 (95% CI, 4,334 – 8,427), compared to 

US$ 3,474 (95% CI, 1,476 – 5,570) in case of centralization of thrombolysis (P<0.01). In case of 

centralization the overall travel time increased from 12.0 (95% CI, 1.7 – 33.1) to 18.5 (95% CI, 

2.0 – 54.0) minutes (P<0.01), and for thrombolysis candidates from 10.8 (95% CI, 1.7 – 30.0) to 

25.0 (95% CI, 4.0 – 48.4, P<0.01). Thrombolysis rates decreased from 22.1 to 21.4% (P=0.30), 

and OTT increased from 118.9 to 124.0 minutes (P<0.01).
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Samenvatting

Beroerte is een belangrijke oorzaak van langdurige arbeidsongeschiktheid en veroorzaakt 

ongeveer 9% van alle sterfgevallen in de wereld. Ondanks aanzienlijke verbeteringen in de 

acute behandeling van een beroerte, zoals de invoering van de stroke unit, aspirine, en weefsel 

plasminogeen activator of trombolyse houden de gevolgen voor de gezondheid aan. Behandeling 

met trombolyse is de meest effectieve behandeling voor een acuut herseninfarct binnen 

4,5 uur na het ontstaan   van de symptomen. Echter, sinds het aantonen van de effectiviteit van 

trombolyse bijna twintig jaar geleden blijft het in hoge mate onderbenut. Organisatiemodellen 

voor acute beroerte zorg zijn een van de factoren die deze onderbehandeling met trombolyse 

bepalen. Strategieën om het gebruik van trombolyse te verbeteren gaan vooral uit van de 

toepassing van gerandomiseerde klinische trials (RCTs). Echter, de effectiviteit van RCTs in 

complexe behandeltrajecten zoals trombolyse is beperkt. Simulatie kan een efficiënte alternatieve 

onderzoeksmethodologie zijn voor het testen van interventies gericht op het oplossen van 

obstakels binnen de zorgketen. Dit is het onderwerp van dit proefschrift.

Organisatiemodellen voor de acute beroertezorg

Ter verbetering van het gebruik van trombolyse zijn nieuwe organisatiemodellen voor de acute 

beroertezorg ontwikkeld. In Hoofdstuk 2 hebben we de effectiviteit van vier organisatiemodellen 

ter verbetering van de trombolyse behandeling samengevat: gespecialiseerde ziekenhuizen 

(primaire en secundaire stroke centers), telegeneeskunde initiatieven, en het mobiele stroke 

unit concept. Resultaten gaven aan dat alle organisatiemodellen verbeteringen behaalden 

in de proportie patienten behandeld met trombolyse, functionele uitkomst van de patiënt 

na 3 maanden, en de tijd tot behandeling, hoewel er grote verschillen bestaan   tussen de 

modellen. Stroke centers worden overwegend ingezet in stedelijke gebieden met relatief korte 

reisafstanden naar het ziekenhuis. Telegeneeskunde wordt toegepast op het platteland waar 

beroertedeskundigheid wordt geleverd door gespecialiseerde centra via telecommunicatie met 

het afgelegen ziekenhuis. Het mobiele stroke concept beoogt diagnose en behandeling van 

acute beroerte bij de patient ter plaatse, in een poging de tijd tot behandeling te verkorten.

In Hoofdstuk 3 hebben we een directe vergelijking uitgevoerd tussen de proportie 

patiënten behandeld met trombolyse in een gecentraliseerd versus een gedecentraliseerd 

organisatiemodel. Resultaten lieten zien dat binnen een gecentraliseerd organisatiemodel 

patiënten een 50% grotere kans op behandeling met trombolyse hebben in vergelijking met 

een gedecentraliseerd organisatiemodel, een verschil dat statistisch significant was in zowel 

de univariate als multivariate analyse. Onder patiënten die aankomen in het ziekenhuis binnen 

4.5 uur na ontstaan klachten waren de trombolysepercentages gelijk voor beide modellen, dat 
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wil zeggen 50%, wat erop wijst dat de pre-hospitale factoren de belangrijkste determinanten 

waren voor het geconstateerde verschil in behandeling. Binnen het gecentraliseerde model 

arriveerde een groter deel van de patiënten binnen het tijdvenster van 4.5 uur voor trombolyse 

(44%) in vergelijking met het gedecentraliseerde model (28%). Daarnaast werd een significant 

kortere ‘door-to-needle’ tijd gerealiseerd in het gecentraliseerde model (mediaan 35 minuten) in 

vergelijking met een gemiddelde van 47 minuten in het decentrale model (p = 0.01). Dit laatste 

werd gecompenseerd door een langere ‘onset-to-door’ tijd in het gecentraliseerde model, 

resulterend in vergelijkbare totale proces tijden (‘onset-to-needle’). Van alle patiënten behandeld 

met trombolyse bereikten 66% in het gecentraliseerde model een goede functionele uitkomst 

(gedefinieerd als modified Rankin Scale 0-2) drie maanden na het ontstaan van de beroerte, 

tegenover 52% in het gedecentraliseerde model. Dit was niet statistisch significant (P = 0.12). De 

incidentie van symptomatische intracerebrale bloeding was vergelijkbaar tussen modellen, dat 

willen zeggen 2% in de gecentraliseerde versus 3% in het gedecentraliseerde model.

Het is onwaarschijnlijk dat een selectiebias, dat wil zeggen minder patiënten geregistreerd in 

een van beide organisatiemodellen heeft bijgedragen aan de uitkomstmaten beschreven in 

Hoofdstuk 3, omdat de incidentie van beroertes niet verschilde tussen de twee modellen. 

Aanvullende retrospectieve gegevens suggereren dat binnen het gedecentraliseerde model een 

groter deel van alle patiënten vervoerd door de ambulancedienst als een mogelijke beroerte 

patient niet geregistreerd werd in het onderzoek (ongeveer 5% versus 2% in het gecentraliseerde 

model). Dit zou kunnen hebben geleid tot een daling in de proportie patiënten behandeld met 

trombolyse in het gedecentraliseerd model. Deze gegevens blijven echter speculatief en moeten 

verder worden onderzocht voordat definitieve conclusies kunnen worden getrokken. Bovendien, 

zelfs in het geval van een eventueel verschil tussen beide organisatiemodellen zou dit slechts een 

klein deel van de totale populatie betreffen.

In Hoofdstuk 4 hebben we onderzocht of pre-hospitale factoren verschilden tussen het centrale 

en decentrale organisatiemodel. Binnen het gecentraliseerde model werd een significant hogere 

mate van ambulance gebruik waargenomen voor zowel de totale onderzoekspopulatie als 

voor degenen doorverwezen door de huisarts. Ook meer patiënten kregen een hoge prioriteit 

ambulancevervoer. Aan de andere kant werden er meer verkeerde (‘fout positieve’) diagnoses 

door de ambulancedienst vastgesteld in het gecentraliseerde model wat wellicht een meer liberaal 

instuurbeleid suggereert. Daarnaast werd een preferentiële verwijzing van trombolysekandidaten 

in de richting van het gecentraliseerde model waargenomen in regio’s waar beide modellen 

actief zijn   en concurreerden om patiënten. Omdat het aantal patiënten correct getrieerd als 

beroerte door de ambulancediensten (88% in het centrale en 94% in het decentrale model), en 

niet alle trombolyse kandidaten de hoogste prioriteit van ambulancevervoer kregen (95% in het 

centrale en 88% in het decentrale model), is er nog ruimte voor verbetering en behoefte aan 

permanente educatie. Ambulancediensten dienen een mogelijke beroerte met dezelfde prioriteit 
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als het myocard infarct en trauma patiënten aan te duiden. Door het verbeteren van de prioriteit 

van ambulancediensten kan de tijd naar het ziekenhuis worden verminderd en trombolyse 

percentages aanzienlijk worden verhoogd (dat wil zeggen van 10% tot 24%, zoals aangetoond 

in instellingen anders dan de onze).

Het gebruik van simulatiemodellen in de gezondheidszorg

Binnen dit proefschrift werd simulatie gebruikt voor het bestuderen van prestatie van de 

zorgketen als geheel, in het bijzonder relaties tussen individuele schakels van de keten; i.e. 

de determinanten van prestatie. Het doel was het identificeren en integreren van potentiële 

verbeteringen in het zorgproces om het gebruik van trombolyse te verhogen. We hebben 

aangetoond dat simulatie kan worden gebruikt als een efficiënte methode van onderzoek 

en dat de verkregen resultaten in de buurt komen van een realistisch scenario voor brede 

(nationale) implementatie. In Hoofdstuk 5 hebben we een op simulatie gebaseerde benadering 

voorgesteld en toegepast om trombolyse percentages te verhogen voor het acute herseninfarct. 

Het doel van deze studie was om potentiële obstakels binnen het zorgtraject te identificeren 

voor het gecentraliseerd model, en mogelijke verbeteringen te kwantificeren op het gebied van 

de proportie patiënten behandeld met trombolyse, totale procestijd, en de proportie patiënten 

behandelt binnen 1,5 uur. Geïdentificeerde barrières waren de tijd besteed door ambulance 

personeel op de locatie van de patiënt en voor de tijd tussen ziekenhuis aankomst en uitkomst 

van het laboratoriumonderzoek. Tussen patiënten behandeld en niet behandeld met trombolyse 

bleken grote verschillen te bestaan tussen de groepen in de periode tussen aanvang van de 

symptomen en het inschakelen van hulpdiensten en hoog urgent ambulancevervoer. Oplossingen 

voor de barrières waren introductie van een ‘scoop-and-run’ protocol voor ambulance personeel 

om de tijd die de hulpdiensten ter plaatse waren met 50% te verminderen, en een Point-Of-

Care (POC) laboratoriumapparaat voor het reduceren van de tijd voor laboratoriumonderzoek 

naar 1 minuut, op basis van raadpleging van deskundigen en observaties in de literatuur. Door 

implementatie van een ‘scoop-and-run’ protocol zou de proportie patienten behandeld met 

trombolyse kunnen stijgen met 1.2%, de procestijd verlaagt worden met 7 minuten, en de 

proportie patiënten behandeld binnen 1.5 uur verhogen met 4.8%. Introductie van een POC 

apparaat resulteerde in een stijging van 3.2% in trombolyse, en een afname van 20 minuten 

in totale procestijd. Daarnaast is een toename van 19.2% in de proportie patiënten behandeld 

binnen 1.5 uur te verwachten. Het verhogen van de prioriteit van ambulancevervoer resulteerde 

in 0.1% stijging in trombolyse, een afname van 1 minuut in de totale procestijd, en een 0.1% 

toename in de proportie behandelt binnen 1.5 uur. De impact van reclamecampagnes om 

adequate en tijdige respons te verhogen bleek moeilijk te kwantificeren en is niet onderworpen 

aan nader onderzoek.
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In Hoofdstuk 6 hebben we gebruik gemaakt van een simulatiemodel om de impact van 

eerder geïdentificeerde succesfactoren van gecentraliseerde zorg op trombolyse percentages 

en patiënt uitkomsten te onderzoeken wanneer deze zouden worden geïmplementeerd in een 

gedecentraliseerd zorgmodel. Factoren opgenomen in het simulatiemodel waren de periode 

tussen aanvang van de symptomen en het inschakelen van hulpdiensten, ambulancevervoer, en 

diagnostiek in het ziekenhuis. De resultaten suggereren dat het combineren van alle scenario’s 

zou resulteren in een toename van 7.9% in de proportie patiënten behandeld met trombolyse, 

waarvan 6.6% toegeschreven aan pre-hospitale factoren en 1.3% aan factoren binnen het 

ziekenhuis. Goede functioneel uitkomst zou met 11.4% stijgen, waarvan 8.7% toegeschreven 

aan pre-hospitale factoren en 2.7% aan factoren in het ziekenhuis. De totale procestijd daalde 

met 17 minuten, waarvan 7 minuten toegeschreven aan pre-hospitale factoren en 10 minuten 

aan factoren binnen het ziekenhuis. Een toename werd waargenomen in de proportie patiënten 

behandeld binnen 1,5 uur met 14.1%, waarvan 5.6% toegeschreven aan pre-hospitale factoren 

en 8.5% aan factoren in het ziekenhuis.

De resultaten van Hoofdstuk 5 en Hoofdstuk 6 laten zien dat simulatiemodellen geschikt 

zijn om efficiënt te kunnen onderzoeken welke factoren in het gehele zorgtraject bijdragen 

aan hogere trombolyse percentages en een betere uitkomst voor de patiënt, hetzij afzonderlijk 

of in combinatie. In plaats van een focus op afzonderlijke elementen van het zorgsysteem kan 

een simulatiemodel worden gebruikt om potentiële belemmeringen van onnodige vertraging 

langs de gehele keten van zorg te identificeren. Simulatie, als vervanging of voorloper van ‘real-

life’ testen zoals bij RCTs, kan zorgen voor snellere antwoorden tegen lagere kosten en kan 

dus functioneren als een bruikbare onderzoeksmethode in het verbeteren van het gebruik van 

trombolyse. Simulatie dient in sommige gevallen voorafgegaan te worden door praktijkstudies 

om na te gaan of vergelijkbare resultaten kunnen worden bereikt. Door gebruik te maken van 

de resultaten verkregen uit simulatie kunnen studies beter worden toegesneden op verbetering 

van factoren die van het meest van invloed zijn op trombolyse percentages en goede patient 

uitkomsten.

In Hoofdstuk 7 hebben we een simulatiestudie uitgevoerd naar de korte termijn kosten 

geassocieerd met het verbeteren van zorg rondom beroerte patiënten in het gedecentraliseerde 

organisatiemodel. Twee scenario’s zijn onderzocht: (1) het verhogen van de zorg naar de standaard 

van gecentraliseerde zorg bij alle algemene ziekenhuizen afzonderlijk, of (2) centralisatie van 

trombolyse. Daarnaast hebben we het effect van centralisatie op reistijd naar het ziekenhuis, en de 

effecten op trombolyse percentages en totale procestijd onderzocht. Resultaten suggereren dat 

het verhogen van zorg in alle ziekenhuizen afzonderlijk leidt tot gemiddeld jaarlijkse toenemende 

kosten per patiënt van US$ 2,859 bij een gemiddelde van US$ 6,333 (95% CI, 4,334 – 8,427), 

in vergelijking met US$ 3,474 (95% CI, 1,476 – 5,570) in het scenario van centralisatie (P<0.01). 
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Centralisatie leidt verder tot een toename in reistijd van 12.0 (95% CI, 1.7 – 33.1) naar 18.5 

(95% CI, 2.0 – 54.0) minuten (P<0.01), en voor trombolysekandidaten van 10.8 (95% CI, 1.7 

– 30.0) naar 25.0 (95% CI, 4.0 – 48.4) minuten (P<0.01). Een daling in de proportie patiënten 

behandelt met trombolyse van 22.1 naar 21.4% (P=0.30) is te verwachten, en een toename in 

totale procestijd van 118.9 naar 124.0 minuten (P<0.01).
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Dankwoord

Dit proefschrift was niet tot stand gekomen zonder de ondersteuning van een groot aantal 

mensen. Graag wil ik een aantal van hen specifiek benoemen. 

Ten eerste wil ik alle patiënten die hebben deelgenomen aan deze studie heel hartelijk bedanken. 

Zonder jullie medewerking was dit proefschrift niet tot stand gekomen, en ik hoop dat de 

verkregen resultaten een bijdrage kunnen leveren aan betere patiëntenzorg voor mensen met 

een beroerte. 

Ik wil mijn promotor Prof. dr. Erik Buskens en co-promotores Dr. Gert-Jan Luijckx, Dr. Durk-Jouke 

van der Zee, en Dr. Patrick Vroomen danken voor hun steun en plezierige begeleiding binnen 

deze afgelopen periode, zonder jullie was dit mooie eindresultaat er nooit gekomen.

Beste Gert-Jan, via een capita selecta van mijn research master ben ik met je in contact 

gekomen, waaraan we heel prettig hebben samengewerkt. Je hebt me daarna benaderd voor 

het promotietraject bij de afdeling neurologie van het UMCG. Het onderwerp, de organisatie 

van acute behandeling voor mensen met een herseninfarct, was voor mij een schot in de roos. 

In de eerste plaats bedankt dat je mij, natuurlijk in samenspraak met de andere begeleiders, 

deze kans hebt geboden. Het is een grote eer geweest om jou als begeleider binnen het stroke 

onderwerp mee te mogen maken. Naast je expertise op het onderwerp weet je als geen ander 

onderzoeksresultaten met een klinische blik kort en bondig op te schrijven. Daarnaast stimuleerde 

je mij om manuscripten zo simpel mogelijk op te schrijven, iets waar ik zeker in het begin nog 

weleens moeite mee had. Je hebt het tempo er altijd goed ingehouden wat ik erg fijn vond, en je 

kwam daarnaast vaak even de kamer binnenlopen voor een ontspannend praatje over dit of dat.

Beste Erik, als promotor wil ik je bedanken voor het feit dat je, ondanks je drukke werkzaam-

heden bij Healthy Ageing, altijd meer dan voldoende tijd hebt genomen voor ons project. Met 

name je vlotte reacties op manuscripten die je altijd nog aanzienlijk wist te verbeteren hebben 

grote indruk op mij gemaakt. Dank voor het behouden van het overzicht over het project, 

vooral op momenten dat ik mij teveel bezig hield met details. Daarnaast bedank ik je voor het 

vertrouwen dat je in me hebt uitgesproken door me een nieuwe functie aan te bieden na mijn 

promotie bij Healthy Ageing. Ik hoop nog heel veel van je te mogen leren.

Beste Durk-Jouke, het was voor mij nooit een straf om de afstand tussen het UMCG en het 

Zernike complex af te leggen. Bedankt dat je mij hebt ingeleid in de wondere wereld van simulatie, 

en mij de toegevoegde waarde van simulatiemodellen binnen de gezondheidszorg hebt laten 

zien. Daarnaast heb ik je als begeleider als bijzonder prettig ervaren, je was enthousiast, kritisch 

op de juiste momenten, en stimuleerde mij in mijn eigen ontwikkeling.
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Beste Patrick, het was natuurlijk ook een eer om met jou te werken aan onderzoek binnen 

het stroke onderwerp. Waar ik zeer van heb genoten waren onze scherpe discussies omtrent 

data analyses en de mogelijke conclusies die we hier wel of niet uit konden trekken. Daarnaast 

heb ik enorm veel geleerd van jouw grammaticale kennis bij het schrijven van manuscripten, en 

van jouw beheersing van de Engelse taal. Dank hiervoor.

Ik wil de leden van de leescommissie heel hartelijk bedanken voor het beoordelen van mijn 

proefschrift.

Prof. dr. D.W.J. Dippel, als expert op het gebied van stroke onderzoek en de implementatie 

van cerebrale trombolyse was het voor mij een grote eer om mijn proefschrift door u te laten 

beoordelen, dank hiervoor.

Prof. dr. C.T.B. Ahaus, hartelijk dank dat u als bedrijfskundige vanuit een andere hoek dit 

proefschrift heeft willen beoordelen, en daarnaast voor alle tips die u mij heeft gegeven. 

Prof. dr. H.P.H. Kremer, ik ben zeer verheugd dat u als hoofd van de afdeling neurologie van 

het UMCG mijn proefschrift heeft willen beoordelen, dank hiervoor. 

Ik wil daarnaast Prof. dr. G.P. Westert, Prof. dr. M.J. Ijzerman, Prof. dr. A.M.G.A. de Smet, en 

Dr. W.J. Schuiling heel hartelijk bedanken dat ze zitting hebben willen nemen in de corona, en 

dat ze tijd hebben vrijgemaakt om naar Groningen te komen.

Binnen de afdeling neurologie van het UMCG wou ik in eerste instantie Dr. Luijckx, Prof. dr. 

H.P.H. Kremer, en alle andere mensen die hebben bijgedragen, heel hartelijk bedanken voor 

de financiële ondersteuning zodat we het promotietraject tot zo´n mooi einde hebben kunnen 

brengen. Friedus, Nicole, en alle andere mensen van verpleegafdeling K2 wil ik graag bedanken 

voor hun ondersteuning bij het opvragen en uitzoeken van de data voor het onderzoek. Alle 

kamergenoten bij de afdeling neurologie wil ik graag bedanken voor de fijne werksfeer en 

momenten van ontspanning tussen het werken door. Met name Marcel Aries en Herre Heetla 

wil ik bedanken voor de fijne contacten, we gaan snel weer een biertje drinken!

Ik wil alle participerende organisaties bedanken die hebben meegewerkt aan het verzamelen 

van de data waaruit de studies van dit proefschrift zijn geschreven, zonder jullie steun was dit 

eindresultaat er absoluut niet geweest. Namens de ziekenhuizen wil ik graag de volgende mensen 

bedanken: Dr. S. Schade van Westrum van het Martini ziekenhuis in Groningen, Dr. K.M. Horvath 

van het Refaja ziekenhuis in Stadskanaal, Dr. A. van As van het Delfzicht ziekenhuis in Delfzijl, 

Dr. C. Felisiak van het St. Lucas ziekenhuis in Winschoten, Dr. W.J. Schuiling van het Medisch 

Centrum Leeuwarden, Dr. R.F. Duyff en M. Dongstra van ziekenhuis Tjongerschans in Heerenveen, 

Dr. K. Beintema van het Nij Smellinge ziekenhuis in Drachten, Dr. A.M.H.P. Boreas en G. van 

Assen van het Antonius ziekenhuis in Sneek, Dr. G. Sulter van het Talma Sionsberg ziekenhuis 
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in Dokkum, Dr. J.N. Wessel van het Wilhelmina ziekenhuis in Assen, Dr. J. Trip, Dr. L. Koops, en 

Dr. C. de Langen van het Diaconessenhuis in Meppel, en Dr. P. Oomes van het Bethesda ziekenhuis 

in Hoogeveen. Namens de participerende ambulancediensten wil ik graag de volgende mensen 

bedanken: Dr. R. de Vos en P. Drent van ambulancezorg Groningen, Dr. T. Sandjer, Dr. J. Nijhoff, 

J. Muskee, en H. Hemmes van UMCG ambulancezorg, en R. Kijlstra van Kijlstra Personenvervoer & 

Ambulancegroep Fryslân. Dr. J. Post en D. Kruizinga wil ik bedanken namens de doktersdienst 

Groningen, en Dr. R. Stewart voor de statistische ondersteuning bij het analyseren van de data.

Zonder ondersteuning van familie en vrienden was dit eindresultaat en niet geweest, deze 

mensen wil hier dan ook graag afzonderlijke voor bedanken.

Lieve (voetbal)vrienden, na inspanning volgt ontspanning, of het nu is na een drukke 

werkweek of op zaterdag na de wedstrijd. In alfabetische volgorde: Arjan, Bart, Benjamin, Bert, 

Ernst, Evert, Frank, Geert, Gerrit-Jan, Jaap B, Jaap U, Jan-Willem B, Jan-Willem V, Johan, Kai, 

Lars, Mark L, Mark v/d W, Martijn, Paul, Pieter, Rieuwerd, Robbert, Rogier, Sander, Stefan, en 

Stephan, heel erg bedankt voor de vele momenten van gezelligheid en ontspanning waardoor ik 

mijn hoofd leeg kon maken en mij kon opladen voor de volgende week. Ik voel mij ontzettend 

gelukkig en bevoorrecht om deel uit te mogen maken van zo´n bijzondere groep vrienden, 

waarvan ik sommige al bijna mijn hele leven ken. In het bijzonder wil ik Rieuwerd bedanken voor 

het ontwerpen van de omslag van dit proefschrift.

Namens mijn schoonfamilie wou ik graag de volgende mensen even noemen: Jannie, Marthe 

en Stefan, Jabik, Karin, Thomas en Niek, Gerard en Richtje, Jan en Grada, René en Hinke, Jappie 

en Willy, Alie en Douwe, Dinie en Ine, Wybren en Francien, Aukje, en alle neven en nichten. 

Ik beschouw mijzelf een enorme bofkont dat ik zulke sympathieke en gezellige mensen heb 

mogen leren kennen, en ik hoop met jullie in de toekomst nog vele mooie momenten mee te 

maken. 

Namens mijn familie van buiten Groningen wil ik Chris R., Dick en Marian, An en Chris S, en 

Marten en Pieternel heel erg bedanken dat ze de moeite hebben genomen om naar Groningen 

te komen en samen deze dag mee te maken.

Lieve Joost, je aanstekelijke enthousiasme en optimisme maken jou als mens uniek, en is denk ik 

iets waar veel mensen jaloers op mogen zijn. Houdt dat vast en blijf vooral jezelf.

Lieve Pauline en Marco, wat ben ik blij dat jullie het geluk bij elkaar hebben gevonden. Marco, 

het is een absoluut voorrecht dat ik je heb mogen leren kennen, en ik hoop nog vele mooie 

momenten met je mee te maken. Pauline, ik bewonder je om je sterke persoonlijkheid, sociale 

vaardigheden en je inlevingsvermogen in anderen, ik kan me geen betere zus voorstellen.
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Lieve Papa en Mama, woorden schieten te kort om jullie te bedanken voor alles wat jullie 

voor me hebben gedaan. Jullie hebben me de mogelijkheid gegeven door te studeren en mij 

te ontwikkelen tot de persoon die ik nu ben. Ik heb alles aan jullie te danken. Ik hoop in de 

toekomst iets voor jullie te kunnen doen wat ook maar in de buurt komt van wat jullie voor mij 

hebben gedaan. 

Lieve Sandra, sinds je in mijn leven bent gekomen is alles zoveel mooier. Ik bewonder je om je 

sterke persoonlijkheid, je sympathieke karakter, en de onvoorwaardelijke steun die je altijd geeft 

aan de mensen in je naaste omgeving. Daarnaast ben ik jaloers op je reislust waarmee je mij 

meeneemt naar alle mooie plekjes op de wereld, en ik hoop dan ook dat we samen nog veel 

mooie reizen mogen maken. Je bent mijn alles, en ik hoop dat we nog heel lang samen zullen 

zijn.

Maarten.
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List of Abbreviations

ANOVA analysis of variance

CSC comprehensive stroke center

CI confidence interval

CT computed tomography

ECASS European Cooperative Acute Stroke Study

ED emergency department

EMS emergency medical services

EQ-5D EuroQol 5-dimenstional questionnaire

GP general practitioner

INR international normalized ratio

IQR interquartile range

i.v. intravenous

MESH medical subject headings

mRS modified rankin scale

NINDS national institutes of neurological disorders and stroke

OR odds ratio

OTT onset treatment time

POC point of care

PSC primary stroke center

RCT randomized controlled trial

SD standard deviation

sICH symptomatic intracerebral hemorrhage

SITS-MOST safe implementation of thrombolysis in stroke-monitoring study

TIA transient ischemic attack

tPA  tissue plasminogen activator

UMCG University Medical Center Groningen
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