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TOPICAL REVIEW

Pathway Design for Acute Stroke Care in the Era 
of Endovascular Thrombectomy
A Critical Overview of Optimization Efforts

Willemijn J. Maas , MSc; Maarten M.H. Lahr , PhD; Erik Buskens, MD, PhD; Durk-Jouke van der Zee , PhD*;  
Maarten Uyttenboogaart , MD, PhD*; on behalf of the CONTRAST Investigators

ABSTRACT: The efficacy of intravenous thrombolysis and endovascular thrombectomy (EVT) for acute ischemic stroke is highly 
time dependent. Optimal organization of acute stroke care is therefore important to reduce treatment delays but has become 
more complex after the introduction of EVT as regular treatment for large vessel occlusions. There is no singular optimal 
organizational model that can be generalized to different geographic regions worldwide. Current dominant organizational 
models for EVT include the drip-and-ship- and mothership model. Guidelines recommend routing of suspected patients 
with stroke to the nearest intravenous thrombolysis capable facility; however, the choice of routing to a certain model 
should depend on regional stroke service organization and individual patient characteristics. In general, design approaches 
for organizing stroke care are required, in which 2 key strategies could be considered. The first entails the identification of 
interventions within existing organizational models for optimizing timely delivery of intravenous thrombolysis and/or EVT. This 
includes adaptive patient routing toward a comprehensive stroke center, which focuses particularly on prehospital triage 
tools; bringing intravenous thrombolysis or EVT to the location of the patient; and expediting services and processes along 
the stroke pathway. The second strategy is to develop analytical or simulation model-based approaches enabling the design 
and evaluation of organizational models before their implementation. Organizational models for acute stroke care need 
to take regional and patient characteristics into account and can most efficiently be assessed and optimized through the 
application of model-based approaches.

Key Words:  models, organizational ◼ stroke, acute ◼ thrombectomy ◼ triage

During an acute ischemic stroke, around 2 million 
neurons are irrevocably lost every minute.1 The effi-
cacy of intravenous thrombolysis (IVT) and endovas-

cular thrombectomy (EVT) are strongly time dependent, 
and any delay in treatment initiation negatively impacts 
patients’ functional outcomes.2–5

See related article, p 3190

Although the effectiveness of EVT may be undis-
puted, optimal implementation and up scaling of this 
treatment does not automatically follow.6 Successful 

treatment delivery depends on the existing local infra-
structure, comprising ambulance services and hos-
pitals offering IVT and EVT. The drip-and-ship model 
entails initial routing of patients to the nearest primary 
stroke center (PSC) for diagnostic work-up and IVT. 
Subsequently, patients may be transported to the near-
est comprehensive stroke center (CSC) to undergo 
EVT. Conversely, in the mothership model, patients are 
routed directly to a CSC for IVT administration and, if 
appropriate, EVT treatment. Typically, these patients 
are already in proximity of a CSC.

Worldwide, there is a huge variation in the ratio of 
PSCs/CSCs, as well as the number of PSCs/CSCs per 
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inhabitant.7 For example, Denmark has 3 CSCs8 com-
pared with 20 CSCs in the Netherlands, while popula-
tion size is only 3-fold higher in the Netherlands. In 
urban areas, more CSCs are available, leading to a pre-
dominant mothership model, whereas in rural areas a 
drip-and-ship model is more prevalent.9,10 Differences 
in reimbursement regulations between countries may 
also contribute to the design of acute stroke care orga-
nization. For example, in Scandinavian countries, reim-
bursement is regulated by national health care systems 
that facilitates central coordination and allocation of 
PSCs and CSCs.11

Previous reviews and meta-analyses have sum-
marized and compared patient outcomes in relation 
to different types of organizational models that are 
currently used in daily clinical practice.12–15 Generally, 
these previous studies tend to ignore regional health-
related infrastructure and patients’ characteristics.12 
These characteristics are critical and must be consid-
ered in the design of organizational models. A system-
atic design approach identifying modifiable elements 
within an existing regional stroke care infrastructure 
with subsequent testing of several interventions is cur-
rently lacking. Given the complexity of the organiza-
tional aspects of acute stroke care, such a systematic 
design approach should be formulated for developing 
optimized EVT treatment models.

This review presents a summary of current stroke care 
models from an analytical perspective, while recogniz-
ing modifiable elements in the stroke care pathway. We 
draw attention to key elements that determine the timely 
delivery of IVT and/or EVT (eg, transport modalities, pre-
hospital triage, and improved workflow). Next, we assess 
their potential contribution to the provision of improved 
care in terms of faster onset-to-treatment times and bet-
ter patient outcomes, with a focus on timely EVT. These 
interventions include developing adaptive patient routing 
strategies and prehospital triage systems, establishing 
alternative care networks, expediting intrahospital trans-
fers and transport, and designing mobile solutions that 
may reduce time intervals and distances from facilities 
offering EVT.

Dominant Organizational Models
The American Heart Association/American Stroke Asso-
ciation guidelines recommend the transfer of patients 
with acute stroke to the nearest IVT capable facility.16 
Depending on the geographic location of stroke onset, 
the drip-and-ship model or the mothership model, is 
applied in practice. The European Stroke Organization 
recommends an organizational model that takes the 
regional stroke service organization and patients’ char-
acteristics into account.17

Several observational studies have reported that the 
mothership model for routing patients with large vessel 
occlusion (LVO) is associated with a shorter onset-to-IVT 
interval,18–20 shorter onset-to-EVT interval,18,19,21–28 and 
better functional outcome27,29,30 (Table 1).

These previous observational studies did not explicitly 
account for differences in travel distances to the near-
est PSC and CSC. Furthermore, only 2 studies explicitly 
mentioned their referral strategy: go to the nearest stroke 
center.19,21 For the majority of studies, it remained unclear 
whether they included mothership patients, whose care 
providers had intentionally bypassed a PSC, or whether 
other referral strategies oriented to EVT treatment had 
been implemented.

Presently, it remains unclear whether a dominant orga-
nizational model would yield benefit for patients without 
knowing the regional and patients’ characteristics.

Adaptive Patient Routing
Since the introduction of IVT and EVT, attempts to 
improve the mothership and drip-and-ship models 
have been proposed. Examples of areas of improve-
ment of specific regional infrastructural character-
istics include workflow efficiency,31 distances to 
hospitals, treatment volumes,32 and interhospital 
transport delays,33 all of which have been shown to 
differ between drip-and-ship and mothership models. 
Another adaptive recommendation of the European 
Stroke Organization is to route patients according to 
the drip-and-ship model when the estimated travel 
time to the nearest CSC is 30 to 45 minutes lon-
ger than the time required to the nearest PSC. If a 
CSC can be reached within 30 minutes, patients with 
stroke should be routed according to the mothership 
model.17

Shortest Time to Treatment
Hospitals demonstrate significant differences in work-
flow efficiency.34 This finding challenges the strategy 
to route patients to the nearest IVT center. For patients 
with LVO, a change of hospital for IVT administration may 
either increase or decrease the time to EVT treatment, 
depending on the hospital location and its level of stroke 
care (PSC or CSC). For example, a hypothetical analysis 

Nonstandard Abbreviations and Acronyms

CSC	 comprehensive stroke center
CT	 computed tomography
EVT	 endovascular thrombectomy
IVT	 intravenous thrombolysis
LVO	 large vessel occlusion
MSU	 mobile stroke unit
PSC	 primary stroke center
RCT	 randomized controlled trial
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of case studies entailing avoidance of interhospital trans-
fer for patients located 20 miles from a CSC revealed 
that despite a delay of 7 minutes in IVT administration, 
EVT was initiated 94 minutes faster.29 These means that 
distance as such is not the sole critical element relating 
to timely reperfusion treatment.

According to the stroke guidelines, patients with LVO 
are being treated with IVT and EVT.35 Although IVT is less 
effective in recanalizing LVOs, rapid IVT administration for 
patients with LVO is associated with increased recanaliza-
tion rate and less disability after 3 months.36 Conversely, 
patients with LVO also benefit from early EVT initiation.4 In 

Table 1.  Model Performance and Patient Outcomes for the Drip-and-Ship and Mothership Organizational Models

Reference Location Model N Study design
Transfer 
modality

mRS score 
≤2 (%)

Onset-to-IVT, 
min

Onset-to-EVT, 
min

Asaithambi et al18 United States Drip-and-ship 86 Observational Unknown 43.4 117 (88–163)* 294.5 (244–379)*

  Mothership 88   40 91 (70–147)* 160 (123–303)*

Barlinn et al22 Dresden, Germany Drip-and-ship 48 Observational Unknown 18.8 108 (90–160) 319 (270–384)*

  Mothership 103   13.7 115 (90–150) 225 (175–293)*

Bücke et al23 Stuttgart, Germany Drip-and-ship,  
inner-city transfer

239 Observational Unknown 35.1 NA 222 (181–296)*

  Drip-and-ship, long-
distance referral

578   37.0 NA 239.5 (202–309)*

  Mothership 124   39.5 NA 169 (127–210)*

Froehler et al29 United States Drip-and-ship 445 Observational Ambulance 52.2* NA NA

  Mothership 539   60.0* NA NA

Gerschenfeld 
et al19

Paris, France Drip-and-ship 100 Observational Unknown 61.0 150 (120–190)* 248 (220–291)*

  Mothership 59   50.8 135 (114–155)* 189 (163–212)*

Park et al24 Gwangju, Korea Drip-and-ship 28 Observational Mostly 
ambulance

46.4 NA 300±63.3*

  Mothership 77   50.6 NA 219.2±55.9*

Park et al25 Korea Drip-and-ship 71 Observational Ambulance NA 120 (82–150) 305 (260–345)*

  Mothership 438   NA 113 (80–161) 200 (155–245)*

Perez de la Ossa 
et al21

Catalonia, Spain Drip-and-ship 191 Observational Both† 67.4 109 (80–165)*‡ 312 (245–435)*

<1 h transfer

  Drip-and-ship 112   67.9 135 (116–189)*‡ 350 (284–408)*

>1 h transfer

  Mothership 662   59.8 110 (80–156)*‡ 230 (160–407)*

Pfaff et al26 Heidelberg, 
Germany

Drip-and-ship 20 Observational Both† 40.0 NA 274 (238–349)*

<42.2 km

  Drip-and-ship 18   50.0 NA 293 (256–329)*

>42.2 km

  Mothership 74   35.1 NA 178 (150–210)*

Prothmann et al30 Germany Drip-and-ship 53 Observational Unknown 58.0* NA NA

  Mothership 38   78.4* NA NA

Rinaldo et al28 Minnesota, United 
States

Drip-and-ship 78 Observational Unknown 33.8 NA 316.4±110.5*

  Mothership 62   38.3 NA 217.6±76.8*

Sun et al27 Atlanta, United 
States

Drip-and-ship 132 Observational Ambulance 29.0* NA 301 (252–362)*

  Mothership 61   51.0* NA 177 (145–268)*

Weber et al20 Germany Drip-and-ship 343 Observational Unknown 35.7 115±116* 233*

  Mothership 300   44.0 92±114* 150*

All patients received EVT. Transfer modalities considered are ambulances and helicopters. Time variables are median (IQR) or mean±SD. mRS score ≤2 is from 
3-mo follow-up when available, otherwise at discharge. N is the total study population, skip time, also in a study the mRS is calculated over less patients. EVT indicates 
endovascular thrombectomy; IQR, interquartile range; IVT, intravenous thrombolysis; mRS, modified Rankin Scale; and NA, not applicable/available.

*Significant differences between groups in the same study (alpha 0.01 or 0.05).
†Indicated both ambulances and helicopters.
‡Significant difference between longer distance referral and the other 2 groups.
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light of the adage “time is brain,” the question of whether 
the benefits of direct EVT outweigh those of initial IVT 
becomes relevant. This question is particularly relevant 
for patients with LVO without a nearby CSC. A recent 
model-based study quantifying time to treatments and 
associated outcomes indicated potentially greater benefit 
of early EVT compared with initial IVT.37 Another model-
based study suggested a 30-minute limit on IVT admin-
istration for PSCs that are located in close proximity of 
a CSC.38 Whether or not IVT can be skipped is currently 
being addressed in clinical trials, namely the MR CLEAN 
NO-IV (Intravenous Treatment Followed by Intra-Arterial 
Treatment Versus Direct Intra-Arterial Treatment for Acute 
Ischemic Stroke Caused by Proximal Intracranial Occlu-
sion; URL: http://www.isrctn.com/; Unique identifier: 
ISRCTN8061908839) and the SWIFT DIRECT (Solitaire 
With the Intention for Thrombectomy Plus Intravenous 
t-PA Versus Direct Solitaire Stent-Retriever Thrombectomy 
in Acute Anterior Circulation Stroke; URL: https://www.
clinicaltrials.gov; Unique identifier: NCT03192332)40 trials. 
trials. These trials will influence future patient routing and 
prehospital triage. Recently, the DIRECT MT trial  (Direct 
Intra-Arterial Thrombectomy in Order to Revascularize 
Acute Ischemic Stroke Patients With Large Vessel Occlu-
sion Efficiently in Chinese Tertiary Hospitals: A Multicenter 
Randomized Clinical Trial) has been published and dem-
onstrated that direct EVT was noninferior compared with 
patients who received IVT before EVT (combined therapy 
group).41,42 As such, it remains appropriate to first treat eli-
gible patients with IVT before thrombectomy.

Tools for Prehospital Triage
Various prehospital triage tools have been proposed to 
distinguish patients with LVO from non-LVO patients to 
enable patient routing for patients with and without LVO. 
Four prehospital triage tools to detect or predict LVO can 
be distinguished: prehospital triage scales, telemedicine 
supported triage,43 on site computed tomography (CT)-
angiography, and some experimental noninvasive tools.44,45

Several triage scales have been developed for identi-
fying patients with LVO. Some scales are currently being 
used by ambulance paramedics.46,47 The Rapid Arterial 
Occlusion Evaluation scale has been prospectively vali-
dated by ambulance paramedics and has a sensitivity of 
85% and a specificity of 68% for LVO detection.48 The 
National Institutes of Health Stroke Scale cutoff score 
≥12 has been used by helicopter paramedics to predict 
LVO with a sensitivity of 52% and a specificity of 87%.49 
The Los Angeles motor scale (cutoff score ≥4) and 
Cincinnati prehospital stroke screen (cutoff score ≥2) 
demonstrated a pooled sensitivity ranging from 47% to 
62% and specificity between 70% and 90%.46 Within the 
Stockholm region (Sweden), a combination of symptom 
severity and teleconsultation demonstrated an overall 

accuracy of predicting LVO stroke of 87% (positive pre-
dictive value, 41%; negative predictive value, 93%).50 The 
European Stroke Organization states that there are cur-
rently no prehospital triage scales available with accept-
able sensitivity and specificity.51

Recent technological advances have enabled the inclu-
sion of CT and CT-angiography in mobile stroke units 
(MSUs). Thus, on-scene CT-angiography can be per-
formed, to distinguish patients with LVO from non-LVO.52 
The usefulness of MSUs in improving clinical outcomes 
and shortening the time to treatment both for IVT and EVT 
has been proven.53,54 Economic evaluation of this innova-
tion suggest that is can be cost-effective, at least on the 
short term,55 but substantial variation in MSU implementa-
tion and regional differences limits its generalizability.

Until conclusive evidence that direct EVT is more ben-
eficial than initial IVT followed by EVT, the merits of pre-
hospital triage tools in situations where the PSC is the 
nearest IVT center will remain unclear.

Mobile Treatment Solutions
Another strategy that might reduce time delays is to 
bring treatment to the patient. Two types of mobile treat-
ment models have emerged: the MSU and a drive the 
doctor model, in which the neurointerventionalist or inter-
ventional stroke team is transported to a PSC.

The MSU approach does not require the patient to be 
transported to an IVT capable center, as it is equipped 
with a CT, a point-of care laboratory, and a telemedi-
cine connection on board, enabling on-site IVT to be 
administered.56

In the drive the doctor model, the neurointervention-
alist57,58 or mobile interventional stroke team59 performs 
EVT at the PSC. This strategy avoids interhospital trans-
fer time. The feasibility of this solution depends on the 
24/7 availability of personnel and equipment to provide 
EVT treatment at every PSC. The cost-effectiveness of 
the above approaches is yet to be assessed.

Apart from such logistical challenges, preliminary 
findings on the use of the MSU and drive the doctor 
approaches indicate that the stroke onset-to-EVT time 
may be shorter than that associated with the drip-and-
ship model (Table 2).57,60,61

Expediting Services
Effective workflow management policies have been 
shown to reduce time delays associated with the provi-
sion of discrete services.62,63 Examples include prehos-
pital workflow management, in-hospital patient transfer 
management, anesthetic management, teamwork, and 
providing feedback on time intervals.62

There are 2 dominant modes of expedited transport: 
ambulances and helicopters. The use of air transport for 
interhospital transfers has been found to be beneficial 
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for distances >80 km (Table 2).21 Similar trade-offs may 
occur for prehospital transport.64

Two studies have presented proposals for combining 
prehospital triage and expediting services within a single 
organizational model. The first is the air-MSU,65 in which 
an airplane or helicopter is appropriately staffed and 
equipped with a CT scanner, point-of-care laboratory, and 
a telemedicine connection, thereby enabling on-scene 
IVT administration. The second fly the doctor intervention 
entails transporting the doctor to the PSC by air.66

Because all these studies had an observational design 
and had region-specific characteristics, no conclusions 
can be drawn about the superiority of transport modali-
ties in general.

New Developments
A new promising development is the use of remote 
robotic EVT.67 This development might have impact on 
stroke care organization, as patient transfer from PSC to 
CSC may not be necessary. Another new development is 
the extension of inclusion criteria for EVT to more distal 
intracranial occlusions. As the total number of EVT pro-
cedures will then increase, the capacity of current CSCs 
should also increase or new CSCs should be installed. 
The impact and benefits of these new developments can 
be estimated by using simulation modeling.

Emergence of Modeling Methods
To date, we summarized distinct stroke organization mod-
els being applied in daily practice. In recent years, various 
modeling methods have emerged to study organization of 

acute stroke care before or substituting randomized clinical 
trials (RCTs).68,69 Clearly, RCTs can put specific interven-
tions to the test in a real-life care system. The RACECAT 
trial  (Transfer to the Local Stroke Center Versus Direct 
Transfer to Endovascular Center of Acute Stroke Patients 
With Suspected Large Vessel Occlusion in the Catalan Ter-
ritory) is one such RCT comparing the drip-and-ship and 
mothership models in Catalonia, Spain.70 Another RCT is 
the TRIAGE-STROKE trial  (Treatment Strategy in Acute 
Large Vessel Occlusion: Prioritize IV or Endovascular Treat-
ment – A Randomized Trial) in Denmark that addresses the 
same question.71 These RCTs will answer which model is 
best for a specific region, but it is uncertain whether these 
results may be generalized to other regions. Computer 
modeling methods typically capture the essential compo-
nents of the care system and allow flexible testing of alter-
native organizational models. Compared with classic RCTs 
simulation models have the advantage that they are less 
time consuming in obtaining data, are less expensive and 
allow comprehensive and detailed analyses.

Simulation enables realistic in silico modeling of stroke 
care, closely mimicking the set-up of RCTs.72,73 Essen-
tial strengths of simulation are the ability to reflect the 
entire care pathway and the flexibility to adapt the model. 
This enables the simulation to capture the complexity of 
regional organizational models in detail. The performance 
of organizational models relating to patient lead-times and 
their outcomes can be estimated. Examples of interven-
tions that have been studied include the establishment 
of regional health-related infrastructure (the number 
of PSCs and CSCs),74 the use of alternative triage and 
ambulance protocols,73 and hospital staff availability.75 Up 
to now, simulation modeling has only been performed for 

Table 2.  Findings of Proposed Organizational Models

Proposed interventions N Findings

MSU vs drip-and-ship and mothership61 16 MSU door-to-IAT decreased compared with PSC door-to-EVT (drip-and-ship) 
and CSC door-to-EVT (mothership): 93 (75–116.5), 200 (185–223), and 140.5 
(70–163.75), respectively (min [IQR]).

Drip-and-ship vs drip-and-drive57 64 Onset-to-angiographic run decreased from 349 (319–384) to 201 (176–242), 
(min [IQR]).*

Drip-and-ship vs trip-and-treat60 86 Initial (PSC) door-to-EVT decreased from 222 (55) min to 143 (41), (min [SD]).*

No expediting of care services by using a certain protocol vs 
the use of rapid diagnosis and transfer to a CSC protocol63

70 Onset-to-IVT decreased from 113 (92–165) to 92 (60–112), (min [IQR]).* Onset-
to-EVT decreased from 218.5 (176–326) to 185 (137–209), (min [IQR]).* mRS 
score ≤2 increased from 25% to 50%.*

Patients transferred by ambulance vs helicopter for 
interhospital transfers above 80 km21

965 Onset-to-EVT decreased from 367 (318–425) to 320 (270–375), (min [IQR]).*

Helicopter transfer vs ground ambulance64 8929 Helicopter transfer was associated with significantly shorter 911 call to hospital 
arrival intervals for all distances >10 miles from the hospital.

Air mobile stroke unit for patients living in remote or rural 
areas65

NA The air mobile stroke unit may represent a novel innovation to reduce treatment 
disparities; however, further implementation research is necessary.

Helicopter transfer of a neurointerventionalist to the PSC66 1 This proof-of-concept case may be another option in the spoke-and-hub design of 
stroke care systems.

Time variables are median (IQR) or mean±SD. mRS score ≤2 is from 3-mo follow-up when available, otherwise at discharge. CSC indicates comprehensive stroke 
center; EMS, emergency medical services; EVT, endovascular thrombectomy; IQR, interquartile range; IVT, intravenous thrombolysis; mRS, modified Rankin Scale; MSU, 
mobile stroke unit; NA, not applicable; and PSC, primary stroke center.

*Significant difference.
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IVT.73–75 With the introduction of EVT, extended simulation 
modeling to optimize its application seems useful.

In addition to simulation, approximate models may be 
applied in studies of stroke organizational models.37,38 
Approximate models are based on crude estimations using 
previously published or collected aggregated data, as 
opposed to simulation which builds on experimental results 
and patient-level data. Two examples of analytic studies 
have been published. For example, a study performed in 
the United States in 4 states demonstrated that increasing 
the number of EVT centers resulted in an absolute gain in 
access to EVT center within 15 minutes between 2.8% 
and 28.1%,9 thereby assuming patient transport delays 
to be equal to ambulance driving time from the popula-
tion geocentroid to the respective hospital. A similar model 
that investigated the result of bypassing non-EVT centers 
(PSCs) resulted in a gain between 0.6% and 43.1%. Holo-
dinsky et al,37 who examined the added value of prehospi-
tal triage scales, assumed that deterministic (nonrandom) 
patient delays were incurred along the care pathway. The 
advantages of approximate models include a fast devel-
opment, lower data requirements, and less detail in terms 
of distributions of delays and outcomes and their mutual 
dependencies. Clearly, the development and computational 
requirements for these models are less.

Ideally, approximate and simulation models should be 
integrated. Promising interventions can be quickly identi-
fied using approximate models, allowing for a focused 
simulation study. Moreover, these simulation studies can 
be used to estimate cost-effectiveness of various inter-
vention studies in regional stroke organizations, not only 
for IVT,76 but also extended for use in new RCTs compar-
ing primary EVT to IVT and EVT.39

Toward a Design Approach
Efforts to improve the mothership and drip-and-ship mod-
els has elucidated 3 main strategies. Rapid EVT may be 
achieved through adaptive routing, mobile treatment, and 
expediting services. Clearly, not every solution may be 
feasible or available in a given setting and at a specific 
point in time, implying that a uniform model is not feasible.

Instead of relying exclusively on RCTs, in silico 
model-based approaches potentially offer possibili-
ties for quick identification of promising interventions, 
whereas extensive simulation enables realistic experi-
mental computerized replications of proposed orga-
nizational models and comprehensive assessments 
of these interventions. In a rapidly evolving environ-
ment such as stroke the availability of model-based 
approaches may enhance responsiveness in tailoring 
regional stroke organization for best care.

Evidently, optimal stroke care strategies are based 
on the existing regional infrastructure, which generally 
reflects historical arrangements. The resulting infrastruc-
ture warrants scrutiny. For example, in the case of EVT, 

some poorly covered regions may be identified along 
with nearby regions with CSCs in undesirable competi-
tion.77 Both of these issues would need to be resolved for 
the sake of patients, and to ensure the efficient alloca-
tion of scarce resources.

CONCLUSIONS
Organizational models for acute stroke care need to take 
regional characteristics into account and can most effi-
ciently be assessed and optimized through the applica-
tion of model-based approaches.
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