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ABSTRACT

Mechanical thrombectomy is a ground breaking
treatment for acute ischaemic stroke caused by
occlusion of a large vessel. Its efficacy over intravenous
thrombolysis has been proven in multiple trials with

a lower number needed to treat than percutaneous
coronary intervention for acute myocardial infarction.
However, access to this key treatment modality remains
limited with a considerable postcode lottery across the
UKand many parts of the world. The evidence base

for mechanical thrombectomy dates back to 2015.
Since then, there have been important advances in
establishing and widening the criteria for treatment.
This narrative review aims to summarise the current
evidence base and latest advances for physicians and
academics with an interest in recanalisation treatments
for acute ischaemic stroke.

Introduction

The treatment of acute ischaemic stroke was revolution-
ised in 2015 after the publication of several landmark
randomised controlled trials."”” These trials compared
best medical treatment with endovascular treatment
and confirmed the benefit of mechanical thrombectomy
in anterior circulation large vessel occlusion. The result
was definitive, with a significant increase in the propor-
tion of patients who were alive and independent at
three months, and a number needed to treat of between
three and seven. Figure 1 demonstrates the efficacy of
mechanical thrombectomy (MT) when compared with
other interventions.' > > The HERMES (Highly Effective
Reperfusion Evaluated in Multiple Endovascular
Stroke) trials” led to the provision of rapid, arterial
recanalisation in the form of endovascular treatment
at comprehensive stroke centres for patients presenting
with acute ischaemic stroke within 6 hours of symptom
onset time. An estimated 10% of patients with stroke
are eligible for mechanical thrombectomy, but in the
UK approximately 3% of stroke patients are currently
offered this treatment.’* * Considering that the UK
health service's Long Term Plan is to increase access
to this vital stroke treatment, our aim is to describe the
advances in mechanical thrombectomy and summarise
the current evidence base to allow better patient selec-
tion and management of patients with acute ischaemic
stroke.'®

Sources and selection criteria
Between September 2022 and November 2022, we
conducted a search of all articles in English relating to

mechanical thrombectomy for acute ischaemic stroke
in the following databases: PubMed, Embase, OVID,
and Google Scholar. There were no date restrictions. We
searched alternative iterations of mechanical thrombec-
tomy and stroke such as “endovascular therapy,” “intra-
arterial clot retrieval,” “endovascular thrombectomy,”
“acute ischaemic stroke,” and “acute stroke.” Priority
was given to peer reviewed systematic reviews, meta-
analyses, and randomised controlled trials as well as
existing clinical guidelines, because they had the most
impact on changing clinical practice.

Big five trials on mechanical thrombectomy

Thrombectomy has been conducted for over two
decades, but the evidence base proving efficacy
and cost effectiveness was initially lacking. In the
early 2010s, the first three randomised controlled
trials looking at interventional procedures failed
to show benefit of MT but had their limitations,
including one trial (IMS-III), which did not require
direct vascular imaging evidence of large vessel
occlusion for the selection of patients.'”"*° This trial
was swiftly followed in 2015 with the publication
of five randomised controlled trials comparing the
efficacy of MT (using second generation thrombec-
tomy devices) in addition to intravenous thrombol-
ysis where eligible versus intravenous thrombolysis
alone.'>~® All five trials focused on the anterior circu-
lation exclusively, and four of the trials recruited
patients in windows of up to 8 hours from symptom
onset. Outcomes were measured using the modified
Rankin score, which is an ordinal score from O to 6,
with 0 meaning free of disability and six meaning
death.”® MR CLEAN was the first positive trial to
be published.® The results were compelling and
prompted the data safety monitoring boards of the
remaining trials to conduct interim analyses, leading
to the early stoppage of these trials. The five trials
(table 1)included over 1200 patientsin total, and their
data were combined in the HERMES meta-analysis.’
The researchers of this trial concluded that MT led to
significantly better “good functional outcomes,” as
defined by a modified Rankin score of 0-2. Patients
treated with MT achieved the primary outcome in
46% of participants, compared with 26.5% receiving
the best medical treatment (adjusted common odds
ratio 2.49, 95% confidence interval 1.76 to 3.53,
P<0.001). The number needed to treat to achieve a
reduction in modified Rankin score of 1 point in one
patient was 2.6. The pooled data allowed the meta-
analysis to investigate the efficacy of thrombectomy
across a variety of patient characteristics and showed
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Figure 1 | Comparison of the numbers needed to treat
between landmark mechanical thrombectomy trials

and other interventions. The figure shows the numbers
needed to treat of the AURORA and HERMES meta-
analyses and their respective randomised controlled
trials (HERMES: MR CLEAN, ESCAPE, EXTEND-IA,
REVASCAT, and SWIFT-PRIME; AURORA: DEFUSE-3 and
DAWN* 3719 which looked at achieving functional
independence at 90 days. In the TAVI PARTNER trial,

the number needed to treat looked at preventing death
within fiveyears.'® In the trials on primary percutaneous
coronary intervention (pPCl), the number needed to
treat was to prevent short term mortality and short term
recurrence."” For statins, the number needed to treat was
to prevent one stroke’!

that adult patients benefited from thrombectomy
across all age groups and geographical locations.
The benefit remained in patients who did not receive
intravenous thrombolysis.

Strict time criteria were applied to the patients
recruited in the HERMES collaboration.” ESCAPE
had the longest inclusion window of 12 hours from
symptom onset.” SWIFT-PRIME, MR CLEAN, and
EXTEND-IA recruited patients up to 6hours from
symptom onset and REVASCAT up to 8 hours.>° ¢ A
subsequent meta-analysis demonstrated that most
benefit was received from thrombectomy when
conducted under 7hours and 18minutes.”’ This
reinforced the idea of the time clock; and similar to
intravenous thrombolysis, an emphasis was placed
on rapid recanalisation and reperfusion if good func-
tional independence was to be achieved.

Following the results of the HERMES meta-
analysis, best practice guidelines were updated in
the USA, Canada, Europe, and the UK and mechan-
ical thrombectomy became the preferred method
for patients who have acute ischaemic stroke and
presenting with an anterior circulation large vessel
occlusion.

Procedural considerations of mechanical thrombectomy
MT is an endovascular procedure performed under
fluoroscopic guidance and involves recanalisation
of an intracranial occlusion by removing a thrombus
using a retrievable stent (stent retriever), aspiration
catheter, or a combination of both techniques. The
procedure is typically performed via transfemoral
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arterial access but can be performed via the radial
artery. A biaxial or triaxial catheter system is used,
with progressively smaller calibre catheters sited
within the distal vasculature. A large bore guide
catheter is positioned proximally in the target
great vessel, and digital subtraction angiography
is acquired after injection of iodinated contrast
confirming the large vessel occlusion.

Two main techniques for clot retrieval exist. A
direct aspiration technique involves navigation of
an aspiration catheter to the occlusion followed by
syringe or pump driven aspiration.?? Alternatively,
deployment of a stent retriever involves navigating
a microwire and microcatheter beyond the occlu-
sion. The stent retriever is unsheathed within the
thrombus, allowing time for integration with the
stent before being retrieved along with the thrombus.
A combined stent retrieval aspiration technique
can be used by additionally placing an aspiration
catheter at the proximal margin of the thrombus.*?
The COMPASS study showed no significant differ-
ence between the two approaches with respect to
both good functional outcome at 90 days (modified
Rankin score 0-2, 52% (95% confidence interval
43.8% to 60.3%) in aspiration arm v 50% (41.6% to
57.4%) in stent retrieval) and recanalisation rates.
Aspiration approach had the added advantage of
reduced costs and an 11 minute reduction in time to
recanalisation (P=0.02).2*

The second generation thrombectomy devices of
the HERMES trials, including Solitaire (Medtronic)
or Trevo (Stryker) stent retrievers, had improved
successful reperfusion rates of 71% compared with
first generation thrombectomy devices as defined by
modified thrombolysis in cerebral infarction grades
2b or 3 (figure 2).”

Achieving complete recanalisation on the first
pass of a thrombectomy device (as shown in figure 3)
is referred to as the first pass effect, which is an inde-
pendent predictor of good clinical outcome (modi-
fied Rankin score 0-2, 61.3% in first pass effect v
35.3%; odds ratio 1.7, 95% confidence interval 1.10
to 2.70).°

When patients are selected for thrombectomy,
practice varies between centres about performing
the procedure under general anaesthesia or with
conscious sedation. General anaesthesia confers the
advantages of immobilisation to enable safe endovas-
cular intervention with short delays in the induction
of patients. By contrast, with conscious sedation,
patients have faster times from door to groin punc-
ture, but with the possibility of patient agitation
complicating the procedure.?® Initial meta-analysis
data from the HERMES trials and three single centre,
randomised controlled trials raised concern that
general anaesthesia led to worse outcomes (adjusted
common odds ratio 1.53, 95% confidence interval
1.14 to 2.04, P=0.004).”” Recent meta-analysis from
newer trials has suggested that, with a small effect
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Table 1 | Key characteristics of particlpants who received mechanical thrombectomy in randomised controlled trials of
acute ischaemic stroke, included in the HERMES collaboration meta-analysis’

MR CLEAN REVASCAT
Study and patient characteristics
Location Netherlands Spain
No of centres 16 4
Duration 4 years 2 years
Imaging CT or MRI CT or MRI
Sample size (No of 500 206
participants)
Median NIHSS 17 17
Median ASPECTS 9 9
Main inclusion criteria
Age >18 years 18-80 years*
Symptom onset 0-6 hours 0-8 hours
Large vessel occlusion ICA, M1, M2, A1, A2 ICA, M1
type
Modified Rankin score Not used <1
before stroke
NIHSS cut-off point 22 >5
ASPECTS Not used >68

Findings for patients receiving mechanical thrombectomy

Thrombolytic treatment  Yes (89%) Yes (68%)

Successful recanalisa- 75.4% 66.0%
tiontt

90 day modified Rankin ~ 19.1% 28.2%
score 0-2 rate (best

medical treatment)

90 day modified Rankin ~ 32.6% 43.7%
score 0-2 rate (mechani-

cal thrombectomy)

Number needed to treat 7.4 6.5
Rate of symptomaticin-  7.7% 1.9%
tracerebral haemorrhage

Death (%) 18.9% 18.4%

Mortality difference No difference No difference
between mechanical
thrombectomy and best

medical treatment

ESCAPE SWIFT-PRIME EXTEND-IA

International International Australia/New

Zealand
22 60 10
2 years 5 years 3 years
CT CT or MRI CT/CTP or MRI
316 196 70
16 17 17
9 9 7
>18 years 18-85 years >18 years
0-12 hours 0-6 hours 0-6 hours
ICA, M1, M2t ICA, M1 ICA, M1, M2
NA% <1 <2
>5 8-30 Nil
>6 NA NA**
Yes (75%) Mandated (100%)  Mandated
(100%)
72.4% 88.0% 86.2%
29.3% 35.0% 40.0%
53.0% 60.0% 71.0%
(P<0.001) (P<0.001) (P=0.001)
4 4 3
3.6% 0.0% 0.0%
10.4% 9.0% 8.6%

50% reduction No difference No difference

CT=computed tomography; MRI=magnetic resonance imaging; CTP=computed tomography perfusion; NIHSS=National Institute of Health Stroke Scale;
ASPECTS=Alberta stroke programme early computed tomography score; NA=not available; ICA=internal carotid artery; DWI=diffusion weighted imaging.

*After 160 patients were enrolled, patients up to age 85years were included with ASPECTS »8.

M2 occlusions were included if involving more than one M2 vessel.
+Barthel index was used.
§ASPECTS 6 on CT or ASPECTS »5 on MRI-DWI.

flIAdvanced imaging, either CT or MRI, was used to establish core infarct size with varying criteria based on age and imaging modality.
**Advanced imaging, either CT or MRI, was used to establish mismatch ratio »1.2 and infarct core lesion <zomL.

11As defined by thrombolysis in cerebral infarction 2b or 3.

size, patients treated under general anaesthesia
achieve better functional outcomes (modified Rankin
score 0-2, odds ratio 1.11, 95% confidence interval
1.03 to 1.2, P=0.007).2® More work is needed to
determine superiority. Patient factors should be
considered when determining suitability for general
anaesthesia.

Optimal management of peri-procedural blood
pressure is important because within infarcted
and penumbral tissue, cerebral autoregulation is
impaired. In persistent large vessel occlusion, a
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retrospective analysis of 80patients showed that
blood pressure fluctuations and drops in blood
pressure contributed to penumbral tissue loss.?’ In
the case of hypertension, if patients receive intrave-
nous thrombolysis, the National Institute for Health
and Care Excellence recommend that blood pres-
sure should be less than 185 mm Hg (systolic) and
110 mm Hg (diastolic) to reduce the risk of haemor-
rhagic transformation.>° The BP-TARGET randomised
controlled trial including 324 patients failed to
demonstrate a reduction in rates of radiological
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Figure 2 | Angiographic runs during thrombectomy procedures performed at Imperial College Healthcare Trust.
mTICl=modified thrombolysis in cerebral infarction; MCA=middle cerebral artery; arrows=area with a lack of contrast
flow. (A) Left M1 occlusion with some degree of anterograde perfusion=mTICI 1. (B) Left M2 proximal occlusion with
less than 50% of the affected MCA territory being perfused=mTICI 2a. (C) Left M2 distal occlusion with more than 50%
of the affected MCA territory being perfused=mTICI 2b. Examples of mTICI 0 and mTICI 3 are shown in figure 3

haemorrhagic transformation, with more inten-
sive blood pressure lowering to 100-120mm Hg
systolic for the first 24-36hours after thrombec-
tomy.31 In ENCHANTED2-MT, a multicentre, interna-
tional, randomised controlled trial of 821 patients,
researchers showed that intensive management of
systolic blood pressure below 120mm Hg led to
worsening functional outcomes on the shift analysis
for modified Rankin score at 90 days (odds ratio 1.37,
95% confidence interval 1.07 to 1.76, P=0.01).>?

Patient selection

After the adoption of MT globally, pathways have
been developed to identify eligible patients with
stroke who have large vessel occlusion. Patients either
present to comprehensive stroke centres that are MT

capable or to local primary stroke centres, which can
refer to the nearest comprehensive stroke centre for
definitive management. The key goal is rapid clinical
and radiological assessment in tandem by stroke
physicians and interventional neuroradiologists.

For physicians, the National Institutes of Health
Stroke Scale (NIHSS) is an 11-category rating scale
developed to act as a framework for the identification
and monitoring of neurological deficits seen with
stroke syndromes.?? Based on data from the HERMES
trials, MT protocols select patients with at least
moderate strokes with an NIHSS score >6.>*

Once a patient has been determined to have a
clinically significant clinical stroke syndrome, it is
essential to clarify the pre-morbid level of independ-
ence. The HERMES trials excluded patients who were

Figure 3 | Patient with proximal large vessel occlusion in left M1 vessel. mTICI=thrombolysis in cerebral infarction;
ICA=internal carotid artery; Townes=angled anteroposterior view. (A) Appearance of large vessel occlusion on
computed tomography angiography. (B) Initial angiographic run with mTICI score 0 (ie, no flow distal to the occlusion).
(C) Placement of aspiration catheter (small ring that is the distal end of the catheter) at the site of vessel occlusion.

(D) Reperfusion after aspiration with mTICl score 3
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CTS in a sefting other than early brain ischemia (within 6 hours) caused
by occlusion of the ICA or MCA has not been fested.

Figure 4 | Demonstration of ASPECTS (Alberta Stroke Protocol Early Computed Tomography Score) on non-contrast
computed tomography, in a patient presenting to Imperial College Healthcare Trust comprehensive stroke centre

with images acquired from the Rapid.Al software package. The middle cerebral artery territory is divided into 10
regions, including six cortical and four deep grey matter structures. Hounsfield units are used to identify areas of early
ischaemic change and one point is subtracted from the total score of 10 for each region affected

functionally dependent before their stroke. As such,
in the UK, MT is often reserved for patients with a
modified Rankin score between 0 and 2.

Subsequent brain and vascular imaging in the form
of non-contrast computed tomography (CT) and CT
angiography should be performed to identify a large
vessel occlusion and the degree of established early
ischaemic change. Class 1a evidence supports the use
of MT in patients with a proximal large vessel occlusion
involving the terminal internal carotid artery and/or
the proximal M1 branch of the middle cerebral artery.”
MR CLEAN, EXTEND-IA, and ESCAPE did addition-
ally include patients with M2 occlusions. The degree
of early ischaemic change is defined by the ASPECTS
(Alberta Stroke Protocol Early CT Score, figure 4). In the
HERMES collaboration, patients with ASPECTS <6 were
excluded because they had extensive early ischaemic
change, suggesting less benefit to be gained from MT.

Patients with acute ischaemic stroke caused by
an large vessel occlusion presenting within the early
window of 6hours from stroke symptom onset are
eligible for MT (see example flowchart in figure 5) if they:

» Are functionally independent at baseline (modified
Rankin score of 0-2)

» Have at least a moderate stroke syndrome (NIHSS
>6)

» Do not show extensive areas of early ischaemia
on non-contrast CT (for example, a cut-off of
ASPECTS =5 can be used).

Mechanical thrombectomy for extended time windows
(6-24 hours)

The HERMES collaboration clearly defined the
importance of the time clock and showed that early
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intervention led to more favourable outcomes.
Beyond 7hours and 20minutes after symptom
onset, patients were less likely to achieve func-
tional independence within threemonths.?* Only
two of the five HERMES trials included any patients
presenting in the late window (defined as 6-24hours
from symptom onset or last known being well (ie,
when the patient was last known to be without the
signs and symptoms of the current stroke or at their
baseline)). Patients with unclear symptom onset or
those with wake-up syndromes, representing up to
20% of presentations of acute ischaemic stroke, were
excluded.’

When a large vessel occlusion occurs, deeper
structures supplied by the vascular territory that lack
collateral blood supply will infarct first. The areas
of brain tissue with irreversible ischaemic damage
are known as the ischaemic core. However, the part
of the vascular territory surviving on collateral flow
(ie, small vessels supplying ischaemic tissue through
retrograde flow) isknown as theischaemic penumbra;
this area of potentially salvageable brain tissue
demonstrates reversible ischaemia if reperfusion is
achieved. Patients can be phenotypically different
and progress to complete infarction at different rates.
In one study, 25% of patients termed as fast progres-
sors lose 27 million neurons per minute, compared
with 55% of patients termed as slow progressors
who lose 35000 neurons per minute. The quality
of collateral flow was the predominant factor influ-
encing infarct growth.?®

Advanced neuroimaging techniques such as
magnetic resonance imaging (MRI) and CT perfu-
sion can be used to evaluate the size of the ischaemic
core and viable penumbra. The two landmark trials
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Symptom onset

l Emergency services

Ambulance service triage tool (eg, FAST) applied

l Transferred to nearest stroke centre

[

Primary stroke centre arrival

!

Clinical parameters assessed
NIHSS 26
mRS <2
Contraindications for IVT

)

Comprehensive stroke centre arrival

!

Clinical parameters assessed
NIHSS 26
mRS <2
Contraindications for IVT

l Transferred to CT l

Imaging reviewed
NCCT - exclude haemorrhage
CTA - evidence of LVO

Imaging reviewed
NCCT - exclude haemorrhage
CTA - evidence of LVO

l IVT given if no contraindication l

Radiological parameters assessed
ASPECT 25

Radiological parameters assessed
ASPECT 25

Images transferred to comprehensive stroke
centre and case referred to stroke specialist

Joint review of case by interventionalist and stroke specialist at comprehensive stroke centre

l Case accepted

{ )

Transfer arranged via ambulance — Transferred to angiography suite

Figure 5 | Example workflow of a patient presenting with symptoms consistent with acute ischaemic stroke secondary
to large vessel occlusion (LVO) within the standard time windows (0-6 hours from symptom onset). Intravenous
thrombolysis (IVT) is considered in all cases if no contraindications. Eventual thrombectomy will be offered in the
nearest comprehensive stroke centre that is mechanical thrombectomy capable. These eligibility criteria are an
example of how patients are selected in the UK but might vary worldwide; some of the expansions of these criteria are
discussed throughout the present review. NIHSS=National Institutes of Health Stroke Scale; mRS=modified Rankin
score; NCCT=non-contrast computed tomography; CTA=computed tomography angiography; ASPECT=Alberta Stroke
Protocol Early Computed Tomography Score; FAST=face arm speech time

evaluating patients presenting in the late windows
were the DAWN (n=206) and DEFUSE-3 (n=182)
trials.” *° The DEFUSE-3 trial incorporated radiolog-
ical mismatch between core and penumbra to define
its inclusion criteria. Patients presenting 6-16 hours
from last known being well, inclusive of wake-up
syndromes, were included if they had a core infarct

volume <70mL and a mismatch ratio between
the core and penumbra of >1.8 (figure 6 shows an
example). A different paradigm of a clinical radiolog-
ical mismatch up to 24 hours was used in the DAWN
trial. Patients had large clinical deficits but small
ischaemic cores on advanced imaging. The clinical
deficit, defined by NIHSS, was used as a surrogate

104 ml
infinite

Figure 6 | Computed tomography perfusion and radiological mismatch, acquired from the Rapid.Al software package,
for a patient presenting to Imperial College Healthcare Trust in the late window (ie, 6-24 hours from symptom onset
or last known being well). The DAWN and DEFUSE-3 trials® *° defined core infarct as volume of brain tissue with
cerebral blood flow (CBF) <30% (highlighted on the sequences on the left) and penumbra as the mismatch in volume
between the hypoperfusion lesion (ie, the volume of brain tissue where it takes »6 seconds for the contrast bolus to
reach maximal density (Tmax), seen on the sequences on the right). Key values at the bottom of the figure are the
core infarct volume (which must be <70 mL), mismatch ratio (which must be »1.8),and penumbra or mismatch volume

(which must be »15mL)
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marker for penumbra volume. Both trials showed
that with the use of advanced imaging techniques,
this carefully selected group of late presenters with a
substantial core penumbra mismatch had improved
functional neurological recovery. A limitation of
these trials was inclusion of patients with unclear
onset time or wake-up syndromes. Patients were
included on the basis of their time last known well,
but the true onset of stroke symptoms could have
been shortly before waking. Fifty per cent of patients
in DEFUSE-3 and 55% of patients in DAWN had a
wake-up syndrome.

Most patients presenting in the late window
who do not yet have large core infarction are slow
progressors, and the impact of time is less relevant
in this subgroup. The AURORA meta-analysis assim-
ilated DAWN and DEFUSE-3 with individual patient
data from the HERMES collaboration when patients
presented in the late window.® Level 1 evidence
across a range of prespecified subgroups showed a
clear benefit of MT. The main criticism of DAWN and
DEFUSE-3 was countered as witnessed syndromes in
the late window benefited from MT (odds ratio 2.78,
95% confidence interval 1.22 to 6.31, P=0.015). MT
for highly selected patients in late windows had a
number needed to treat of 3, a similar level of benefit
to treatment in early windows.

Thrombectomy trials of the extended window have
been conducted in resource rich, comprehensive
stroke centres with access to neuroradiologists and
advanced imaging techniques. However, in many
parts of the world including the UK, there is limited
access to advanced imaging. The “Getting It Right
First Time” review in 2019 of stroke services in the
UK showed that less than 10% of centres had access
to CT perfusion and that up to an additional 2.7% of
patients with acute ischaemic stroke could qualify for
thrombectomy with the use of the DAWN/DEFUSE-3
criteria.’” 3® In the UK, a review of Sentinel Stroke
National Audit Programme (SSNAP) data showed
that more patients were treated in the late window
without CT perfusion than those who had CT perfu-
sion (668 v 378).>° It is unclear at this stage whether
patients fare worse without advanced imaging. The
review of the SSNAP data showed that despite no
significant difference in functional outcome between
the two cohorts, the shift analysis did trend in favour
of patients treated after CT perfusion. The odds
ratio for futile recanalisation was lower in patients
selected by CT perfusion. By contrast, a multina-
tional cohort study by Nguyen et al showed no signif-
icant difference in modified Rankin score outcomes
for 1604 patients selected in the late window for
thrombectomy by non-contrast CT, CT perfusion, or
MRI.“° Furthermore, data from a retrospective review
looking at 142 patients ineligible for thrombec-
tomy based on DAWN/DEFUSE-3 criteria who had
so-called off-label thrombectomy still had a 30% rate
of achieving functional independence (which was
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better than the outcomes for best medical treatment
arms of the HERMES collaboration).*!

CT perfusion is not without interpretation chal-
lenges, and the need for alternatives to advanced
neuroimaging techniques has prompted two avenues
of research.>® The ESCAPE trial used CT angiography
collateral score to grade the degree of collateral flow
in the territory of vessel occlusion in comparison to
the contralateral hemisphere. MR CLEAN-LATE is
a randomised controlled trial that rated so-called
late presenters, including those who had wake-up
strokes with proximal, anterior circulation, large
vessel occlusion (including M2) according to collat-
eral flow status and randomised to either MT or best
medical treatment alone.*’ Patients with absent
collaterals and those eligible based on DAWN/
DEFUSE-3 criteria were excluded. This multicentre
randomised controlled trial recruited 500 patients
and those randomised to endovascular treatment
arm showed an improvement in modified Rankin
score at 90 days (adjusted common odds ratio 1.67,
959% confidence interval 1.20 to 2.32).”> This treat-
ment effect was similar to that seen in the initial
HERMES collaboration trials and supports the selec-
tion of patients for MT without advanced imaging
techniques.

The second approach being considered is demon-
strated in the RESILIENT-EXTEND trial from Brazil,
which is ongoing.** The trial uses an age adjusted,
modified clinical ASPECTS mismatch based on non-
contrast CT and ASPECTS alone without the aid of
advanced imaging techniques. In a recent meta-
analysis of six observational registries covering
simplified stroke imaging selection modality for MT
in the extended time window, researchers found
no significant difference in proportion of patients
with modified Rankin score 0-2 at 180 days, based
on selection by either non-contrast CT/CT angiog-
raphy modality or advanced CT perfusion. However,
mortality in the non-CT perfusion group was higher.*

At present, level 1a evidence still supports the use
of advanced imaging, MRI, or CT perfusion for the
selection of patients in the extended time window.
However, recent publication of the MR CLEAN-LATE
trial and upcoming results from the RESILIENT-
EXTEND trial might lead to further widening of these
imaging selection criteria.

Direct mechanical thrombectomy

Intravenous thrombolysis is the standard of care for
patients with acute ischaemic stroke where there are
no contraindications, and it can be delivered within
4.5 hours of symptom onset. Intravenous thrombol-
ysis has its risks and benefits to consider especially
when proceeding to thrombectomy. It has an associ-
ated risk of symptomatic intracranial haemorrhage.*®
By contrast, there are proposed benefits of intrave-
nous thrombolysis in terms of thrombus softening to
aid recanalisation, and potential for recanalisation
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in cases of MT failure or residual distal emboli not
amenable to MT."’

To date, six randomised controlled trials of similar
design have been conducted which compare direct
MT with bridging intravenous thrombolysis.*®>3
Minor differences such as the alteplase dose or
inclusion of M2 occlusions existed. In direct MT,
the effect size as compared with bridging intrave-
nous thrombolysis is thought to be small. Thus,
aside from MR CLEAN NO-IV, the trials opted for a
non-inferiority trial design with varying margins for
significance. Most of these trials did not reach the
threshold for non-inferiority, which is reflected in the
ESO-ESMINT group’s recommendations after they
conducted a study level meta-analysis of these six
trials, comprising 2331 patients.’* Compared with
patients randomised to bridging treatment, the odds
ratio for good outcome in patients randomised to
MT alone was 0.93 (95% confidence interval 0.79 to
1.10, P=0.38). Non-inferiority criteria was not met,
based on the maximum clinically acceptable non-
inferiority margin of 5.0%.

Models of pre-hospital pathways to thrombectomy

The trials of direct thrombectomy generally recruited
patients who presented directly to MT capable
comprehensive stroke centres.**>3 However, most
centres offering stroke services in the world are
not MT capable, and therefore require a secondary
transfer. This requirement has led to the develop-
ment of two main models of access to thrombectomy:
namely, the drip and ship model and the mothership
model.

In the drip and ship model, patients assessed
to have a suspected stroke by pre-hospital health-
care workers are taken to their nearest primary
stroke centre. After identification of a large vessel
occlusion at the primary stroke centre, patients are
referred to the nearest comprehensive stroke centre.
Thrombolytic treatment is offered at the primary
stroke centre when eligible. This paradigm offers
quicker access to intravenous thrombolysis and more
refined patient selection for those transferred to
comprehensive stroke centres.

In the mothership model, patients assessed to be
having a stroke in the pre-hospital setting are sent
directly to comprehensive stroke centres that are
MT capable. Although these patients might receive
easier access to MT, the increased patient flow could
overburden comprehensive stroke centres with
patients who have non-strokes or who do not have
large vessel occlusions. There might also be delays
to the use of intravenous thrombolysis if patients are
transferred to comprehensive stroke centres that are
further away while bypassing primary stroke centres
that are thrombolysis capable.

The two major meta-analyses conducted on these
pathways included several observational studies
and between one and two randomised controlled
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trials.>® *® Both studies showed that the mother-
ship paradigm had an improved rate of achieving
functional independence compared with the drip
and ship model, and patients treated under the
drip and ship paradigm had higher rates of symp-
tomatic intracranial haemorrhage (odds ratio 1.49,
95% confidence interval 1.22 to 1.81).°” The effect
of geography, variety of pre-hospital screening tools
used, and heterogeneity of the studies limited the
robustness of findings from these meta-analyses.

The RACECAT trial conducted in a non-urban
area of Catalonia looked to answer some of these
queries.’® A total of 1401 patients were enrolled in
the pre-hospital setting using the RACE tool. A score
>5 had a positive predictive value of 42% for large
vessel occlusion and negative predictive value of
94% for large vessel occlusion. In this trial, the pre-
hospital crew had to discuss with the neurologist at
the comprehensive stroke centre before randomi-
sation to either drip and ship or mothership para-
digms.”® No significant difference was seen in the
primary outcome (modified Rankin score 0-3 at 90
days) or in mortality at 90 days. Patients triaged to the
mothership model were less likely to receive intrave-
nous thrombolysis (47.5% v 60.4%; odds ratio 0.59,
959% confidence interval 0.45 to 0.76) and were more
likely to receive thrombectomy (48.8% v 39.4%; 1.13
to 1.89) than those triaged to the drip and ship model.
The workflow metrics for both thrombolysis (door to
needle) and thrombectomy (door to groin puncture)
were particularly impressive and questions might be
raised about the comparability of these data to the
real world setting.

Newer pathways of care are being trialled,
including:

» Drip and drive: the neuro-interventional team are
taken to the primary stroke centre to conduct MT.*

» Mobile stroke unit: ambulances equipped with
CT angiography capability and staff trained to
give thrombolytic treatments travel directly to
patients.”!

» Direct transfer to angiography suite: patients
with large stroke syndromes are transferred to
the angiography suite where flat detector CT is
performed. A single centre, randomised controlled
trial of 174 patients in Barcelona showed reduced
groin puncture times of direct to angiography suite
compared with usual care (18 minutes v 42 minutes,
P<0.001), with reduced disability on ordinal shift
analysis of modified Rankin score (odds ratio 2.2,
959% confidence interval 1.2 to 4.1, P=0.009).%

More international and multicentre trials are
needed to confirm the generalisability of these find-
ings, especially in urban areas.

Basilar thrombectomy
The landmark five trials from the HERMES collabo-
ration that led to changes in acute ischaemic stroke
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Figure 7 | Use of pc-ASPECTS (posterior circulation acute stroke prognosis early computed tomography scoring) to
assess posterior circulation. There are eight areas of assessment. A point is lost for early ischaemic change in each
of thalamic, cerebellar, and occipital lobes; and 2 points lost for pontine and midbrain changes. This image, from
Imperial College shows Healthcare Trust, shows a basilar artery stroke with a pc-ASPECTS score of 4 (2 for pontine
and 2 for midbrain changes). (A) Ischaemia in bilateral pons. (B) Ischaemia of right hemipons. (C) Ischaemia of right
midbrain. (D) No ischaemia in thalamus or occipital lobes. In this assessment, pc-ASPECTS scoring was based on

diffusion weighted imaging

care in 2015 focused on patients with stroke in the
proximal anterior circulation.” However, an esti-
mated 20% of strokes affect the posterior circulation,
where the predominant supply is the basilar artery.
Strokes secondary to basilar artery occlusions lead to
an estimated 80% rate of dependency or mortality.
Posterior circulation strokes often present in a less
specific manner with a fluctuating clinical course.
In this patient cohort, patients can present with a
myriad of symptoms and signs including dizziness,
unilateral limb weakness, dysarthria, and gait ataxia
that are under-represented in the NIHSS tool. The
BATMAN collaboration has developed a POST-NIHSS
score to help physicians identify the most disabling
signs and symptoms of basilar artery occlusions.®*
The subsequent radiological assessment also
differs. A posterior circulation, acute stroke prog-
nosis early CT score (pc-ASPECTS, figure 7)%* was
created and subsequently validated to prognosti-
cate for basilar artery occlusions. Favourable func-
tional outcome was predominantly seen in patients
with pc-ASPECTS =8.% Owing to the clinical impor-
tance of brainstem ischaemia, an alternative scoring
system known as the pons-midbrain index (figure 8)
has been developed.®® A retrospective analysis of
158 patients in the BASICS dataset showed that for

comatose patients, a pons-midbrain index score <3
conferred a lower mortality than those with greater
degrees of brainstem infarction; however, the pons-
midbrain index score did not correlate with func-
tional outcome.®”

Four randomised controlled trials have investi-
gated the use of MT in basilar artery occlusions. The
first two, BASICS and BEST, had slow recruitment
and high crossover rates, respectively, and did not
show significant improvements in achieving the
primary outcome measure (modified Rankin score
0-3 at 90 days).®*’' The BASICS trial had very
high rates of concurrent intravenous thrombolysis
treatment in both arms, and subgroup analysis
suggested a possible benefit of MT in those patients
with NIHSS>10. Subsequently, ATTENTION and
BAOCHE have been published with results in favour
of MT. ATTENTION recruited patients with basilar
artery occlusions within a symptom onset window
of 0-12 hours. BAOCHE recruited late presenters with
basilar artery occlusions (symptom onset window of
6-24hours).

A meta-analysis (table 2) of the randomised
controlled trials showed significant improvement
in the rates of individuals with a good functional
outcome (modified Rankin score 0-3, relative

Figure 8 | Use of pons-midbrain index on computed tomography angiogram source imaging (CTASI) of a basilar artery
stroke managed at Imperial College Healthcare Trust. Scores of 0 (no hypoattenuation), 1 (¢<50% hypoattenuation), or
2 (»50% hypoattenuation) are attributed to each half of the pons and midbrain with a total score of 8. Images A and B
show a pons-midbrain index score of 5 (2 right pons, 1 left pons, 1 right midbrain, 1 left midbrain). Image C highlights
how closely CTASI can correlate to MRI (magnetic resonance imaging)-DWI (diffusion weighted imaging)
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Table 2 | Key characteristics of participants who received mechanical thrombectomy for basilar artery occlusions from
four randomised controlled trials of acute ischaemic stroke included in the meta-analysis by Malik et al”

BASICS BEST ATTENTION BAOCHE

Study characteristics
Location International China China China
No of centres 23 28 48 36
Duration 8 years 2 years 2 years 6years
Imaging CT or MRI CT or MRI CT or MRI CT or MRI
Sample size (No of participants) 300 131 507 217
Main inclusion criteria
Age (years) 18-85* >18 >18 18-80
Symptom onset 0-6 hours 0-8 hours 0-12hours 6-24hours
Pre-stroke modified Rankin score <2 <2 <2 <1
NIHSS cut-off point =210t 26 =10 >10%
pc-ASPECTS NA§ 261 26** =6
Main outcomes (%)
Successful recanalisation 72 71 91 88
90 day modified Rankin score
0-2 rate

Best medical treatment 30 28 11 14

Mechanical thrombectomy 35 33 33 39
Symptomatic intracranial 4.5 8.0 5.0 8.8
haemorrhage rate (mechanical
thrombectomy)
Death (mechanical thrombectomy) 38.3 33 36.7 30.9

CT=computed tomography; MRI=magnetic resonance imaging; NIHSS=National Institutes of Health Stroke Scale; pc-ASPECTS=posterior circulation acute

stroke prognosis early CT scoring; NA=not available.

*Owing to slow recruitment, patients older than 85years were recruited after 91 enrolments.

tNIHSS<10 was allowed after interim analysis, owing to slow recruitment.
$NIHSS cut-off point was later modified to =6, owing to slow recruitment.

§Although pc-ASPECTS was not used, patients were excluded if they had extensive bilateral brainstem ischaemia.

fiPatients with pons-midbrain index score >3 were also excluded.
**In patients older than 8o years, pc-ASPECTS =8 was used.

risk 1.54, 95% confidence interval 1.16 to 2.06,
P=0.003) and functional independence (modi-
fied Rankin score 0-2, relative risk 1.69, 95%
confidence intervals 1.05 to 2.71, P=0.03) in
those who were treated with thrombectomy when
compared with best medical treatment alone.”?
MT was associated with a higher level of sympto-
matic intracranial haemorrhage (relative risk 7.12,
95% confidence intervals 2.16 to 23.54, P=0.001),
although the mortality rate was significantly lower
in the intervention group (relative risk 0.76, 95%
confidence intervals 0.65 to 0.89, P<0.001). The
outcome of these data has successfully answered
the uncertainties surrounding MT for basilar artery
occlusions and will lead to change in practice.

Tandem occlusions

Tandem occlusion refers to an acute ischaemic
stroke secondary to an intracranial large vessel
occlusion and concurrent extracranial internal
carotid artery occlusion or severe stenosis. This
occurs in about 10-20% of presentations of large
vessel occlusion.””> Tandem lesions are typi-
cally caused by carotid artery disease and, less
frequently, acute dissection. Tandem occlusions
can be challenging cases, depending on the

clinical, technical, and anatomical factors involved
that affect decisions whether to:

» Take an extracranial or intracranial approach first.

» Stent the extracranial internal carotid artery and/
or perform percutaneous angioplasty.

» Not perform an acute carotid intervention.

Acute stenting of the extracranial internal carotid
artery can increase intracranial clot lysis, treat the
cause of the stroke, and reduce the incidence of recur-
rence.”* Acute stenting requires early initiation of
potent antithrombotic treatment and therefore carries
increased potential risk of haemorrhagic transforma-
tion, particularly in those individuals with large core
infarctions and those receiving intravenous thrombol-
ysis. Additionally, potential periprocedural risks are
associated with additional interventional manoeuvres
and a risk of in-stent thrombosis. But to reach and
perform mechanical thrombectomy of the target intrac-
ranial large vessel occlusion, antegrade carotid angio-
plasty or stenting might be needed to allow passage to
the intracranial circulation.

A recent international survey of stroke experts
highlighted this treatment uncertainty with equipoise
in the optimal management of tandem occlusions
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reported in 75% of respondents.’”> A meta-analysis by
Dufort et al of 1373 patients with tandem occlusions
demonstrated a favourable modified Rankin score
outcome at 90 days (odds ratio 1.43, 95% confidence
interval 1.07 to 1.91) with intervention compared
with no carotid intervention.”® In a German registry
(GSR-ET), the intracranial approach was found to
result in quicker flow restoration by about 20 minutes
with a shift towards good outcomes.””

Furthermore, pooled analysis from the French,
prospective, multicentre  observational  ETIS
(Endovascular Treatment in Ischaemic Stroke) and
the international TITAN (Thrombectomy in Tandem
Lesions) registries included 603 patients with
tandem occlusions.’® Three hundred and forty one
of these patients were treated with acute stenting
of the extracranial internal carotid artery and had
higher odds of favourable outcome (odds ratio 1.09,
95% confidence interval 1.01 to 1.19, P=0.04) and
successful reperfusion (1.19, 1.11 to 1.27, P<0.001).
Despite higher rates of any intracranial haemorrhage
in the stenting group, symptomatic intracranial
haemorrhage, and parenchymal haematoma type 2
were not significantly different. The clinical benefit
shown at 90 days from extracranial, internal carotid
artery stenting was not found in tandem occlusion
secondary to dissection.”®

The current observational data suggest that acute
stenting of the extracranial internal carotid artery in
tandem occlusions results in favourable functional
outcomes without substantial increase in sympto-
matic intracranial haemorrhage or periprocedural
complications. But specific patient factors must
be considered, particularly core infarct volume,
anatomy and haemodynamics, patency of the circle
of Willis, and underlying causes. Two randomised
controlled trials evaluating the management of
tandem occlusions are currently in progress (Tandem
Occlusion Trial (EASI-TOC) and the TITAN trial),
which will provide more definitive answers soon.”® &

Large core thrombectomy

The likelihood of achieving functional independ-
ence after mechanical thrombectomy has until
recently been presumed to be lower in patients with
a low ASPECTS at baseline, given the larger area of
established tissue infarction. There are also associ-
ated higher risks of haemorrhagic transformation.®!
These patients develop an increased frequency
of post-stroke complications, have prolonged
periods of hospital admission, and have higher
mortality rates. RESCUE-Japan LIMIT was the first
large core randomised controlled trial to publish
and randomised 203 patients between mechan-
ical thrombectomy and best medical treatment for
patients who had an ASPECTS between 3 and 5.%
Despite higher rates of any intracranial haemorrhage
in the thrombectomy arm (58% v 31.4%, P<0.001),
31% of patients who received thrombectomy still
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achieved the primary outcome (ambulatory inde-
pendence, modified Rankin score 0-3 at 90 days)
versus 12.7% who received best medical treatment
(relative risk 2.43, 95% confidence interval 1.35 to
4.37).

The SELECT-2 and ANGEL-ASPECTS trials termi-
nated early after the publication of RESCUE-Japan
LIMIT, and showed that endovascular treatment in
large core infarction (ASPECTS 3-5) had improved
functional outcomes as defined by a primary
outcome of modified Rankin score shift at 90 days (1
point improvement). Secondary outcomes for both
randomised controlled trials also showed signifi-
cantly improved rates of achieving functional inde-
pendence (modified Rankin score 0-2).%3 8 While the
core criteria was based on non-contrast CT ASPECTS,
there were high rates of advanced imaging to validate
the findings, with 85% of patients in RESCUE-Japan
LIMIT having MRI-ASPECTS and 98% of SELECT-2
patients having CT perfusion. As a result of these
three trials, large core thrombectomy in selected
patients has now been incorporated into the latest
Stroke National Clinical Guidelines.*

Future directions

It is still unclear which is the optimal pre-hospital
pathway to enable fast access to MT in both urban
and non-urban areas. Several unanswered questions
remain about the use of thrombectomy in a wider
patient population. Some of the important areas of
ongoing research are summarised below.

Mild stroke/low NIHSS

An NIHSS score of 6 has been shown to have
a high positive predictive value for any vessel
occlusion.>® Three of five HERMES trials excluded
patients with mild strokes. However, patients can
have minor stroke syndromes (defined by NIHSS
0-5) in the presence of an large vessel occlusion.
These patients have good collateralisation but
are at risk of early neurological deterioration if
the collaterals fail.®® No level 1a data support the
use of MT in minor stroke (defined by NIHSS 0-5).
A systematic review and meta-analysis showed
the safety and feasibility of MT in minor acute
ischaemic stroke across a series of observational
and retrospective studies.®” With respect to supe-
riority, a multicentre cohort study of 301 patients
indicated no difference in functional independence
outcome (modified Rankin score 0-1 at 90 days)
between those patients treated with MT and best
medical treatment.®® A retrospective analysis of
312 patients in the Swiss Registry confirmed these
findings and demonstrated a higher mortality in
the MT group (9.3% v 2.8%; P=0.06).%° Currently,
two randomised controlled trials are in progress
(MOSTE and ENDOLOW), which aim to provide a
definitive answer to MT in minor stroke.”®”?

1
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Medium vessel occlusion

Medium vessel occlusion refers to occlusions of the
more distal branches of the intracranial circula-
tion, namely, M2/3 of the middle cerebral artery,
A2/3 of the anterior cerebral artery, and P2/3 of
the posterior cerebral artery. These occlusions were
largely excluded from the initial HERMES trials.
They account for 25-40% of acute ischaemic strokes
and could benefit from MT.>?> Observational data
from registries show promising results in medium
vessel occlusions, especially in relation to the M2
segment.” % Ongoing randomised controlled trials
investigating this area include ESCAPE-MeVO and
DISTAL.

High pre-morbid dependency

Some centres are investigating the benefit of mechan-
ical thrombectomy in patients with moderate to
severe disability before stroke (with modified Rankin
score scores of 3-5).°7 1% These patients range from
those who are able to independently ambulate but
require assistance with some activities, to those
who are bedbound and completely dependent. A
systematic review and meta-analysis of six observa-
tional studies including 591 patients with pre-stroke
dependency found a higher rate of unfavourable clin-
ical outcome and a higher mortality rate when under-
going endovascular treatment than in those with no
previous disability.'°* However, a substantial propor-
tion of these patients recovered well after treatment,
indicating possible benefit in selected patients. More

data from randomised controlled trials are needed,
and investigators should reconsider what constitutes
a so-called good outcome. The primary outcome for
the original thrombectomy trial was a return to func-
tional independence, which is not relevant in this
cohort of patients with functional dependency.

Guidelines

Table 3 compares the three prominent guide-
lines for UK and Ireland (National Clinical
Guideline for Stroke), North America (American
Heart Association), and Europe (European Stroke
Organisation/European Society of Minimally
Invasive Neurological Therapy). The guidelines
are concordant with their recommendations for
the use of thrombectomy in the early and late
windows.® 10219 Bridging treatment with intra-
venous thrombolysis is recommended by all three.
While the American Stroke Association recom-
mends consideration of MT in patients with a pre-
stroke modified Rankin score of 0-1, the National
Clinical Guideline for Stroke extends this for a
modified Rankin score of 0-2 and the European
Stroke Organisation focuses on the radiological
parameters. The American Stroke Association
provides two separate recommendations for large
vessel occlusions and medium vessel occlusions.
All three sets of guideiness refer to the type of
device and clot extraction technique used. While
the National Clinical Guideline for Stroke moves

Table 3 | Key recommendations for mechanical thrombectomy from three prominent guidelines in the UK and Ireland,

North America, and Europe

National Clinical Guideline for
Stroke (UK and Ireland)

Treatment within 6 hours of symp- ~ Recommends
tom onset

Recommends with advanced
imaging in the 12-24 hour
window

Treatment within 6-24 hours of
symptom onset

Bridging treatment with intravenous Recommends
thrombolysis in early window

Clinical parameters for considera- ~ NIHSS »5 and modified Rankin
tion of mechanical thrombectomy  score 0-2; ASPECTS >2in
0-12 hour window and with ad-
vanced imaging in 12-24 hours

Vessel occlusions than mechanical  Proximal anterior circulation,
thrombectomy is recommended for  basilar, and vertebral

Use of alternatives to advanced Not mentioned

imaging

Treatment of peri-procedural Not mentioned

hypertension

Pre-hospital models of patient iden- References validated tools (eg,
tification for large vessel occlusion ~ FAST/ROSIER)

Use of thromboaspiration or stent ~ Recommends both can be
retriever used

European Stroke Organisation/

European Society of Minimally
American Heart Association Invasive Neurological Therapy
(North America) (Europe)

Recommends Recommends

Recommends with advanced ~ Recommends with advanced imaging
imaging or CT angiography collateral scores
up to 12 hours

Recommends Recommends

NIHSS »5 and modified Rankin ~ ASPECTS »5
score 0-1; ASPECTS »5

Proximal anterior circulation Not mentioned
and M2/M3 within 6 hours

Consider using collateral status Consider using collateral status up
up to 12 hours to 12 hours

Maintain blood pressure Maintain blood pressure
<185/110mm Hg even if intra- <180/105mm Hg
venous thrombolysis not given

Not mentioned Does not recommend either drip and

ship or mothership model over other

Thromboaspiration is recom-  Does not recommend thromboaspi-
mended as non-inferior to ration alone
stent retrievers

NIHSS=National Institutes of Health Stroke Scale; ASPECTS=Alberta stroke programme early computed tomography score; FAST=face arms speech time;
ROSIER=recognition of stroke in the emergency room; CT=computed tomography.
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away from advanced imaging except for in the very
late windows (12-24hours), the American Heart
Association and European Stroke Organisation offer
alternative strategies to advanced imaging and the
optimal targets for peri-procedural hypertension
management. The European Stroke Organisation
considers pre-hospital pathways in thrombectomy
but does not recommend one particular strategy.

Conclusion

Stroke medicine has evolved rapidly in the past
30vyears, epitomised by the considerable difference
that mechanical thrombectomy has made to the lives
of patients. In the early 2000s, the emphasis was on
proving that thrombectomy was safe and possible.
The HERMES collaboration justified its superiority
and use in a tightly selected cohort of patients. In
the past sevenyears, we have come a long way in
expanding the initial selection criteria.” As our tech-
nology, infrastructure, and understanding improves,
the most pressing priority now is equal access for
all appropriate patients, for this ground breaking
treatment.

QUESTIONS FOR FUTURE RESEARCH

= Is mechanical thrombectomy effective in
comparison to best medical treatment
in patients presenting with minor stroke
syndromes (National Institutes of Health
Stroke Scale <6)?

= Is mechanical thrombectomy effective in
comparison to best medical treatment in
patients identified to have either primary or
secondary medium vessel occlusion?

= Is mechanical thrombectomy effective in
patients who have moderate to severe disability
before stroke?

= What are the most effective interventions for
patients presenting with tandem occlusions?
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