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Abstract

Introduction: In ischaemic stroke care, fast reperfusion is essential for disability free survival. It is unknown if bypassing

thrombolysis centres in favour of endovascular thrombectomy (mothership) outweighs transport to the nearest throm-

bolysis centre for alteplase and then transfer for endovascular thrombectomy (drip-and-ship). We use conditional

probability modelling to determine the impact of treatment times on transport decision-making for acute ischaemic

stroke.
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Materials and methods: Probability of good outcome was modelled using a previously published framework, data

from the Irish National Stroke Register, and an endovascular thrombectomy registry at a tertiary referral centre in

Ireland. Ireland was divided into 139 regions, transport times between each region and hospital were estimated using

Google’s Distance Matrix Application Program Interface. Results were mapped using ArcGIS 10.3.

Results: Using current treatment times, drip-and-ship rarely predicts best outcomes. However, if door to needle times

are reduced to 30 min, drip-and-ship becomes more favourable; even more so if turnaround time (time from throm-

bolysis to departure for the endovascular thrombectomy centre) is also reduced. Reducing door to groin puncture times

predicts better outcomes with the mothership model.

Discussion: This is the first case study modelling pre-hospital transport for ischaemic stroke utilising real treatment

times in a defined geographic area. A moderate improvement in treatment times results in significant predicted changes

to the optimisation of a national acute stroke patient transport strategy.

Conclusions: Modelling patient transport for system-level planning is sensitive to treatment times at both thrombolysis

and thrombectomy centres and has important implications for the future planning of thrombectomy services.
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Introduction

In ischaemic stroke care, fast reperfusion is essential to

improve disability free survival.1–5 Endovascular
thrombectomy (EVT) is an extremely effective therapy

with early reperfusion rates of �75% and a number

needed to treat of only seven to prevent one poor out-
come (Modified Rankin Scale (mRS) 2–6 at 90 days).6

However, this therapy is only applicable to ischaemic

stroke patients with large vessel occlusions (LVOs).
Medical thrombolysis with alteplase is more widely

available but is less effective in patients with LVOs;

only achieving early reperfusion rates of 8–35%.7–9

For both treatments, time is critical. The probability

of achieving good outcome with EVT decreases with

time. For every nine-min delay in onset to reperfusion,
one out of every 100 patients will have greater func-

tional disability at 90 days.10 The equipment and exper-

tise needed restrict this procedure to large tertiary
hospitals, typically situated in urban areas. For

patients outside the catchment area of EVT centres, it

is unknown if delayed, but more effective, reperfusion
with EVT outweighs the benefits of early thrombolysis.

In the pre-hospital scenario, this manifests as an option

between bypassing a thrombolysis centre in favour of
EVT at an EVT centre (mothership) and direct trans-

port to the thrombolysis centre for thrombolysis fol-

lowed by transfer for EVT (drip-and-ship).
The natural extension of more widely available

thrombolysis usage and the introduction of EVT has

led to a re-evaluation of the drip-and-ship model.11–13

Adding complexity, only a small proportion of sus-

pected stroke patients have LVOs and are eligible for

EVT. Thus, adopting a mothership method for all

stroke patients may result in unnecessary and long
transports for patients that will never undergo EVT.
However, for the patients with LVO, only 8–35%
achieve recanalisation with thrombolysis meaning
that transport to a thrombolysis centre may be
futile.7,14 A retrospective analysis of drip-and-ship
versus mothership in Korea found no difference in
recanalisation or 90-day outcome between the two
transportation strategies. However, this was performed
prior to publication of positive trials of EVT, the
number of patients was small (N¼ 105, of whom 88
received EVT), and the difference in onset to arterial
access between the groups was relatively short (219 vs
300 min) suggesting that the thrombolysis and EVT
centres were likely close in proximity.15 Bypassing
thrombolysis centres (mothership) for patients with
suspected LVO led to improved outcomes in a recent
Danish study.16

Recently, using conditional probability modelling
techniques, the drip-and-ship and mothership transport
options (Figure 1) have been explored to help plan
future EVT services.17,18 In this analysis, we apply
one of these frameworks17 in conjunction with both
real and optimised transport and treatment times to
the Irish Healthcare system to explore patient transport
in a geographically defined area and assess how
changes in treatment times impact transport decisions.

Methods

Setting

In Ireland (population 4.5 M, �70,000 km2), there are
approximately 4500 ischaemic strokes per annum.
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There are 25 hospitals that provide 24/7 thrombolysis

services; one of which (Beaumont Hospital, herein

referred to as EVT Centre 1) is a tertiary neurosurgical

centre in Dublin equipped to provide EVT, a second

EVT centre is currently in development (Cork

University Hospital, herein referred to as EVT Centre

2).

Patients

Data from 699 ischaemic stroke patients (from 22 hos-

pitals) treated with thrombolysis between 1 January

2014 and 31 December 2015 were obtained from the

Irish National Stroke Register. The National Stroke

Register contains clinical data including stroke onset

time, hospital arrival time and time of alteplase admin-

istration. Among the 8969 ischaemic strokes in 2014

and 2015, 6026 were captured in the register (67%).

Only hospitals submitting complete data for >80% of

stroke patients are included in the register. Data from

312 ischaemic stroke patients who had EVT at EVT

Centre 1 over the same time period were obtained

from a local registry.19 Among these patients, 53%

received thrombolysis beforehand – the primary rea-

sons for not receiving thrombolysis were unknown

time of onset, outside of treatment time window, ele-

vated international normalized ratio (INR) elevated

blood pressure or recent trauma/surgery.

Analyses

Probability of good outcome for patients with LVO

was modelled for each transport scenario using a pre-

defined strategy.17 These models approach this prob-

lem physiologically and are based on the probability of

achieving reperfusion, the time from onset to reperfu-

sion, and the probability of achieving a good outcome

(mRS 0–2 at 90 days) given reperfusion at a certain

time from symptom onset. See Supplemental Data

File for complete modelling methods. There are several

simplifying assumptions in this model including the fol-

lowing: (1) stroke onset is witnessed, (2) the probability

of good outcome given reperfusion for both EVT and

alteplase decays with time, the probability of achieving

reperfusion with EVT is time invariant and the proba-

bility of reperfusion with alteplase decays linearly,

Figure 1. Drip-and-ship and mothership transport components. The dashed line represents the mothership model; the solid lines
represent the drip-and-ship model. Times X, Y and Z are transportation times. Times A, B and C are treatment times. Adapted from
Holodinsky et al. Drip-and-ship versus Direct to Comprehensive Stroke Centre: Conditional Probability Modelling.17
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(3) all LVOs are treatment eligible and (4) reperfusion

is only achieved through treatment.17

Time intervals used for modelling were obtained

from two data sources. The median door to needle

(DTN) times for each centre were obtained from the

Irish National Stroke Register. For hospitals not

included in the registry, the DTN was imputed as the

national median. Door to puncture (DTP) times were

obtained from an EVT registry at EVT Centre 1.

Patients were stratified into two groups: those who pre-

sented directly to EVT Centre 1 (mothership) and those

who were referred from a thrombolysis centre (drip-

and-ship). Median DTP for each group was calculated;

it was assumed these times would be similar at EVT

Centre 2 once it is fully operational. A detailed list of

model variables, definitions, values and data sources is

listed in Table 1 in the Supplemental Data File.
Ireland was divided into 139 regions using postal

codes. The postal code shape files were imported into

ArcGIS 10.3 (Esri, Redlands, CA). Using the Feature

To Point tool, the geographic centre of each region was

identified and mapped. Each thrombolysis and EVT

centre was mapped using global positioning system

coordinates. Using Google’s Distance Matrix

Application Programming Interface (Mountain View,

CA), the ground transportation time from each

region’s centre to the nearest thrombolysis and EVT

centres was estimated, as well as the time between

each thrombolysis and EVT centre.
These variables were entered into the drip-and-ship

and mothership models and the model with the greatest

probability of good outcome for each region was

determined. If these probabilities were within 0.02 of

one another, the two transport methods were classified
as equivalent. As EVT Centre 2 does not yet perform
EVT on a 24/7 basis, scenarios were created both with

and without this EVT centre. The impact of faster
treatment times was also explored.

The output of the models is shown graphically using
colour-coded maps to illustrate whether the drip-and-

ship model or mothership model of stroke patient
transportation predicted superior, inferior or similar
final stroke outcome.

Results

Data summary

Over the two-year study period, there were 699 patients

treated with alteplase and 312 treated with EVT (258
using the drip-and-ship method), with a median DTN

time of 75 min and a median DTP time of 100 min
(mothership) and 10 min (drip-and-ship). Sixteen dif-
ferent scenarios were generated using combinations of

EVT availability and treatment times (Table 2 in the
Supplemental Data File.)

Model application

Utilising current treatment times and one EVT centre,
for most regions, the two strategies are approximately

equivalent. There are only a few regions where the drip-
and-ship strategy is the best choice (Figure 2 Panel A).

In areas where the patient’s closest thrombolysis centre
is in the opposite direction of the EVT centre,

Figure 2. Current State of Ireland. Map shows Ireland broken into 139 regions with geographic centres plotted. Actual median door
to needle time for each centre is used, time from alteplase administration to departure for the endovascular thrombectomy (EVT)
centre is 60 min, door to groin puncture time is 100 min in the mothership scenario and 10 min in the drip-and-ship scenario. Panel A
displays one EVT centre; panel B shows two EVT centres. Regions are colour coded to show the method predicting the best
probability of good outcome.
DIDO: door-in-door-out; DTN: door to needle; DTP: door to puncture.
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mothership is the best option, because the drip-and-
ship model involves driving the same road twice and
extra drive time is therefore avoided.

Figure 2 Panel B shows the same model with the
addition of EVT Centre 2 in the southwest corner of
the country. The six thrombolysis centres closest to this
centre have been designated as its referral sites which
serve approximately 27% of Ireland’s population.20 In
this region, with current treatment times over a rela-
tively short distance, the drip-and-ship approach never
provides the best probability of good outcome and for
the majority of regions, the mothership approach is the
preferred transport strategy.

Impact of reducing DTN

Holding other treatment times at baseline values, if
DTN time is reduced to a median of 30 min at all
hospitals, the drip-and-ship model almost always
provides the greatest probability of good outcome
(Figure 3 Panel A). The mothership model is predicted
to be better only in regions close to an EVT centre. In a
few regions, further away from the EVT centre in
which travel to the closest thrombolysis centre would
require moving away from the EVT centre, both trans-
port approaches result in equivalent outcomes.

With the addition of EVT Centre 2, the mothership
model results in better predicted outcomes in regions
close to this centre and in two regions where the closest
thrombolysis centre requires travel away from EVT
Centre 2 (Figure 3 Panel B). For the majority of
regions, the drip-and-ship approach predicts the best
patient outcomes.

Impact of reducing door-in-door-out time

Door-in-door-out (DIDO) time is comprised of both

DTN time and the time from thrombolysis administra-

tion to departure for the EVT centre (turnaround

time). Reducing DIDO time by reducing the turn-

around time to 30 min, while holding other times at

baseline values, has a significant impact on transport

decisions. The area where the drip-and-ship model pro-

vides the best probability of good outcome for the

patient increases (Figure 4 Panel A). This impact is

also seen when both EVT centres are operational

(Figure 4 Panel B).
Figure 1 in the Supplemental Data File shows the

impact of reducing DIDO time to 60 min overall (while

holding DTP times at baseline values) by both reducing

DTN to 30 min and reducing the turnaround time to 30

min. This has a profound impact on transport decision-

making and the drip-and-ship model predicts the best

outcome for the patient in almost all regions of the

country.

Impact of reducing door to groin puncture time

Holding all other treatment times at baseline values,

transport decision-making is highly sensitive to changes

in DTP time at the EVT centre. Door to groin puncture

times at EVT Centre 1 in the drip-and-ship scenario are

very fast (median¼ 10 min). This can be attributed to

the ability to pre-alert the neuroradiology team while

the patient is being transported, the decision to forgo

re-imaging on arrival (the size and population distribu-

tion of Ireland make most transfers times very short

Figure 3. Impact of reducing door to needle time. Map shows Ireland broken into 139 regions with geographic centres plotted.
Door to needle time is reduced to 30 min, time from alteplase administration to departure for the endovascular thrombectomy (EVT)
centre is 60 min, door to groin puncture time is 100 min in the mothership scenario and 10 minutes in the drip-and-ship scenario.
Panel A displays one EVT centre; panel B shows two EVT centres. Regions are colour coded to show the method predicting the best
probability of good outcome.
DIDO: door-in-door-out; DTN: door to needle; DTP: door to puncture.
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thus baseline imaging at the referring hospital is still
medically appropriate), and the patient being brought
directly to the neuro-angiography suite by EMS on
arrival. However, for patients who present directly to
EVT Centre 1, DTP time was substantially longer
(median¼ 100 min). Figure 5 illustrates the impact of
decreasing DTP time to 60 min in the mothership sce-
nario (DTP time in drip-and-ship remains unchanged)
holding other times at baseline values. Here, the

drip-and-ship scenario never provides the best proba-
bility of good outcome for the patient, even when there
is only one fully operational EVT centre serving the
entire country.

Figure 2 in the Supplemental Data File shows the
impact of simultaneously reducing DTN and DTP
times, while holding the turnaround time at baseline
value. In contrast to the model showing only reduced
DTN time, here, the drip-and-ship model is rarely

Figure 5. Impact of reducing door to groin puncture time. Map shows Ireland broken into 139 regions with geographic centres
plotted. Actual median door to needle time for each centre is used, time from alteplase administration to departure for the
endovascular thrombectomy (EVT) centre is 60 min, door to groin puncture time is reduced to 60 min in the mothership scenario and
remains at 10 min in the drip-and-ship scenario. Panel A displays one EVT centre; panel B shows two EVT centres. Regions are colour
coded to show the method predicting the best probability of good outcome.
DIDO: door-in-door-out; DTN: door to needle; DTP: door to puncture.

Figure 4. Impact of reducing door-in-door-out time. Map shows Ireland broken into 139 regions with geographic centres plotted.
Actual median door to needle time for each centre is used, door-in-door-out time is reduced by reducing time from alteplase
administration to departure for the endovascular thrombectomy (EVT) centre to 30 min, door to groin puncture time is 100 min in
the mothership scenario and 10 min in the drip-and-ship scenario. Panel A displays one EVT centre; panel B shows two EVT centres.
Regions are colour coded to show the method predicting the best probability of good outcome.
DIDO: door-in-door-out; DTN: door to needle; DTP: door to puncture.

Holodinsky et al. 131



favourable when there is only one EVT referral centre
and is never favourable in the catchment area of EVT
Centre 2. A similar result is seen when simultaneously
reducing DTP time and turnaround time, while holding
DTN time at baseline values. Again, the drip-and-ship
model is rarely favourable (Figure 3 in the
Supplemental Data File).

Impact of having optimal treatment times

If all treatment times are optimised; 60-min DIDO time
(comprised of 30-min DTN time and 30-min turn-
around time) and 60-min DTP time in the mothership
scenario, the drip-and-ship model remains relevant in
the majority of the country (Figure 6). The mothership
model prevails in areas very close to EVT centres and
in a few further regions where the drip-and-ship
method would require initial transport away from the
EVT centre.

Discussion

We have presented the first case study of modelling pre-
hospital transport for ischaemic stroke patients with
LVO utilising real treatment times in a defined geo-
graphic area. While prior analyses have shown model-
ling results using optimised treatment times,17,18 few
jurisdictions are currently achieving such optimised
times21,22 and therefore modelling utilising current
treatment times is of benefit to system planners.
Modelling patient transport for system-level planning
is highly sensitive to treatment times at thrombolysis
and EVT centres. A moderate improvement in

treatment times results in significant predicted changes

to the optimisation of a national acute stroke patient

transport strategy.
The two single changes that had the largest impact

on transport decisions were reducing DTN time and

DTP time. Reducing DTN time highlights the benefits

of early thrombolysis treatment if direct access to EVT

is not efficient. Alternatively, if the time to EVT can be

reduced, the predicted benefit of early thrombolysis is

negated in all scenarios. The impact of minimising the

time between thrombolysis and EVT is also important.

Even when DTN and DTP times are optimised, if

DIDO time remains long (due to delay in departing

for the EVT centre), the predicted benefit of early

thrombolysis rarely supersedes direct transport to

EVT services (mothership). For system-level planning,

it is crucial that all stroke centres are operating as effi-

ciently as possible and variability in treatment times is

kept to a minimum as changes in treatment times at

any point have large predicted impacts on the transport

decision.
The effect these changes have on workload at the

EVT centre must also be considered. If DTP is reduced

in isolation, there will be substantial increase in volume

at the EVT centres as the mothership model predicts

the best outcome for all potential strokes. While our

model is based on patients with known LVO, a pro-

portion of these patients may not be EVT candidates

and this unnecessary increase in volume may adversely

affect workflow for EVT candidates. Conversely, in an

optimised system, the drip-and-ship scenario predicts

the best outcome for most regions. This scenario also

Figure 6. Impact of an optimised system. Map shows Ireland broken into 139 regions with geographic centres plotted. Door to
needle time is reduced to 30 min, time from alteplase administration to departure for the endovascular thrombectomy (EVT) centre is
reduced to 30 min, door to groin puncture time is reduced to 60 min in the mothership scenario and remains at 10 min in the drip-
and-ship scenario. Panel A displays one EVT centre; panel B shows two EVT centres. Regions are colour coded to show the method
predicting the best probability of good outcome.
DIDO: door-in-door-out; DTN: door to needle; DTP: door to puncture.
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has the benefit of early imaging and specialist consults

(either in house or via telehealth) ensuring that only

appropriate EVT candidates are transferred to the

EVT centre, thereby reducing unnecessary workload

at the EVT centre.
The potential impact of having a second fully oper-

ational EVT centre is also illustrated. With current

treatment times, there are several regions in the imme-

diate vicinity of EVT Centre 2 which would still benefit

most from direct transport to EVT Centre 1 in Dublin,
a �300 km drive, even when there is the potential to

have EVT services in their own region. Apart from

improved patient outcomes, having two fully opera-

tional EVT centres will allow patients to remain

closer to home and reduce the caseload at the current

single EVT centre. Additionally, this will lessen the

burden on ambulance services. Taking a patient from
the southwest of Ireland to EVT Centre 1 is not only

costly but it also removes an ambulance from this

region for an entire day, which is potentially detrimen-

tal to the remaining population in these areas. This

scenario is entirely preventable by having EVT services

available 24/7 in southwest Ireland. A recent health
technology assessment of providing EVT services on

a national basis in Ireland, which included two fully

operational EVT centres, found providing this service

to be cost-effective under typical willingness-to-pay

thresholds.23

These models have limitations. Our model includes a
simplifying assumption that LVO can be identified in

the field and currently that is only partly true.

Screening tools have incomplete sensitivity and specif-

icity for identifying LVO. There are several clinical

screening tools which can be used by paramedics to

identify ischaemic stroke with reasonable but imperfect
accuracy. For example, the Los Angeles Motor Scale

(LAMS) score has been shown to identify LVOs with

high sensitivity and specificity, especially in patients

with severe middle cerebral artery syndrome at presen-

tation.24,25 Patients who present as false positives on a

LAMS screen include minor ischaemic stroke, haemor-

rhagic stroke and stroke mimics. Those with minor
ischaemic stroke could have better outcomes if first

transported to their nearest stroke centre for thrombol-

ysis, rather than incurring a delay to treatment with

transport to a more distant comprehensive centre.

Including minor stroke patients in the transport

model may bias the model towards the drip-and-ship

strategy. This analysis considers ground transport only
as it is the primary mode of pre-hospital transport in

Ireland. Ground transport times can be variable due to

traffic, weather and ambulance availability. The addi-

tion of air transport in the model may impact transport

decisions. Future research should also include the

impact that mobile stroke units may have on transport
decisions in metropolitan areas.

The data source is not without limitation. The Irish
National Stroke Register does not capture all ischaemic
stroke patients (67% captured in 2014–2015) as it
covers all major stroke centres but not all hospitals in
Ireland where stroke patients are treated. However, the
majority of LVO patients, which this study applies to,
would have been treated at major stroke centres and
are therefore captured in the register. This analysis was
performed in a small country (�70,000 km2) similar in
size to the state of West Virginia, USA, making the
results relevant to other small countries, various
states, health care regions or even large metropolitan
areas.

We have used this modelling and mapping technique
as a case study to show how real treatment data entered
into a pre-specified conditional probability model can
be used to visualise and inform policy around acute
stroke transport and treatment. Using this methodolo-
gy, the impact of system-wide changes such as the addi-
tion of a new EVT centre and the reduction of
treatment times can be determined. This case study
can be expanded to other health jurisdictions using
local treatment times for similar purposes.

In conclusion, modelling patient transport for
system-level planning is sensitive to treatment times
at both thrombolysis and EVT centres. Optimising all
aspects of major acute ischaemic stroke care, including
decreasing DTN and DIDO at thrombolysis centres
and DTP at EVT centres will result in more favourable
patient outcomes for patients with stroke due to LVO
and will favourr a continued drip-and-ship strategy for
patients requiring EVT.
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