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Background and Purpose—Mobile stroke units (MSUs) are increasingly used worldwide to provide prehospital triage and 
treatment. The benefits of MSUs in giving earlier thrombolysis have been well established, but the impacts of MSUs on 
endovascular thrombectomy (EVT) and effect on disability avoidance are largely unknown. We aimed to determine the 
clinical impact and disability reduction for reperfusion therapies in the first operational year of the Melbourne MSU.

Methods—Treatment time metrics for MSU patients receiving reperfusion therapy were compared with control patients 
presenting to metropolitan Melbourne stroke units via standard ambulance within MSU operating hours. The primary 
outcome was median time difference in first ambulance dispatch to treatment modeled using quantile regression analysis. 
Time savings were subsequently converted to disability-adjusted life years avoided using published estimates.

Results—In the first 365-day operation of the Melbourne MSU, prehospital thrombolysis was administered to 100 patients 
(mean age, 73.8 years; 62% men). The median time savings per MSU patient, compared with the control cohort, was 
26 minutes (P<0.001) for dispatch to hospital arrival and 15 minutes (P<0.001) for hospital arrival to thrombolysis. 
The calculated overall time saving from dispatch to thrombolysis was 42.5 minutes (95% CI, 36.0–49.0). In the same 
period, 41 MSU patients received EVT (mean age, 76 years; 61% men) with median dispatch-to-treatment time saving 
of 51 minutes ([95% CI, 30.1–71.9], P<0.001). This included a median time saving of 17 minutes ([95% CI, 7.6–26.4], 
P=0.001) for EVT hospital arrival to arterial puncture for MSU patients. Estimated median disability-adjusted life years 
saved through earlier provision of reperfusion therapies were 20.9 for thrombolysis and 24.6 for EVT.

Conclusions—The Melbourne MSU substantially reduced time to reperfusion therapies, with the greatest estimated disability 
avoidance driven by the more powerful impact of earlier EVT. These findings highlight the benefits of prehospital 
notification and direct triage to EVT centers with facilitated workflow on arrival by the MSU.   (Stroke. 2020;51:922-
930. DOI: 10.1161/STROKEAHA.119.027843.)
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Mobile stroke units (MSUs) are being increasingly 
deployed worldwide to provide prehospital stroke 

care and thrombolysis, following their initial introduction in 
Homburg, Germany.1,2 The MSU model involves a specialized 
ambulance with an inbuilt computed tomography (CT) scan-
ner and multidisciplinary stroke team trained to assess, scan, 
and treat patients in the community. This approach has the po-
tential to significantly reduce the time to treatment compared 
with standard in-hospital diagnosis and treatment. Accurate 
prehospital diagnosis including CT angiography also allows 
identification of the need for specialized hospital-based serv-
ices such as endovascular thrombectomy (EVT) for large ves-
sel occlusion, or neurosurgical management for selected cases 
of intracerebral hemorrhage, allowing triage to the nearest ap-
propriate comprehensive stroke center.

While previously published data from MSU services in 
Europe and North America show substantial reductions in 
time to thrombolysis of ≈30 to 45 minutes,3,4 little is known 
about the clinical impact on EVT. Despite the theoretical ad-
vantage of improved prehospital triage with CT angiography 
and prenotification of EVT services, only minor time savings 
have been reported for hospital arrival to EVT commencement 
for MSU patients.5 Given the greater efficacy of EVT for is-
chemic stroke compared with thrombolysis alone, reducing 
time to EVT would be expected to have a major impact on 
reduction of disability.

The Melbourne MSU was launched in November 2017 as 
the first in Australia. The MSU is based at a large comprehen-
sive stroke center and operates with a 20-km radius, servicing 
≈1.7 million people within the city of Melbourne, Victoria. 
Melbourne is a fast-growing city of ≈5 million people, with 
a mix of comprehensive stroke centers (providing EVT and 
neurosurgical services), primary stroke centers (thrombolysis 
only), telemedicine-enabled thrombolysis centers, and non-
stroke centers, making accurate prehospital triage critical to 
ensuring timely treatment for acute stroke. We aimed to de-
scribe the impact of the Melbourne MSU within the first 365 
days of operation on prehospital treatment and acute reperfu-
sion therapies with a focus on the clinical and health impact 
of EVT services. We also aimed to determine the effect on 
estimated disability avoidance by earlier provision of throm-
bolysis and thrombectomy.

Methods
The data that support the findings of this study are available from the 
corresponding author on reasonable request.

MSU Operation
The Melbourne MSU is built with a Mercedes Sprinter 5 series 
(Mercedes-Benz Australia) chassis with custom long wheelbase box 
body that incorporates a self-mobile CereTom CT scanner (Samsung 
Neurologica Corp, MA) and 4G mobile transmission and telemedi-
cine hardware. A contrast power injector, contrast warmer, and inbuilt 
refrigerator allow CT angiography and medication management. The 
MSU is currently staffed with an onboard neurologist or senior stroke 
fellow providing primary assessment and treatment decisions, stroke 
advanced practice nurse providing clinical support and treatment 
administration, CT radiographer (nonmedical clinician) performing 
MSU imaging, and advanced life support and mobile intensive care 
(capable of intubation and advanced cardiac resuscitation) para-
medics providing transport logistics and paramedicine support. We 

are currently investigating options for telemedicine consultation to 
replace the onboard neurologist. The MSU carries alteplase, an-
ticoagulant reversal agents (idarucizumab, prothrombin complex 
concentrate, vitamin K), and antihypertensive and anticonvulsant 
medications. Tenecteplase and tranexamic acid are also carried for 
use in interventional drug trials. During the initial phase, the MSU 
operates Monday to Friday from 8 AM to 6 PM.

The operation of the Melbourne MSU generally follows an in-
tegrated dual dispatch model. The MSU is centrally dispatched by 
Ambulance Victoria as a secondary service to all suspected stroke 
cases within 12 hours of symptom onset in the designated central 
Melbourne region, using the Advanced Medical Priority Dispatch 
System (Priority Dispatch Corp, UT). This does not consider pre-
morbid function. Alternatively, the MSU may be requested by attend-
ing paramedic crews or dispatched by request of the MSU staff who 
monitor radio traffic for possible cases. The MSU is able to rendez-
vous with the primary paramedic crew on-scene or at a secondary 
location after transport to hospital has commenced. The automatic 
co-dispatch boundary was set at 20 km of the Royal Melbourne 
Hospital (RMH) in central Melbourne (Figure 1), designed to align 
the MSU travel time to the historical ambulance on-scene time (≈20 
minutes), which minimizes delays between patient extrication and 
MSU attendance. Rendezvous can occur outside the 20-km radius for 
requests initiated by paramedic crews.

Paramedic crews can cancel the MSU service should their ini-
tial assessment suggest a nonstroke diagnosis. For patients who are 
reviewed, the MSU generally transports patients requiring prehos-
pital treatment or facilitation for EVT. In our dual dispatch system, 
the primary ambulance crew will transport those patients who are not 
planned for reperfusion therapy or who have a nonstroke diagnosis. 
Patient transport standardly follows Ambulance Victoria guidelines 
to the nearest thrombolysis stroke center, but the MSU will bypass 
to the nearest comprehensive stroke center if neurointerventional or 
neurosurgical services may be required.

Patients presenting with ongoing stroke symptoms within 4.5 
hours of symptom onset receive a noncontrast CT brain on the MSU. 
Patients with onset of symptoms >4.5 hours, wake-up symptoms, 
and presentation suspicious for large vessel occlusion <24 hours of 
onset may also be scanned at the discretion of the MSU neurologist. 
Subsequent MSU intracranial CT angiogram may be performed to 
detect large vessel occlusion when clinically suspected.

Cases and Controls
Data for all MSU dispatched cases were systematically collected pro-
spectively in the Melbourne MSU clinical registry, including all time 
metrics relating to dispatch, arrival, and treatment. All MSU patients 
receiving reperfusion therapy, either thrombolysis or EVT, were 
compared with non-MSU patients receiving reperfusion therapy pre-
senting via standard ambulance transport to hospital (control cases) 
within MSU operating hours.

Control data for thrombolysis first ambulance dispatch-to-treat-
ment times were calculated from 2 components: ambulance dispatch 
to hospital arrival and arrival to thrombolysis. Ambulance dispatch-
to-arrival times were prospectively collected for consecutive patients 
receiving thrombolysis at the RMH in a clinical registry linked with 
Ambulance Victoria data. For calculating arrival-to-thrombolysis 
times, we used prospectively collected data from consecutive patients 
across all 9 metropolitan Melbourne thrombolysis-capable hospitals 
participating in the Australian Stroke Clinical Registry.6 Symptom-
onset-to-thrombolysis time differences were compared directly be-
tween MSU and Australian Stroke Clinical Registry control cases. 
Thrombolysis control cases were drawn from 2016 to 2017 as the im-
mediate years before MSU commencement and restricted to patients 
presenting within MSU operating hours.

Control cases for EVT consisted of consecutive patients with 
available prehospital linked data presenting to the RMH, the largest 
EVT service in Melbourne, either directly or via interhospital transfer 
from 10 metropolitan health services within MSU operating hours. 
The 2017 to 2018 period was chosen for EVT controls, as the more 
recent data were thought to better reflect evolving EVT workflows. 
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Ethics approval for this study was provided by the RMH Research 
Ethics Committee with waiver of patient consent.

Outcomes
The primary outcome of this study was to evaluate the effect of the 
MSU on intravenous and endovascular reperfusion therapies com-
pared with standard ambulance and hospital workflows. Median 
time differences for first ambulance dispatch to commencement of 
thrombolysis or arterial puncture between MSU and control data 
were selected as the primary measures of time to reperfusion therapy. 
Translation to disability-adjusted life years avoided for time savings 
were then calculated using published estimates for earlier provision 
of thrombolysis7 and EVT.8

Data are expressed as median and interquartile range (IQR) except 
where specified. Time differences between MSU and controls were 
analyzed using quantile regression modeling because of assumed 
lack of normality, with prespecified 25th, 50th, and 75th quantiles 
selected. Quantile regression models the association between a set of 
input variables and specific percentiles (or quantiles) of the outcome 
variable and estimates differences in the quantiles of the outcome var-
iable between 2 groups.9 The primary outcome of median time differ-
ence between MSU and control groups was, therefore, determined by 
the 50th quantile of the model, with a P of <0.05 considered signifi-
cant. Analyses were not adjusted for baseline characteristics.

Time differences were compared between MSU and control 
groups directly except for thrombolysis first ambulance dispatch to 
treatment, which were estimated as a sum of the first ambulance dis-
patch to hospital/scene and hospital/scene to thrombolysis. The me-
dian times and respective CIs for this latter composite calculation 
were estimated using 1000 bootstrapped replications. Statistical anal-
ysis was conducted using Stata IC15 software (StataCorp, College 
Station, TX).

Results
Service Summary
The Melbourne MSU was launched on November 20, 2017, 
and completed 365 days of full or partial (n=33; 9%) service 
in August 2019. The MSU was dispatched to a total of 2348 
cases (6.4 cases per service day), of which 2089 cases (90%) 
were from automatic co-dispatch within the 20-km central 

zone and the remainder from paramedic crew request (n=188; 
8%) or MSU self-dispatch (n=70; 2%). Data from the first cal-
endar year showed the MSU attended ≈65% (1179 of 1804) 
of the total suspected stroke caseload in the 20-km automatic 
co-dispatch zone during operational times.

Of total dispatched cases, 1409 cases (60%) were canceled 
by the initial paramedic crew attending before the MSU ar-
rival, with the vast majority due to absence of, or resolving, 
stroke symptoms. Of the remaining 939 cases attended by the 
MSU, 437 (46.5%) underwent MSU imaging with a noncon-
trast CT brain and 219 (23.3%) underwent intracranial CT an-
giogram. A provisional diagnosis of stroke was given to 491 
patients (52.2% of reviewed), of whom 311 were suspected 
acute ischemic strokes (63.3%), 33 transient ischemic attack 
(6.7%), 44 intracerebral hemorrhages (9%), and 12 extra-axial 
hemorrhages (2.4%), while 91 suspected stroke cases were 
given a clinical diagnosis of stroke but did not receive a scan 
because of clear ineligibility for prehospital treatment (18.5%; 
Figure I of the online-only Data Supplement). Overall, 214 
patients (22.8% of attended) were transported to hospital by 
the MSU.

Impact on Thrombolysis
In the first 365 days of operational service, the MSU provided 
prehospital thrombolysis to 100 patients (48.3% of all sus-
pected ischemic stroke reviewed <4.5 hours of onset). Of these, 
39 received tenecteplase as part of 2 clinical trials (https://
www.clinicaltrials.gov; unique identifiers: NCT03340493 and 
NCT04071613). Dabigatran was reversed with idarucizumab 
in 5 patients before thrombolysis.10 Thrombolysis patients 
were 62% male with a mean age of 73.8 years (SD, ±14.4) 
and median National Institutes of Health Stroke Scale11 score 
of 10 (IQR, 5–18).

Figure 2A shows the time epochs from onset to throm-
bolysis for MSU compared with metropolitan Melbourne 
control data. Of MSU tPA cases,15 patients (15%) received 

Figure 1. Ambulance Victoria metropolitan re-
gion and mobile stroke unit (MSU) co-dispatch 
zone.
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thrombolysis <60 minutes from the last known well time, 
while 47 (47%) patients received thrombolysis <90 minutes 
from the last known well time. A further 8 patients (8%) re-
ceived thrombolysis between 3.5 and 4.5 hours, represent-
ing cases that would likely have missed the 4.5-hour window 
by the time of hospital arrival. Post-thrombolysis, 2 patients 
(2%) met the definition for symptomatic intracerebral hemor-
rhage according to the Safe Implementation of Treatments in 
Stroke criteria.12

Time metrics for onset, alarm, and scene to thrombolysis 
for MSU patients are shown in Tables 1 and 2 in comparison to 
control data, with published data from worldwide MSU serv-
ices shown for reference. For Melbourne MSU thrombolysis 

cases, median onset-to-needle time was 95.5 minutes (IQR, 
69.0–129.0). Median MSU dispatch-to-needle time was 60 
minutes (IQR, 50–69), while median first ambulance dispatch-
to-needle time was 65 minutes (IQR, 54–80), the difference 
reflecting cases when the MSU was not co-dispatched but was 
requested to attend by paramedic crews.

In 2016 to 2017 control data for patients receiving throm-
bolysis during MSU operating hours, the median time from 
ambulance dispatch to hospital arrival (n=153 cases) was 49 
minutes (IQR, 40–61), while median time from arrival to 
thrombolysis in metropolitan Melbourne (n=278 cases) was 
57 minutes (IQR, 38–83). The equivalent median time for first 
ambulance dispatch to MSU arrival on scene was 22.5 min-
utes (IQR, 17.0–29.5), and median time from MSU arrival to 
thrombolysis (including extrication and airway management 
where required) was 41.5 minutes (IQR, 34.0–47.5). Median 
onset to thrombolysis was 143.5 minutes (IQR, 107.5–196.0) 
for controls, compared with 95 minutes (IQR, 69.0–128.0) 
for MSU cases.

The median (50th quantile) time saving for MSU cases 
compared with control cases for first ambulance dispatch to 
arrival in hospital/on scene was 26 minutes ([95% CI, 22.6–
29.4], P<0.001), and the time saving for arrival to throm-
bolysis was 15 minutes ([95% CI, 9.7–20.3], P<0.001). 
Quantile differences were P<0.05 except the 25th quan-
tile for arrival to thrombolysis (Figure 3; online-only Data 
Supplement). The calculated overall time saving from first 
ambulance dispatch to thrombolysis was 42.5 minutes (95% 
CI, 36.0–49.0).

Impact on EVT
In the same period, 57 MSU patients were diagnosed with an-
terior or posterior circulation large vessel occlusion. Of these, 
36 received prehospital thrombolysis and 41 received EVT at 
the nearest comprehensive stroke center. Bypass of the local 
stroke center to transport to a comprehensive stroke center 
was required in 27 cases (47.4% of all large vessel occlu-
sion). Those receiving EVT <6 hours of onset represented 
16.5% (36 of 217) of all ischemic strokes within this time 
frame. EVT patients were 61% male with a mean age of 76 
years (SD, ±11.1) and median baseline National Institutes of 
Health Stroke Scale score of 18 (IQR, 15–22). Of 41 patients 
receiving EVT, 33 patients received baseline MSU CT angio-
gram (80%), of whom 10 were directly taken to the endovas-
cular suite on hospital arrival. The 31 remaining EVT patients 

Figure 2. Time epochs from onset to thrombolysis and thrombectomy 
for Melbourne mobile stroke unit (MSU) compared with local controls. 
*Includes only patients with thrombectomy <6 h from onset. A and B, 
Comparison to metropolitan Melbourne control cases within MSU oper-
ating hours. Logistic regression P<0.001.

Table 1. Treatment Time Saving for Melbourne Mobile Stroke Unit Cases in Comparison to Local Controls

25th Quantile 50th Quantile 75th Quantile

Difference 95% CI P Value Difference 95% CI P Value Difference 95% CI P Value

tPA: first ambulance dispatch to  
hospital/scene arrival, min

22.0 17.8 to 26.2 <0.001 26.0 22.6 to 29.4 <0.001 32.0 25.9 to 38.1 <0.001

tPA: hospital/scene arrival to tPA, min 5.0 −0.6 to 10.6 0.08 15.0 9.7 to 20.3 <0.001 36.0 27.2 to 44.8 <0.001

EVT: first ambulance dispatch to arterial  
puncture, min

18.0 −1.8 to 37.8 0.075 51.0 30.1 to 71.9 <0.001 88.0 63.9 to 112.1 <0.001

EVT: EVT center arrival to arterial  
puncture, min

16.0 3.2 to 28.8 0.015 17.0 7.6 to 26.4 0.001 27.0 10.2 to 43.8 0.002

EVT indicates endovascular thrombectomy; and tPA, tissue-type plasminogen activator.
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(including 23 who had received prior MSU CT angiogram) 
received further multimodal CT imaging on hospital arrival 
before EVT. There was a small difference in time to EVT of an 
additional 23 minutes for those who did not receive MSU CT 
angiogram, but this was difficult to interpret because of small 
numbers and significant baseline clinical imbalance. Reasons 
for not proceeding with EVT included improving symptoms 
or vessel recanalization with thrombolysis (n=6), unfavorable 
clinical characteristics on hospital arrival (n=9), and family 
refusal (n=1).

Time metrics for MSU patients receiving EVT are 
shown in Tables 1 and 3. Time epochs from onset to EVT 
commencement for MSU and control data for patients in-
tended for EVT <6 hours of onset are shown in Figure 2B. 
Comparison control data during MSU operating hours for 
2017 to 2018 (n=140 cases) show overall first ambulance 
dispatch-to-arterial-puncture time of 170 minutes (IQR, 
120.5–227.5) for metropolitan Melbourne (direct presenta-
tion and interhospital transfer) cases, compared with 119.5 
minutes (IQR, 103.3–137.3) for MSU patients. Median 
onset-to-puncture times were 234.5 minutes (IQR, 157.8–
287.5) for control cases and 148 minutes (IQR, 120.3–210.5) 

for MSU cases. Median time from EVT center arrival to ar-
terial puncture was 52 minutes (IQR, 39.8–71.0) for con-
trols (n=60 cases presenting directly) and 33 minutes (IQR, 
23.3–39.8) for MSU patients.

The overall median (50th quantile) time saving for MSU 
patients from first ambulance dispatch to arterial puncture 
was 51 minutes (95% CI, 30.1–71.9; P<0.001), with all but 
25th quantiles reaching P<0.05 (Figure 3; online-only Data 
Supplement). Subanalysis of patients located outside the 
catchment of an EVT center showed a median time saving 
of 71 minutes ([95% CI, 46.3–95.7], P<0.001, all quantiles 
<0.05), whereas the median time difference for those located 
within was 6 minutes ([95% CI, −18.6 to 30.6], P=0.628; 
all quantiles >0.05). Median time saving for EVT center ar-
rival to arterial puncture was 17 minutes ([95% CI, 7.6–26.4], 
P=0.001; all quantiles <0.05).

Estimate of Disability Avoided
In previous studies, authors have estimated that for every 
minute of treatment delay, a median of 1.8 days of healthy 
life are lost for thrombolysis,7 and a median of 4.3 days of 
healthy life are lost for EVT (in addition to thrombolysis).8 

Table 2. Melbourne MSU Thrombolysis Time Metrics and Comparison to International Services

Melbourne  
MSU Berlin13 Houston14 Cleveland15 Homburg16 Colorado17 Illinois18 Oslo19

New  
Jersey20 New York21 Toledo22

n=100 n=305 n=12 n=124 n=12 n=13 n=18 n=23 n=16 n=29 n=10

Onset to tPA, 
min; median 
(IQR)

95  
(69–128)

73  
(53–120)

98  
(47–265)*

 72  
(53–108)

 97† 98 
(72–184)

78 (±12)  
for <5miles

101.0  
(SD, 46.5)*

105  
(52.0–128.8)

86 (±2) for  
10–20 miles†

MSU dispatch to 
tPA, min; median 
(IQR)

60 (50–69), 
first ambulance  

dispatch:  
65 (54–80)

48  
(39–53)

  38  
(34–42)

39  
(35–45)

 62  
(52–71)

 61.20  
(SD, 15.27)*

53 (42–59)

Scene arrival to 
tPA, min; median 
(IQR)

41.5  
(34.0–47.3)

 25* 29 (29–38)  26  
(20–29)

   48.3  
(SD, 13.7)*

34.7*

Scene arrival to 
CT start, min; 
median (IQR)

18  
(14–23)

  14 (9–18)  4 (4–5)      

tPA ≤60 min 
onset

15/100  
(15%)

112/305 
(37%)

4/12  
(33%)

   5/18  
(27%)

   3/10 (30%)

tPA ≤90 min 
onset

47/100  
(47%)

187/305  
(62%)

         

Time saving 
onset to tPA, 
min; median 
(95% CI)

49.0  
(33.3–64.7)‡

39.0   81.0  39.0† 22.5 11.0 
 (<5miles)

42.9* 27.6

20.0  
(10–20 
miles)†

Time saving 
dispatch to tPA, 
min; median 
(95% CI)

42.5  
(36.0–49.0)‡

35.0*   35.0 26.0  29.5  30.4*  

CT indicates computed tomography; IQR, interquartile range; MSU, mobile stroke unit; and tPA, tissue-type plasminogen activator.
*Reported in mean only.
†Did not report whether mean or median.
‡50th quantile from unadjusted quantile regression analysis using first ambulance dispatch.
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Using ambulance dispatch-to-treatment time savings for MSU 
patients, we estimated an overall median of 20.9 disability-
adjusted life years saved through providing thrombolysis 42.5 
minutes earlier for 100 patients, while an estimated median 
24.6 disability-adjusted life years were saved through pro-
viding EVT 51 minutes earlier for 41 patients.

Discussion
In the first operational year, the Melbourne MSU has dem-
onstrated substantial time savings for both intravenous and 
endovascular reperfusion therapies for ischemic stroke. After 
accounting for the absolute number of patients treated and the 
estimated disability avoidance from earlier treatment, the clin-
ical impact on disability avoidance was greater for patients 

receiving earlier EVT compared with earlier thrombolysis 
alone. This was driven primarily by the more powerful effect 
of EVT compared with thrombolysis, rather than the small 
difference in absolute time saving between the 2 therapies.

The benefit in EVT patients was primarily driven by pre-
hospital MSU diagnosis of large vessel occlusion, which 
enabled bypass of a local non-EVT center directly to a com-
prehensive stroke center in almost 50% of patients with large 
vessel occlusion. Even when patients were located close to 
an EVT center, MSU prenotification and facilitated workflows 
achieved a reduction in hospital arrival to arterial puncture by 
one-third. Furthermore, the time saving was seen despite the 
majority of EVT patients receiving repeat imaging in hospital 
to visualize the extracranial circulation. This need for further 
imaging is diminishing with increasing familiarity of the ser-
vice and improved prehospital selection of patients appro-
priate for direct transfer to the angiography suite.

Previous studies that estimated disability avoidance have 
solely reported the impact of earlier thrombolysis.24,25 Given 
the high proportion of large vessel occlusion managed by 
the Melbourne MSU and the discordance between peripheral 
population growth and centrally located EVT services, earlier 
provision and improved triage for EVT is likely to be a major 
driver of clinical effectiveness for our service. This, however, 
may not be translatable to other regions worldwide with dif-
ferent locations and concentrations of EVT services.

Prehospital clinical tools26 are also used in some regions 
for EVT triage. However, MSU CT angiogram provides de-
finitive identification of large vessel occlusion and is superior 
for this purpose.27 Comparative cost-effectiveness of the 2 
approaches would be of interest for future research.

For thrombolysis cases, compared with reported world-
wide time metrics, the Melbourne MSU showed slightly 
longer time from dispatch and scene arrival to commencement 
of thrombolysis. This may be attributable to differences in our 
local practice, including relatively high baseline severity13,16 of 
our MSU thrombolysis cases who often have difficult on-scene 
extrication, coupled with strict no lift manual handling poli-
cies used by Ambulance Victoria, which demands lengthy slide 
techniques for immobile patients and possible engagement of 
a separate manual handling ambulance. Almost all thromboly-
sis patients also received CT angiography for confirmation of 
vessel occlusion and trials recruitment, but this was often done 
in parallel with thrombolysis administration. These factors, 
however, did not influence the overall time savings for throm-
bolysis compared with local controls, which appear similar to 
published worldwide time metrics. We also used the time from 
first ambulance dispatch, rather than the more commonly re-
ported MSU dispatch, to better reflect true time savings, as the 
latter will overestimate time difference if the MSU receives 
delayed activation by an attending paramedic crew.

The time savings for thrombolysis achieved by the MSU are 
undoubtedly strongly influenced by prehospital treatment but 
additionally may be influenced by MSU staffing of a neurolo-
gist or senior fellow, who differ in experience and potential ad-
herence to treatment guidelines compared with a typically more 
junior in-hospital team. The MSU may also have triaged treated 
patients away from non–thrombolysis-capable sites, which are 
not included in controls, thereby underestimating time savings.

Figure 3. Time difference by quantiles for thrombolysis and thrombectomy 
between Melbourne mobile stroke unit (MSU) and local controls. A, Time from 
first ambulance dispatch to hospital or scene arrival for thrombolysis cases. B, 
Time from hospital or scene arrival to thrombolysis commencement for throm-
bolysis cases. C, Time from first ambulance dispatch to groin arterial access 
for endovascular thrombectomy cases. ○ and * represent data outliers.
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Our study has several limitations. Overall numbers are still 
small given data were analyzed only for the first operational 
year and our analyses could be considered exploratory in na-
ture. We extrapolated dispatch-to-hospital-arrival (prehospital 
only) times for thrombolysis patients and dispatch-to-arterial-
puncture times (prehospital and in hospital) for EVT based 
on cases presenting to the RMH, due to ambulance-linked 
hospital data being unavailable from other centers. While we 
acknowledge that this may not be fully representative of our 
region, the RMH performs the most EVT cases in our state 
and receives EVT transfers from a broad range of hospitals. 
Because of association of EVT volume with workflow,28 it 
is possible that this might have underestimated time savings 
had we compared all EVT centers across Melbourne. The 
RMH is also centrally located in Melbourne and ambulance 
transport times could potentially be shorter than outer met-
ropolitan stroke centers where living density is lower, again 
resulting in a potential underestimate of time savings. Our 
control cases were also largely historical rather than con-
temporaneous. This was a deliberate decision as the clinical 
characteristics and in-hospital workflow of the control group 
may be altered by concurrent operation of the MSU within 
the same geographic region. Such comparisons may, there-
fore, be affected by evolutions in workflow practice, although 
we have attempted to mitigate this for EVT cases by using 
more recent data. The randomized BEST-MSU (Benefits of 
Stroke Treatment Delivered Using a Mobile Stroke Unit)29 and 
B_PROUD (Berlin Prehospital or Usual Delivery of Acute 
Stroke Care https://www.clinicaltrials.gov; unique identifier: 
NCT02869386) trials are ongoing and prospectively compare 
the effect of MSUs with standard of care in emergency depart-
ments. Finally, we were not able to ascertain stroke mimics 
that received thrombolysis in our study but note that treated 
mimic cases are likely to be present in both MSU and con-
trol cohorts, as well as the previous literature used to estimate 
disability-adjusted life years. We acknowledge that there may 

be imbalances in the rates of treated mimics between cases 
and controls due to the prehospital environment of the MSU.

We have identified a number of lessons and challenges for 
MSU operations. First, dispatch algorithms have limited sen-
sitivity and specificity, with around 60% of MSU dispatches 
stood down by the first paramedic crew before MSU arrival, 
due to a low likelihood of stroke. Poor specificity increases 
running expenses and limits the ability of the MSU to re-
spond to concurrent cases that may be more appropriate for 
MSU interventions. The flexibility to change ambulance dis-
patch algorithms may be limited depending on local systems, 
so a multitiered approach may be required, including greater 
self-triage autonomy for the MSU to attend or decline cases, 
education of emergency call-takers, and familiarization of 
paramedics with the MSU service to initiate activation as soon 
as possible for cases where the MSU is not co-dispatched.

Second, the current lack of CT perfusion capability on 
MSU scanners worldwide also limits some management 
options, including diagnostic confirmation of stroke where the 
clinical features are unclear, thrombolysis for wake-up stroke 
and patients in the 4.5- to 9-hour window,30 selection for EVT 
beyond 6 hours,31,32 and ability to recruit for trials using CT 
perfusion selection. The Ceretom MSU CT angiogram also 
does not cover the aortic arch and carotid bifurcation that 
would allow the assessment of proximal vascular access for 
EVT planning. We anticipate that the increasing uptake of 
MSU services worldwide will generate interest in developing 
such capabilities for scanners able to be utilized by MSUs.

Third, the workload of the Melbourne MSU in the first 
year was high but could only cater for ≈65% of all stroke 
dispatches within the 20-km radius during MSU operating 
hours, which covers only around a third of the metropolitan 
Melbourne population. This indicates that a sufficient case-
load exists that would support additional MSU services in 
our region. There are 3 MSU services operating in Berlin, 
Germany, with a population of ≈3.8 million.

Table 3. Melbourne MSU EVT Time Metrics and Comparison to International Services

Melbourne MSU BEST-MSU Sites5 Cleveland23

n=41 n=161 n=18

Onset to arterial puncture,* min; median (IQR) 160.5 (122.0 to 233.0)   

First ambulance dispatch to arterial puncture, min; median (IQR) 119.5 (103.3 to 137.3)   

EVTC catchment: 110.0 (102.8 to 131.3)

Non-EVTC catchment: 131.5 (110.0 to 147.0)

Hospital arrival to puncture, min; median (IQR) 33.0 (23.3 to 39.8) 89.0 (65.0 to 112.0) 97

Post-tPA: 31.0 (19.5 to 39.8) Post-tPA: 93.0 (65.8 to 111.3)

Time saving onset to puncture, min; median (95% CI)* 78.0 (43.5 to 112.5)†   

Time saving dispatch to puncture, min; median (95% CI) 51.0 (30.1 to 71.9)†   

EVTC catchment: 6.0 (−18.6 to 30.6)

Non-EVTC catchment: 71.0 (46.3 to 95.7)

Time saving door to puncture, min; median (95% CI) 17.0 (7.6 to 26.4)† 10 3

BEST-MSU indicates Benefits of Stroke Treatment Delivered Using a Mobile Stroke Unit; EVT, endovascular thrombectomy; EVTC, endovascular thrombectomy center; 
IQR, interquartile range; MSU, mobile stroke unit; and tPA, tissue-type plasminogen activator.

*Includes only EVT <6 h onset.
†50th quantile from unadjusted quantile regression analysis using first ambulance dispatch.
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Finally, we are also actively exploring telemedicine 
options for remote assessment and management by a neurolo-
gist. Telemedicine validation studies in Houston33 and Berlin34 
provide evidence that remote video assessment is reliable. 
However, while for the Houston experience few connection 
issues were reported, the Berlin team experienced ≤17% tele-
medicine failure rate using similar hardware to the Melbourne 
MSU. In addition, although telemedicine hardware exists 
within the vehicle, most of our clinical assessments are com-
pleted outside the MSU, making further exploration of reli-
able and portable telemedicine hardware necessary to provide 
telemedicine-led treatment delivery on the MSU in future.

Conclusions
The first operational year (365 days) of the Melbourne MSU 
has shown substantial time savings to commencement of both 
thrombolysis and EVT. Based on estimated disability avoid-
ance, the greatest clinical impact was from earlier provision 
of EVT, due to the more powerful treatment effect compared 
with thrombolysis. This indicates that accurate prehospital di-
agnosis, triage, and provision of faster EVT is a major benefit 
of MSU operation in our locality.

Sources of Funding
The Melbourne Mobile Stroke Unit and associated projects received 
funding from the Australian Commonwealth Government, Victorian 
State Government, Royal Melbourne Hospital Neurosciences 
Foundation, Stroke Foundation, The Florey Institute of Neurosciences 
and Mental Health, the University of Melbourne, Boehringer 
Ingelheim, and private donation.

Disclosures
H. Zhao discloses grants from the Australian Commonwealth 
Government and the University of Melbourne and personal fees from 
Boehringer Ingelheim. Dr Cadilhac discloses grants from the National 
Health and Medical Research Council, Melbourne Health, Boehringer 
Ingelheim, Medtronic, and Shire. D.M. Brooks discloses grants from 
Stryker and personal fees from Microvention and Cook. Dr Thijs 
discloses personal fees from Boehringer Ingelheim, Pfizer/BMS, 
Medtronic, and Bayer. Dr Mitchell discloses grants from Stryker and 
Medtronic and personal fees from Microvention. Dr Parsons discloses 
being on the advisory boards of Boehringer Ingelheim, Bayer, and 
research partnerships with Siemens, Toshiba/Canon, Apollo Medical 
Imaging, and Medtronic. Dr Donnan discloses being on the advisory 
boards of Allergan, Amgen, Bayer, Boehringer Ingelheim, and Servier. 
Dr Davis discloses grants from the National Health and Medical 
Research Council and personal fees from Boehringer Ingelheim and 
Medtronic. The other authors report no conflicts.

References
 1. Fassbender K, Grotta JC, Walter S, Grunwald IQ, Ragoschke-Schumm A, 

Saver JL. Mobile stroke units for prehospital thrombolysis, triage, and 
beyond: benefits and challenges. Lancet Neurol. 2017;16:227–237. doi: 
10.1016/S1474-4422(17)30008-X

 2. Audebert H, Fassbender K, Hussain MS, Ebinger M, Turc G, Uchino K, 
et al; PRESTO Group. The PRE-hospital stroke treatment organization. 
Int J Stroke. 2017;12:932–940. doi: 10.1177/1747493017729268

 3. Wendt M, Ebinger M, Kunz A, Rozanski M, Waldschmidt C, Weber JE, 
et al; STEMO Consortium. Improved prehospital triage of patients with 
stroke in a specialized stroke ambulance: results of the pre-hospital acute 
neurological therapy and optimization of medical care in stroke study. 
Stroke. 2015;46:740–745. doi: 10.1161/STROKEAHA.114.008159

 4. Ebinger M, Winter B, Wendt M, Weber JE, Waldschmidt C, 
Rozanski M, et al; STEMO Consortium. Effect of the use of ambu-
lance-based thrombolysis on time to thrombolysis in acute ischemic 

stroke: a randomized clinical trial. JAMA. 2014;311:1622–1631. doi: 
10.1001/jama.2014.2850

 5. Czap AL, Grotta JC, Parker SA, Yamal JM, Bowry R, Sheth SA, et 
al. Emergency department door to puncture time since 2014. Stroke. 
2019;50:1774–1780. doi: 10.1161/STROKEAHA.119.025106

 6. Cadilhac DA, Lannin NA, Anderson CS, Levi CR, Faux S, Price C, et 
al. Protocol and pilot data for establishing the Australian stroke clin-
ical registry. Int J Stroke. 2010;5:217–226. doi: 10.1111/j.1747- 
4949.2010.00430.x

 7. Meretoja A, Keshtkaran M, Saver JL, Tatlisumak T, Parsons MW, 
Kaste M, et al. Stroke thrombolysis: save a minute, save a day. Stroke. 
2014;45:1053–1058. doi: 10.1161/STROKEAHA.113.002910

 8. Meretoja A, Keshtkaran M, Tatlisumak T, Donnan GA, Churilov L. 
Endovascular therapy for ischemic stroke: save a minute-save a week. 
Neurology. 2017;88:2123–2127. doi: 10.1212/WNL.0000000000003981

 9. Koenker R. Quantile regression. Cambridge: Cambridge University 
Press; 2005.

 10. Zhao H, Coote S, Pesavento L, Jones B, Rodrigues E, Ng JL, et al. 
Prehospital idarucizumab prior to intravenous thrombolysis in a 
mobile stroke unit. Int J Stroke. 2019;14:265–269. doi: 10.1177/ 
1747493018790081

 11. Lyden P, Raman R, Liu L, Grotta J, Broderick J, Olson S, et al. NIHSS 
training and certification using a new digital video disk is reliable. Stroke. 
2005;36:2446–2449. doi: 10.1161/01.STR.0000185725.42768.92

 12. Mazya M, Egido JA, Ford GA, Lees KR, Mikulik R, Toni D, et al; 
SITS Investigators. Predicting the risk of symptomatic intracerebral 
hemorrhage in ischemic stroke treated with intravenous alteplase: safe 
Implementation of Treatments in Stroke (SITS) symptomatic intra-
cerebral hemorrhage risk score. Stroke. 2012;43:1524–1531. doi: 
10.1161/STROKEAHA.111.644815

 13. Kunz AK, Nolte C, Fiebach JB, Geisler F, Rozanski M, Scheitz JF, et al. 
Functional outcomes of pre-hospital stroke thrombolysis compared to 
conventional care. Stroke. 2016;47:A179–A179.

 14. Bowry R, Parker S, Rajan SS, Yamal JM, Wu TC, Richardson L, et al. 
Benefits of stroke treatment using a mobile stroke unit compared with 
standard management: the BEST-MSU study run-in phase. Stroke. 
2015;46:3370–3374. doi: 10.1161/STROKEAHA.115.011093

 15. Sheikhi LE, Mullaguri N, Nocero J, Reimer AP, Schrock J, Rasmussen PA, 
et al. Improving mobile stroke unit intravenous thrombolysis times 
through parallel processing. Stroke. 2018;49:ATP285–ATP285.

 16. Walter S, Kostopoulos P, Haass A, Keller I, Lesmeister M, 
Schlechtriemen T, et al. Diagnosis and treatment of patients with stroke 
in a mobile stroke unit versus in hospital: a randomised controlled trial. 
Lancet Neurol. 2012;11:397–404. doi: 10.1016/S1474-4422(12)70057-1

 17. Kowalski RG, Schimpf B, Wilson D, Poisson SN, Nyerg EM, Carrera E, et 
al. Significant reduction in prehospital evaluation and door-to-treatment 
times with a mobile stroke unit. Stroke. 2019;50:AWP323–AWP323.

 18. Shownkeen H, Mohajer-Esfahani M, Crumlett H, Lindstrom A. A 
single center comparison of stroke treatment times. Journal Neurointerv 
Surgery. 2018;10:A103–A104.

 19. Larsen K, Tveit LH, Jæger HS, Hov MR, Røislien J, Solyga V, et al. 
Prehospital acute stroke treatment by critical care physicians in a mobile 
stroke unit. Stroke. 2019;50:ATP282–ATP282.

 20. Sanchez Molero S, Diaz C, Boozan J, Stiefel MF. Assessment of phased 
implementation of a mobile stroke unit for acute ischemic stroke treat-
ment. Circulation. 2018;137:AP354–AP354.

 21. Kummer BR, Lerario MP, Hunter MD, Wu X, Efraim ES, Salehi Omran S, 
et al. Geographic analysis of mobile stroke unit treatment in a dense 
Urban area: the New York city METRONOME registry. J Am Heart 
Assoc. 2019;8:e013529. doi: 10.1161/JAHA.119.013529

 22. Lin E, Calderon V, Goins-Whitmore J, Bansal V, Zaidat O. World’s 
first 24/7 mobile stroke unit: initial 6-month experience at mercy 
health in Toledo, Ohio. Front Neurol. 2018;9:283. doi: 10.3389/fneur. 
2018.00283

 23. Sheikhi L, Patel P, Mullaguri N, George P, Reimer A, Toth G, et al. 
Bypassing interhospital transfers for large vessel occlusions in the era of 
mobile stroke units. Neurology. 2018;90:P4.029.

 24. Gyrd-Hansen D, Olsen KR, Bollweg K, Kronborg C, Ebinger M, 
Audebert HJ. Cost-effectiveness estimate of prehospital thrombolysis: 
results of the PHANTOM-S study. Neurology. 2015;84:1090–1097. doi: 
10.1212/WNL.0000000000001366

 25. Dietrich M, Walter S, Ragoschke-Schumm A, Helwig S, Levine S, 
Balucani C, et al. Is prehospital treatment of acute stroke too expen-
sive? An economic evaluation based on the first trial. Cerebrovasc Dis. 
2014;38:457–463. doi: 10.1159/000371427

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 11, 2020



930  Stroke  March 2020

 26. Zhao H, Pesavento L, Coote S, Rodrigues E, Salvaris P, Smith K, et al. 
Ambulance clinical triage for acute stroke treatment: paramedic triage 
algorithm for large vessel occlusion. Stroke. 2018;49:945–951. doi: 
10.1161/STROKEAHA.117.019307

 27. Helwig SA, Ragoschke-Schumm A, Schwindling L, Kettner M, 
Roumia S, Kulikovski J, et al. Prehospital stroke management optimized 
by use of clinical scoring vs mobile stroke unit for triage of patients with 
stroke. JAMA Neurol. 2019. doi: 10.1001/jamaneurol.2019

 28. Gupta R, Horev A, Nguyen T, Gandhi D, Wisco D, Glenn BA, et al. Higher 
volume endovascular stroke centers have faster times to treatment, 
higher reperfusion rates and higher rates of good clinical outcomes. 
J Neurointerv Surg. 2013;5:294–297. doi: 10.1136/neurintsurg- 
2011-010245

 29. Yamal JM, Rajan SS, Parker SA, Jacob AP, Gonzalez MO, 
Gonzales NR, et al. Benefits of stroke treatment delivered using a 
mobile stroke unit trial. Int J Stroke. 2018;13:321–327. doi: 10.1177/ 
1747493017711950

 30. Ma H, Campbell BCV, Parsons MW, Churilov L, Levi CR, Hsu C, et al; 
EXTEND Investigators. Thrombolysis guided by perfusion imaging up 

to 9 hours after onset of stroke. N Engl J Med. 2019;380:1795–1803. doi: 
10.1056/NEJMoa1813046

 31. Nogueira RG, Jadhav AP, Haussen DC, Bonafe A, Budzik RF, 
Bhuva P, et al; DAWN Trial Investigators. Thrombectomy 6 to 24 hours 
after stroke with a mismatch between deficit and infarct. N Engl J Med. 
2018;378:11–21. doi: 10.1056/NEJMoa1706442

 32. Albers GW, Marks MP, Kemp S, Christensen S, Tsai JP, Ortega- 
Gutierrez S, et al; DEFUSE 3 Investigators. Thrombectomy for stroke 
at 6 to 16 hours with selection by perfusion imaging. N Engl J Med. 
2018;378:708–718. doi: 10.1056/NEJMoa1713973

 33. Bowry R, Parker SA, Yamal JM, Hwang H, Appana S, Rangel- 
Gutierrez N, et al. Time to decision and treatment with tPA (tissue-
type plasminogen activator) using telemedicine versus an onboard 
neurologist on a mobile stroke unit. Stroke. 2018;49:1528–1530. doi: 
10.1161/STROKEAHA.117.020585

 34. Winter B, Wendt M, Waldschmidt C, Rozanski M, Kunz A, Geisler F, et al; 
Stroke Emergency Mobile (STEMO) Consortium. 4G versus 3G-enabled 
telemedicine in prehospital acute stroke care. Int J Stroke. 2019;14:620–
629. doi: 10.1177/1747493019830303

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 11, 2020




