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Abstract

Background and Purpose—We used a decision analysis approach to analyze triage strategies 

for patients with acute stroke symptoms while accounting for pre-hospital large vessel occlusion 

(LVO) screening methods and key time metrics.

Methods—Our decision analysis compared anticipated functional outcomes for patients within 

the tissue plasminogen activator (IV-tPA) treatment window in the “mothership” and “drip-and-

ship” frameworks. Key branches of the model included IV-tPA eligibility, presence of an LVO, and 

endovascular therapy eligibility. Our decision analysis evaluated two pre-hospital LVO screening 

approaches: 1) no formal screening and 2) the use of clinical LVO screening scales. An excellent 

outcome was defined as modified Rankin Scale scores 0-1. Probabilities and workflow times were 

guideline-based or imputed from published studies. In sensitivity analyses, we individually and 

jointly varied transport time to the nearest primary stroke center (PSC), additional time required to 

transport directly to a comprehensive stroke center (CSC), and LVO screening scale predictive 

probabilities. We evaluated two separate scenarios: one in which ideal time metrics were achieved 

and one under current real-world metrics.

Results—In the ideal metrics scenario, the drip-and-ship strategy was almost always favored in 

the absence of formal LVO screening. For patients screened positive for an LVO, mothership was 

favored if the additional transport time to the CSC was less than 3-23 minutes. Under real-world 

conditions, in which PSC workflow is slower than ideal, the mothership strategy was favored in 

more scenarios, regardless of formal LVO screening. For example, mothership was favored with an 

Correspondence Mitchell S. V. Elkind, MD, MS, Division of Neurology Clinical Outcomes Research and Population Sciences 
(NeuroCORPS), Department of Neurology, Vagelos College of Physicians and Surgeons, Columbia University, 710 West 168th Street, 
New York, NY 10032, Tel: 212 305-1710 ∣ Fax: 212 305-1658 ∣ mse13@columbia.edu. 

Social media handle: @NealSParikhMD

Disclosures
Dr. Elkind serves as the Chairman of the Advisory Committee to the American Stroke Association and on the National, Founders 
Affiliate, and New York City boards of the American Heart Association. He receives royalties for chapters on stroke from UpToDate. 
No other authors had disclosures.

HHS Public Access
Author manuscript
Stroke. Author manuscript; available in PMC 2020 April 01.

Published in final edited form as:
Stroke. 2019 April ; 50(4): 970–977. doi:10.1161/STROKEAHA.118.023272.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



additional transport time to the CSC of 32-99 minutes for patients screened positive for an LVO 

and 28-39 minutes in the absence of screening.

Conclusions—Joint consideration of LVO probability, screening, workflow times, and transport 

times may improve pre-hospital stroke triage. Drip-and-ship was more favorable when more ideal 

PSC workflow times were modeled.
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Introduction

Stroke is the fifth leading cause of death in the United States. Ischemic stroke accounts for 

87% of strokes,1 and up to 12% of ischemic stroke is caused by a large vessel occlusion 

(LVO).2 In addition to intravenous tissue plasminogen activator (IV-tPA), endovascular 

therapy is a highly effective treatment option for patients with stroke caused by LVO.3–5 

Recanalization therapy, whether with IV-tPA or endovascular therapy, is time-sensitive.4–6

In the United States, the Joint Commission provides eligible stroke centers with two types of 

certification: Primary Stroke Center (PSC) and Comprehensive Stroke Center (CSC). While 

both PSCs and CSCs offer IV-tPA, CSCs also provide endovascular therapy around the 

clock. This key difference has given rise to two triage strategies for patients with potential 

LVO. In the “drip-and-ship” paradigm, patients are first transported to the closest PSC for 

evaluation and IV-tPA treatment before transferring to a CSC for endovascular therapy when 

indicated. In the “mothership” paradigm, Emergency Medical Services (EMS) personnel 

bypass the PSC and transport patients directly to the nearest CSC for IV-tPA and 

endovascular therapy, if indicated. Based on expert consensus, the American Heart 

Association/American Stroke Association (AHA/ASA)’s Mission: Lifeline Stroke algorithm 

recommends the mothership approach if bypassing a PSC to go to a CSC leads to an 

additional travel time of less than 15 minutes.7

While prior observational studies did not find differences in functional outcomes between 

triage strategies,8, 9 a recent, multi-center registry found the drip-and-ship strategy to be 

associated with worse functional outcomes.10 Due to the paucity of conclusive clinical data, 

modeling has also been used to inform triage practices. For example, an analysis using 

probabilistic modeling of stroke care in Alberta, Canada suggested that the mothership 

approach may be preferable when the additional travel time between non-endovascular 

capable hospitals and endovascular capable hospitals is less than 60 minutes.11–13 

Additionally, a recent decision analysis found that mothership was superior until this 

additional transport time exceeded 44 minutes.14 Prior analyses demonstrated that such 

models are sensitive to and must account for a multitude of variables.15 We designed a 

comprehensive decision analysis model to assess the effect of hospital and patient level time 
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metrics and the variable predictive abilities of LVO screening scales on pre-hospital triage, 

while specifically evaluating model output in two distinct scenarios: one simulating an 

idealized stroke system of care and another simulating current, real-world time metrics.

Methods

Model Design

We constructed a decision tree model (Figure 1) to identify the optimal triage strategy in 

terms of the probability of an excellent functional outcome for patients with acute stroke 

symptoms. Our model took the view of first responders seeing a patient with acute stroke 

symptoms and faced with the decision of whether to take the patient to a PSC (drip-and-

ship) or directly to a CSC (mothership). After the main decision point, subsequent decisions 

pertained to delivering IV-tPA, the presence of an LVO, and referral for endovascular 

therapy. The outcomes following all treatments (IV-tPA and endovascular therapy with or 

without reperfusion) were the 3-month modified Rankin Scale (mRS) score 0–1 versus 2–

6.16 Input parameters for the decision analysis were derived from guidelines and published 

studies and are described below in detail. All analyses were conducted using TreeAge Pro 

2017 (Williamstown, MA). No patient data were used for this model, so institutional review 

board approval was not sought. The data that support the findings of this study are available 

from the corresponding author upon reasonable request.

Model Assumptions

We made several assumptions for our model. First, EMS was activated for an individual with 

stroke symptoms with clear time of last known well within the 4.5 hour IV-tPA onset-to-

treatment window. This assumption was made because individuals presenting with 

symptoms in excess of 4.5 hours from last known well would not be eligible for IV-tPA and 

therefore would not necessarily benefit from rapid triage to a PSC. Second, the nearest PSC 

is closer to the patient’s location at the time of EMS contact than the nearest CSC. We made 

this assumption because the mothership approach would always be favored if a CSC is 

closer. Third, PSCs and CSCs had similar door-to-needle times to ensure that the analyses 

were performed without favoring either triage strategy. However, this assumption was 

interrogated in a sensitivity analysis and by comparing ideal and real-world scenarios.

Model Parameters

A variety of treatment eligibility and outcome probabilities were derived from guidelines 

and published studies and imputed into the decision analysis model (Table I in the online-

only Data Supplement). The key treatment eligibility probabilities pertained to IV-tPA, the 

presence of an LVO, and endovascular therapy. The probability of receiving IV-tPA 

accounted for the individual probability of having no contraindications (e.g. hemorrhage) to 

IV-tPA use and that of actually receiving IV-tPA.17 The probability of receiving 

endovascular therapy accounted for the probability of LVO and the probability of being 

eligible for endovascular therapy among patients with LVO.2 For the probability of having 

an LVO, we evaluated a range of probabilities based on the likelihood of an LVO in the 

context of no formal LVO screening and in the setting of clinical LVO screening scales of 

varying predictive ability. When we considered the use of LVO screening scales, we varied 

Xu et al. Page 3

Stroke. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the probability of an LVO based on the full range of positive predictive values for patients 

screened positive and false negative rates (1-negative predictive value) for those screened 

negative. These probabilities were calculated from published sensitivities and specificities 

using Bayes’ theorem under two LVO prevalence estimates (4.9% and 11.8%) (Table II in 

the online-only Data Supplement).2, 18–22

Both time-independent2, 5, 17, 18, 23 (Table 1) and time-dependent probabilities5, 6, 23 (Table I 

in the online-only Data Supplement) were imputed for possible outcomes following stroke 

treatment. The probability of an excellent functional outcome for patients who did not 

receive IV-tPA was time-independent.23 The probability of an excellent functional outcome 

in patients who received IV-tPA treatment only was time-dependent.6, 23 The probability of 

early reperfusion from IV-tPA was considered in patients receiving both IV-tPA and 

endovascular therapy.5 The probability of an excellent functional outcome after endovascular 

therapy accounted for the probability of substantial reperfusion, defined as achieving 

modified Thrombolysis in Cerebral Infarction scale scores of 2b or 3.5 The time-varying 

probabilities of excellent functional outcomes for endovascular therapy, by reperfusion 

status, were derived from a meta-analysis of endovascular therapy trial data.5 Formulae used 

to calculate these time-varying probabilities are shown in Table I in the online-only Data 

Supplement.

Key time variables included in the decision analysis were pre-hospital times, transport times, 

and in-hospital treatment workflow times (Table III in the online-only Data Supplement). 

Importantly, two sets of time metrics were considered: one to simulate an ideal stroke 

system of care and a second to simulate current real-world times. For the ideal time metrics, 

the time variables were derived from clinical guidelines and data reported from high-

performing stroke centers participating in clinical trials.5, 24, 25 Time variables in the real-

world scenario were derived from a large, multi-center United States registry of patients 

treated with endovascular therapy for acute ischemic stroke.10 The main differences between 

ideal and real-world assumptions included differences in door-in-door-out time at the PSC, 

which constituted door-to-needle and IV-tPA to PSC departure.

Statistical Analyses

To simulate the experience of an EMS crew evaluating and triaging a patient, the base case 

was a hypothetical adult patient presenting with symptoms of stroke of known duration but 

of unknown etiology (e.g. ischemic versus hemorrhagic). No formal LVO screening was 

assumed in the base case, so the probability of having an LVO in the base case was 4.9%.18 

The total transport time was up to 3.5 hours, which made IV-tPA treatment within 4.5 hours 

possible. The base case was examined using ideal time metrics, with a door-to-needle time 

of 35 minutes at both the PSC and CSC.5 The total time from symptom onset to arrival at the 

closest PSC was 45 minutes, including time from onset to EMS arrival at scene and scene to 

hospital. Twenty minutes of additional transport time was required for the patient to be taken 

directly to the closest CSC.

The favorability of drip-and-ship versus mothership was compared in one-way sensitivity 

analyses in which we varied key variables while holding all other variables constant using 

base case values. The following variables were subjected to one-way sensitivity analyses: the 
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likelihood of an LVO (to reflect various LVO prevalence estimates and predictive abilities of 

LVO screening scales), the probability of substantial reperfusion after endovascular therapy,
26 the possible additional door-to-needle time at PSC (to account for potential differences in 

IV-tPA workflow at PSCs versus CSCs), the time from symptom onset to EMS arrival, the 

transport time from scene to the nearest PSC, the additional time required to reach a CSC, 

and the additional detour time in the drip-and-ship model that results from going to a PSC 

that is not exactly on the route to the CSC .

We performed several two-way sensitivity analyses of the base case. First, we jointly varied 

the probability of LVO and the possible additional door-to-needle time at PSCs as compared 

to CSCs. Second, we jointly varied the probability of LVO and the door-in-door-out time at 

PSCs. Third, to understand the interaction between pre-hospital times to the PSC and CSC, 

we performed a two-way sensitivity analysis jointly varying the transport time from scene to 

arrival at the closest PSC and the additional transport time necessary to bypass a PSC and go 

to a CSC. Then, we created a three-way sensitivity analysis by adding LVO probability, as a 

function of a range of LVO screening methods, to pre-hospital times to the PSC and CSC. 

We performed two-way and three-way sensitivity analyses under the ideal and real-world 

assumptions. The three-way sensitivity analysis also accounted for two estimates of LVO 

prevalence (4.9% and 11.8%).2, 18 Additionally, the three-way sensitivity analysis was 

repeated to simulate an urban environment under real-world assumptions by reducing the 

detour time to 0 to reflect the presence of PSCs directly on the route to CSCs, changing the 

range of transport time to PSC to 0–30 minutes, and changing the range of additional 

transport time to CSC to 0–15 minutes.27, 28 Last, to account for scenarios with longer 

stroke onset to alarm time and longer alarm to EMS arrival time, we conducted an analysis 

with an onset to EMS arrival time of 60 minutes.

Results

In the idealized base case, with a total time from symptom onset to arrival at PSC of 45 

minutes, additional transport time to CSC of 20 minutes, and no formal LVO screening, we 

found that the drip-and-ship strategy was preferred (Figure 2). The probability of an 

excellent outcome under the drip-and-ship paradigm was 44.7% while it was 44.3% under 

the mothership paradigm. In contrast, when the real-world time metrics were applied, the 

mothership paradigm was preferred with a 44.3% probability of an excellent outcome as 

compared to 43.8% under the drip-and-ship paradigm.

One-way sensitivity analysis

We then varied a range of values for key input parameters individually under ideal 

assumptions (Figure I in the online-only Data Supplement). First, when the probability of 

LVO was below 0.39 (after LVO screening), drip-and-ship was preferred. Second, 

probabilities of substantial reperfusion (from 70% to 95%) after endovascular therapy did 

not affect triage preference to the PSC in the base case scenario. Third, when the additional 

door-to-needle time at the PSC compared to the CSC was longer than 16.5 minutes, then 

mothership became the favored triage option. Fourth, when analyzing the time variables 

individually, we found that varying the time from onset to EMS arrival (0–120 minutes), the 
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transport time from scene to arrival at the PSC, or the additional detour time (0–40 minutes) 

alone did not change triage strategy selection. While varying additional transport time to 

CSC alone, mothership was favored only when the additional transport time to CSC in 

mothership was less than 2 minutes. When these analyses were repeated using the real-world 

assumptions, individually varying these variables did not affect triage strategy selection, 

except for when examining the variable of additional transport time to the CSC. If the 

additional transport time to a CSC was less than 28 minutes, then mothership was preferred.

Two-way sensitivity analysis

In the first two-way sensitivity analysis, we examined the interplay of the probability of LVO 

and the possible additional door-to-needle time at the PSC compared to the CSC. When the 

additional door-to-needle time at the PSC was more than 20 minutes longer than at the CSC, 

mothership was the preferred strategy across the full range of probabilities of LVO (Figure II 

in the online-only Data Supplement). When this was repeated in the real-world scenario, if 

the door-to-needle time at the PSC was more than 5 minutes longer than at a CSC, then 

mothership was always preferred. In the second two-way sensitivity analysis, we jointly 

varied the probability of LVO and the door-in-door-out time at the PSC and found that drip-

and-ship was preferred regardless of door-in-door-out time until the probability of LVO 

reached 15%. Beyond that, for drip-and-ship to be preferred, the permissible door-in-door-

out time at the PSC decreased steeply as the probability of an LVO increased (Figure II in 

the online-only Data Supplement). Under real-world assumptions, mothership was preferred 

regardless of the door-in-door-out time. Third, we jointly varied the time from onset to 

arrival at the closest PSC in drip-and-ship and the additional transport time required for 

direct transport to the nearest CSC. In the absence of formal LVO screening, drip-and-ship 

was favored regardless of transport time to the PSC, unless going directly to a CSC took less 

than 2–5 minutes in the ideal scenario and 28–39 minutes in the real-world scenario.

The results of our models are most informative when jointly considering PSC and CSC 

transport times, LVO prevalence, LVO screening methods, and whether workflow times 

reflect ideal or real-world metrics. To do this, we performed three-way sensitivity analyses 

accounting for PSC and CSC transport times and LVO probabilities under several scenarios. 

In the three-way sensitivity analysis, variables were varied continuously (Video in online-

only Data Supplement); however, we report results for three discrete sets of LVO screening 

scale test characteristics to facilitate comparison (Table 2) and graphically present results for 

select scenarios (Figure 2). Drip-and-ship was almost always favored for non-screened 

patients and those screening negative on an LVO scale under ideal metrics. However, under 

real-world assumptions, additional transport times to CSC as long as 23–39 minutes were 

permitted when bypassing PSCs for these same patients. For patients screening positive on 

an LVO scale under ideal conditions, the duration of bypass time permitted to favor 

bypassing the PSC varied from 3 to 23 minutes, depending on the LVO screening tool used. 

In contrast, under real-world conditions, the permissible additional transport time was 32–99 

minutes for these patients. In general, under real-world conditions, mothership was preferred 

for considerably longer bypass times. When assuming a higher baseline LVO prevalence, the 

thresholds were generally longer in all scenarios. When testing a hypothetical LVO 

screening tool with a positive predictive value of 0.9, mothership was the superior strategy 
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when the additional transport time was up to 1 hour. In the urban scenario, where all 

transport times were shorter to reflect greater hospital density, the mothership strategy was 

always preferred regardless of transport times, LVO prevalence and LVO screening status. 

Last, when the stroke symptom onset to EMS arrival time was changed to 60 minutes, longer 

bypass times to the CSC were permitted to favor the mothership strategy (Table IV in the 

online-only Data Supplement).

Discussion

The favorability of triage strategies depended on transport times, the likelihood of an LVO as 

a function of LVO screening scale accuracy and LVO prevalence, and whether the stroke 

system of care met ideal metrics, particularly with regards to PSC door-to-needle and door-

in-door-out times. For patients screening positive for an LVO under ideal assumptions, direct 

transport to the CSC was preferable if the additional transport time was no longer than 3–23 

minutes, with the precise duration of permissible additional transport time varying with the 

positive predictive value of the LVO screening scale. However, under current real-world 

conditions, the permissible additional transport time to the CSC was much longer.

Our analyses build upon prior approaches with respect to methodology and findings. To the 

best of our knowledge, apart from an ongoing randomized clinical trial (RACECAT),32 there 

are limited conclusive data regarding pre-hospital stroke triage.8–10 Additionally, small 

absolute differences in clinical outcomes for individual patients, as seen in our base case 

results, suggests that statistical power of randomized trials may be limited. Several groups 

have used modeling approaches to address this gap in the literature, including a recently 

published decision analysis,14 advanced mathematical,15 and conditional probability 

modeling studies.11–13 While earlier modeling studies only included patients with known 

LVO11, 12, recent analyses have attempted to more accurately reflect the clinical uncertainty 

faced by EMS.13–15 Our model complements these analyses in two key aspects. First, we 

examined our model output in two distinct scenarios: under ideal and real-world 

assumptions. Because of this, our model reflects the importance of the door-in-door-out time 

at PSCs. Second, our model was designed to simultaneously assess the impact of numerous 

variables in combination with a large range of LVO screening scale predictive abilities and 

two reasonable estimates of LVO prevalence. This allows us to provide estimates of 

thresholds for direct transport to CSC under a variety of scenarios, with an emphasis on how 

these thresholds differ between ideal and real-world conditions.

Under ideal conditions, for patients screened positive by LVO screening scales, the 

mothership approach was favored when the additional transport time was up to 3–23 

minutes, depending on the predictive ability of LVO screening scales. This range includes 

the 15 minute threshold recommended by the current AHA/ASA Mission: Lifeline Stroke 

triage algorithm.7 The thresholds, under ideal conditions, identified in our analysis were 

generally shorter than the 44 and 60 minute thresholds identified by other modeling 

approaches.13, 14 However, under real-world conditions, our results were more aligned with 

prior models, with thresholds of additional permissible transport time to the CSC ranging 

from 32 to 99 minutes. Overall our approach confirms findings of other modeling 

approaches: bypass thresholds are highly sensitive to joint variations in model input 
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parameters.13–15 Specifically, because we evaluated model output under ideal and real-world 

conditions, our results revealed that while bypass times could be longer than recommended 

by the AHA/ASA algorithm under current real-world conditions, the AHA/ASA guidelines 

would be appropriate if stroke systems of care were optimized to achieve ideal workflow 

times.

Total door-in-door-out time at the PSC, including door-to-needle time and IV-tPA to PSC 

departure time, was considerably longer in the real-world than under ideal assumptions. This 

was likely a major contributor to the favorability of the mothership approach in the real-

world scenario. Prior modeling studies have emphasized the importance of the door-to-

needle time in decision model outcomes.13, 15 By comparing the deconstructed workflow 

times in the ideal and real-world scenarios, our model also demonstrates the important 

contribution of the overall door-in-door-out time and the IV-tPA to departure time. The PSC 

door-in-door-out time is increasingly an area of interest for quality improvement because it 

contributes substantially to delays in recanalization in the drip-and-ship paradigm.33 Our 

model results underscore the importance of innovative strategies to increase the speed of 

post-tPA care at PSCs in order for drip-and-ship to retain its favorability. The delay from IV-

tPA to PSC departure was reported to be related to waiting for ambulance arrival in one 

analysis,10 which could be reduced by having the ambulance that initially transported the 

patient to the PSC remain on scene until a decision regarding transfer is made (“hold, drip 

and go”).34 Taking an integrated network approach in establishing PSC LVO protocols may 

improve triaging and outcomes for patients with suspected LVO.35

Our three-way sensitivity analysis video allows us to visually represent the joint effect of 

LVO probability, as a function of LVO screening and baseline LVO prevalence, with other 

important variables. In general, higher LVO prevalence increased the additional transport 

time permitted for mothership favorability. The additional transport time thresholds varied 

with the test characteristics of LVO screening scales; use of an LVO screening scale with a 

higher positive likelihood ratio, as opposed to sensitivity or specificity alone, allowed longer 

permissible additional transport time to a CSC for mothership to be favored. Advanced LVO 

detection strategies such as a portable transcranial sonography36 and clinical screening 

scales that incorporate demographics and vital signs37 may reach sufficient accuracy to 

facilitate direct referral to endovascular centers with greater certainty despite longer 

additional transport times. Dynamic triage tools, such as the FAST-ED mobile application38 

and the tool presented by Ali et al15 could incorporate additional variables such as the door-

in-door-out time at the PSC and baseline LVO prevalence to parlay the complex interaction 

of important factors into simple triage decision support.

We compared pre-hospital triage strategies using decision analysis, a commonly used 

method in healthcare decision-making, to comprehensively and jointly assess multiple 

important variables and their combined influence on stroke outcomes. Our models used real-

world data, reasonable assumptions, and tested a wide range of possibilities for key inputs. 

However, our results should be interpreted with caution given several limitations inherent to 

modeling studies. First, although the data imputed into our models were taken from high 

quality studies and clinical guidelines, our model cannot be applied directly to patient care 

as many individual patient-level and healthcare system-level factors were not accounted for 
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in our model. Second, our model does not account for different occlusion sites among 

patients with LVO. Third, we did not model cost-effectiveness and quality of life; mRS 

scores were directly reported in clinical trials and were directly imputed into our models 

without further assumptions. Last, we did not account for mobile stroke units as this 

technology is not in widespread use.

Conclusions

Using a decision analysis model, we found that the favorability of choosing transport to a 

PSC versus a CSC for patients with acute stroke symptoms was strongly influenced by the 

use and predictive abilities of pre-hospital LVO screening tools and PSC door-in-door-out 

time in addition to transport distances.
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Figure 1. Schematic of pre-hospital stroke triage decision tree model.
The key nodes in our analysis were triage strategy (drip-and-ship vs. mothership), treatment 

with IV-tPA, presence of an LVO, treatment with endovascular therapy, and anticipated 

outcomes for all treatment types. The decision analysis model used time-dependent and 

time-independent probabilities derived from published estimates and guidelines. Squares are 

decision nodes representing a decision-making point; circles represent chance nodes 

followed by subsequent event probabilities. mRS, modified Rankin Scale; LVO, large vessel 

occlusion; IV-tPA, intravenous tissue plasminogen activator; drip-and-ship, transporting to 

the closest primary stroke center first; mothership, transporting directly to a comprehensive 

stroke center.
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Figure 2. Selected results of three-way sensitivity analyses under ideal and real-world time 
metrics
Three-way sensitivity analysis was conducted by jointly varying transport time from scene 

to primary stroke center, additional transport time if taken directly to a comprehensive stroke 

center, and the probability of a large vessel occlusion (LVO). (A) and (B) represent ideal and 

real-world time metrics, respectively, in the absence of formal LVO screening; (C) and (D) 

represent ideal and real-world scenarios, respectively, for patients screening positive with an 

LVO screening scale of moderate sensitivity and specificity (post-test probability of 18%). 

The solid dot in (A) represents the base case result; dark gray shading represents favorability 

of the direct-to-mothership approach, light gray shading represents favorability of the drip-

and-ship approach, and the angled line pattern represents patients outside of the IV-tPA 

treatment window who were not included in this model. LVO, large vessel occlusion; PSC, 

primary stroke center; CSC, comprehensive stroke center.
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Table 1.

Time-independent probabilities and key time variables in base case.

Variable
name

Description Value*

Time-independent probabilities

Pel Probability of not having IV-tPA contraindication 0.3517

Ptpa1 Probability of receiving IV-tPA treatment among those without contraindication for IV-tPA 0.8217

Ptpa Probability of receiving IV-tPA (=Pel*Ptpa1) 0.287

Plvo Probability of LVO 0.048718

Pendo Probability of endovascular therapy eligibility among LVO patients 0.8652

Pearly Probability of early reperfusion from IV-tPA among LVO patients 0.0545

Pre Probability of substantial reperfusion in endovascular therapy 0.715

Pgnp1 Probability of mRS 0-1 in no LVO patients who did not receive IV-tPA 0.423

Pgnp2 Probability of mRS 0-1 in LVO patients who did not receive IV-tPA or endovascular therapy 0.2523

Key time variables

Time spent outside of hospital

ttrans Scene to closest PSC 20

t1 Onset to PSC arrival 45

t2 Transfer time from PSC to CSC 20

t3 Additional time if transported directly to CSC compared to directly to PSC 20

t4 Onset to CSC arrival in mothership strategy 65

Drip-and-ship

to_evt1 Onset-to-puncture time for endovascular therapy 160

to_evtr1 Onset-to-reperfusion time for endovascular therapy 190

Mothership

to_evt2 Onset-to-puncture time for endovascular therapy 130

to_evtr2 Onset-to-reperfusion time for endovascular therapy 160

LVO, Large vessel occlusion; PSC, primary stroke center; CSC, comprehensive stroke center.

*
Except where reference specified, the value is either an assumption or result of a calculation; Detailed explanations to these assumptions can be 

found in the supplemental tables.

Stroke. Author manuscript; available in PMC 2020 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Xu et al. Page 15

Table 2.

Time thresholds for mothership to be the preferred strategy.

LVO Screening
methods

Probability of
LVO

Ideal time metrics Real-world time metrics

Scene to PSC
arrival time
(min)*

Additional
transport time
to CSC (min)

Scene to PSC
arrival time
(min)*

Additional
transport time
to CSC (min)

LVO prevalence = 0.0487

Screened Negative29† 0.02 <60 <1 <40 <23

>100 <2 >70 <28

No Screening18 0.0487 <60 <2 <40 <28

>100 <5 >70 <39

Screened Positive‡

High sensitivity/
Low specificity30

0.07 <60 <3 <40 <32

>100 <8 >70 <46

Moderate sensitivity/
Moderate specificity29

0.18 <60 <9 <20 <50

>100 <18 >70 <83

Low sensitivity/
High specificity31

0.23 <60 <11 <20 <59

>100 <23 >70 <99

LVO prevalence = 0.118

Screened Negative29† 0.06 <60 <3 <40 <30

>100 <7 >70 <43

No Screening2 0.118 <60 <6 <40 <40

>100 <12 >70 <63

Screened Positive‡

High sensitivity/
Low specificity30

0.16 <60 <8 <40 <47

>100 <16 >70 <77

Moderate sensitivity/
Moderate specificity29

0.36 <60 <18 <20 <103

>100 <33 >70 <135

Low sensitivity/
High specificity31

0.45 <60 <23 <20 <130

>100 <39 >70 <158

LVO, Large vessel occlusion; PSC, primary stroke center; CSC, comprehensive stroke center.

*
The dichotomized time ranges presented for scene to PSC arrival time were generated from both individual sensitivity analyses and visual 

inspection of the two-way sensitivity analysis figures.

†
Probability of LVO calculated from using a single scale with moderate sensitivity (0.63), moderate specificity (0.85).

‡
We calculated positive predictive values across the full range of reported sensitivity/specificity, and chose to present 3 representative 

combinations: 1. high sensitivity (0.83), low specificity (0.40), and positive likelihood ratio (1.8); 2. moderate sensitivity (0.63), moderate 
specificity (0.85), and positive likelihood ratio (4.3); and 3. low sensitivity (0.30), high specificity (0.95), and positive likelihood ratio (6.0).
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