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CHAPTER 1

GENERAL INTRODUCTION

Large vessel occlusion stroke

Acute ischemic stroke occurs when an artery in the brain becomes occluded, usually
by a blood clot, which causes part of the brain to be deprived of oxygen. This can cause
symptoms such as weakness on one side of the body (face, arm and/or leg), difficulty
speaking or understanding speech and impaired vision, and can lead to permanent
disability or death. Worldwide, acute ischemic stroke affects approximately 9 million
people per year.” In around a quarter to a third of cases,?? an acute ischemic stroke
is caused by an occlusion of a large, proximal artery; this is called a large vessel
occlusion (LVO) stroke. LVO strokes generally cause oxygen deprivation in a large
area of the brain. As a result, in patients with an LVO stroke, neurological deficits are
often severe, and the risks of permanent disability (sometimes requiring admission to
a nursing home) and death are relatively high.?

Currently, there are two types of acute treatment for LVO stroke: intravenous
thrombolysis (IVT) and endovascular thrombectomy (EVT). With IVT, medication that
contains an enzyme that dissolves blood clots (recombinant tissue plasminogen
activator) is intravenously administered (Figure TA). In EVT, the blood clot is removed
from the artery using a mechanical device, which is introduced through a catheter
under image guidance, then passed through the thrombus, and finally expanded
and pulled backwards, removing the thrombus (Figure 1B). While IVT can be used in
all types of acute ischemic stroke, efficacy of EVT has only been proven in patients
with an LVO stroke. However, not all patients with an LVO stroke are eligible for
both IVT and EVT. A feared complication of IVT is the occurrence of an intracerebral
hemorrhage, which occurs in 2-9% of cases.* Because VT disrupts the coagulation of
the blood (i.e. 'thins’ the blood), pre-existing conditions, medication use and patient
characteristics that cause an increased risk of bleeding are contraindications for this
treatment. Although there are less contraindications for EVT, it is a relatively invasive
procedure and also carries the risk of complications, such as an arterial dissection,
thromboembolic complications and intracranial hemorrhage.® Therefore, the treating
physician may refrain from EVT if - based on patient characteristics and/or CT scan
findings - high risks or low benefit are expected from the treatment.

Time is brain

For both IVT and EVT, it is very important that treatment is started as soon as possible,
because this improves the prognosis of patients.®” In patients with an LVO stroke,
every hour that the affected brain tissue is deprived of oxygen, approximately 120
million brain cells perish.# An hour delay in time to initiation of treatment in these
patients decreases the chance of functional independence (i.e. being able to function
in regular daily life without assistance) after stroke by approximately 5%.” Over the past
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years, multiple studies have examined the in-hospital workflow for the diagnosis and
treatment of LVO stroke,*'? and several innovations to decrease in-hospital treatment
delay have been studied and successfully implemented.''* However, the workflow
prior to arrival at the hospital where the treatment takes place - prehospital and
interhospital workflow - has only recently started to gain more attention,”™'” and is
currently deemed one of the most important ‘bottlenecks’ (i.e. remaining challenges)
in the acute management of LVO stroke patients.'® 1

—
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Figure 1. Schematic depiction of intravenous thrombolysis and endovascular
thrombectomy. A. Intravenous thrombolysis: medication that contains an enzyme that
dissolves blood clots (recombinant tissue plasminogen activator) is intravenously administered. B.
Endovascular thrombectomy: a catheter is inserted into the femoral artery and moved all the way
up to the occluded vessel in the brain under image guidance. Then, a stent retriever is inserted
into the catheter. The stent retriever is passed through the thrombus that is causing the occlusion.
Finally, the stent retriever is expanded and pulled backwards, removing the thrombus.

Current workflow

While treatment with IVT can be given in all hospitals that provide acute stroke care,
EVT can be performed in specialized hospitals only. Hospitals that offer IVT, but not
EVT, are called primary stroke centers (PSCs). A hospital in which both IVT and EVT
are available, is called a comprehensive stroke center (CSC). In the Netherlands, for
every CSC, there are approximately 4 PSCs (Chapter 4), and in the USA, the CSC
to PSC ratio is about 1 to 11.%2° Currently, in most countries, paramedics transport
patients with a suspected stroke to the nearest hospital for diagnostic procedures,
which generally include a non-contrast CT scan and a CT angiography of the brain,
and initiation of IVT. Because there are many more PSCs than there are CSCs, most
suspected stroke patients are first presented to a PSC. If a patient is primarily
presented to a PSC and turns out to have an LVO stroke, the patient must again be
transported by paramedics: this time from the PSC to the nearest CSC. On arrival
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at the CSC, the treating physician repeats the physical examination and sometimes
also repeats the CT scans that were performed in the PSC, to ultimately decide
whether the patient is eligible for EVT. This logistical system, the so-called ‘drip-and-
ship model’ (Figure 2A), applies to approximately 45 to 83% of all patients with an
LVO stroke.?™2* Treatment with EVT is substantially delayed in these patients: EVT is
initiated 40 to 106 minutes later than in patients who are presented directly to a CSC.
&7 This results in worse clinical outcome: in patients who are transported according
to the drip-and-ship model, the chance of functional independence is decreased by
approximately 8%.2" 22

Although the drip-and-ship model has important disadvantages, it is widely used for
two reasons. First, since only approximately 12% of all patients with a suspected stroke
ultimately have an LVO stroke,?® transporting all suspected stroke patients directly
to a CSC would overburden these hospitals. Second, direct presentation to a CSC
of all suspected stroke patients would lead to longer initial ambulance travel times
and thereby may delay treatment with IVT. This is particularly disadvantageous for
patients with an acute ischemic stroke who are not eligible for EVT, which is the case
for the majority of this population.

- Physical examination - Physical examination
- Diagnostics (including CT scans) - (Repeated CT scans)
- Initiation of IVT -EVT

- Physical examination
- Diagnostics (including CT scans)
-IVT and EVT

Figure 2. lllustration of the drip-and-ship model and the ideal logistical model. A. The
drip-and-ship model: patients with a suspected stroke are first transported to the nearest PSC
for a diagnostic work-up and initiation of IVT. Patients with an LVO stroke are subsequently
transported from the PSC to a CSC, where the patient undergoes a second physical examination
and CT scans may be repeated, to ultimately decide whether the patient is eligible for EVT. B.
The ideal logistical model: patients with an LVO stroke are transported directly to a CSC, while
all other patients with a suspected stroke are brought to the nearest PSC. CSC = comprehensive
stroke center; EVT = endovascular thrombectomy; IVT = intravenous thrombolysis; LVO = large
vessel occlusion; PSC = primary stroke center.
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Improving the workflow

Ideally, paramedics would be able to transport patients with an LVO stroke directly to a
CSC, while all other suspected stroke patients are brought to the nearest PSC (Figure 2B).
To achieve this, a method for prehospital detection of LVO stroke is necessary. Several
methods have been proposed for this purpose, such as clinical scales, which contain
items for scoring the severity of neurological deficit and thereby predict the probability
of an LVO stroke, Mobile Stroke Units, which are ambulances equipped to perform
CT scans of the brain, and transcranial Doppler, which detects LVO stroke by using
ultrasound.?® However, none of these methods currently seem suitable for prehospital
implementation. Electroencephalography (EEG) has recently been proposed as an
alternative instrument for prehospital LVO stroke detection. EEG measures the electrical
activity of the brain and is most commonly used for the diagnosis and classification of
epilepsy and sleep disorders (Figure 3A). Because EEG is sensitive to cerebral hypoxia,
it is also used for the monitoring of brain activity during carotid artery surgery. If the
clamping of one of the carotid arteries causes oxygen deprivation in the brain, this
is immediately visible on the EEG.?” % Because LVO strokes cause oxygen deprivation
in similar areas in the brain, one may hypothesize that this type of stroke results in
similar EEG abnormalities. Indeed, a small previous study has provided preliminary data
that suggest that EEG can be used to detect LVO stroke in the emergency department
with relatively high accuracy.?® However, an important disadvantage of EEG is that it
normally requires experienced users and preparation times of approximately 20 to 30
minutes, in which the skin is scrubbed and all individual electrodes are applied in the
designated electrode positions using conductive gel or paste. For application in the
prehospital setting, this would take too much time and training, and is therefore not
feasible. Fortunately, solutions for faster and easier application are available, that may
enable performing EEG measurements in the prehospital setting. For example, use of
dry electrodes, which can be applied without conductive gel or paste, can reduce EEG
preparation time to less than 5 minutes (Figure 3B)."

As long as an effective method for prehospital for LVO stroke detection has not yet
been found and the ‘drip-and-ship model'is still in place, we must aim to improve the
pre- and interhospital workflow within this model. To do so, we need to look at the
time spent prior to arrival at the PSC, inside the PSC, transporting the patient from the
PSC to the CSC, and inside the CSC. These different time intervals may be shortened
by streamlining the logistics within emergency medical services, PSCs and CSCs, and
by improving the way these partners work together.

11
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Figure 3. Regular EEG set-up and dry electrode EEG cap. A. Example of a regular EEG set-up.
After scrubbing the skin, electrodes are applied to the scalp with a conductive gel or paste. B.
Example of a dry electrode EEG cap (Waveguard touch, Eemagine, Berlin, Germany).

THESIS OUTLINE

The focus of this thesis is on the pre- and interhospital workflow leading up to EVT.
Our ultimate goal is to find ways to improve this workflow, in order to shorten time to
initiation of EVT and thereby improve the prognosis of patients with an LVO stroke.

In the first part of this thesis, we focus on the current workflow. In chapter 2, we assess
the current prehospital time intervals in patients with an LVO stroke as observed in
the Netherlands. Chapter 3 describes the effects of interhospital transfer prior to
EVT, compared to direct presentation to a CSC, in patients who are not eligible for IVT.
In chapter 4, we examine the relationship between the volume of the referring PSC
and EVT-related treatment times. In chapter 5, we assess the diagnostic yield and
effect on treatment times of repeating CT scans of the brain at the CSC in patients
transferred for EVT.

In the second part of this thesis, we shift our focus to the workflow that we envision for
the future. Chapter 6 outlines the necessity of and previously examined possibilities
for a prehospital LVO detection method and proposes the EEG as an instrument
that may be suitable for this purpose. In chapter 7, we present the first results of
the ongoing ELECTRA-STROKE study. The main goal of this study is to investigate the
diagnostic accuracy of dry electrode EEG for LVO stroke in the prehospital setting.
To assess the feasibility of performing dry electrode EEGs in an acute setting and to
examine which EEG features are most useful for detection of LVO stroke, suspected
stroke patients in the emergency room were also included. In this chapter, the data of
the first 100 patients who were enrolled in the emergency room are reported.

Chapter 8 contains a general discussion, including suggestions for future research.
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ABSTRACT

Background

Patients with large vessel occlusion (LVO) stroke are often initially admitted to a
primary stroke center (PSC) and subsequently transferred to a comprehensive stroke
center (CSC) for endovascular thrombectomy (EVT). This interhospital transfer delays
initiation of EVT. To identify potential workflow improvements, we analyzed pre- and
interhospital time metrics for patients with LVO stroke who were transferred from a
PSC for EVT.

Methods

We used data from the regional emergency medical services and our EVT registry. We
included patients with LVO stroke who were transferred from three nearby PSCs for
EVT (2014-2021). The time interval between first alarm and arrival at the CSC (call-to-
CSCtime) and other time metrics were calculated. We analyzed associations between
various clinical and workflow-related factors and call-to-CSC time, using multivariable
linear regression.

Results

We included 198 patients with LVO stroke. Mean age was 70 years (+14.9), median
baseline NIHSS was 14 (IQR: 9-18), 136/198 (69%) were treated with intravenous
thrombolysis, and 135/198 (68%) underwent EVT. Median call-to-CSC time was 162
minutes (IQR: 137-190). In 133/155 (86%) cases, the ambulance for transfer to the
CSC was dispatched with the highest level of urgency. This was associated with
shorter call-to-CSC time (adjusted (3 [95% CI]: -27.6 minutes [-51.2 to -3.9]). No clinical
characteristics were associated with call-to-CSC time.

Conclusion

In patients transferred from a PSC for EVT, median call-to-CSC time was over 2.5
hours. The highest level of urgency for dispatch of ambulances for EVT transfers
should be used, as this clearly decreases time to treatment.
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INTRODUCTION

Endovascular treatment (EVT) is routine care for patients with large vessel occlusion
(LVO) stroke of the anterior circulation.” 2 EVT can be performed in specialized
hospitals only, so-called comprehensive stroke centers (CSC). In approximately 45
to 83% of cases,*® patients with LVO stroke are first admitted to a primary stroke
center (PSC), where they undergo diagnostic evaluation and, if indicated, treatment
with intravenous thrombolysis (IVT). Patients who are potentially eligible for EVT are
subsequently transferred to a CSC. This ‘drip-and-ship’ model delays initiation of
EVT by 40 to 106 minutes.>* Timely initiation of EVT is of vital importance, because
it increases the chance of good clinical outcome.” Multiple studies have reported
in detail on EVT-related time intervals after arrival at the CSC, such as door-to-CT
and door-to-groin time,®"" and innovations to shorten these time intervals have
been studied and successfully implemented.®'® In recent years, several measures
to improve the prehospital and interhospital workflow prior to EVT have also been
proposed.'*'® However, little is known about the distribution of time intervals before
arrival at the CSC. Toward future implementation of measures to decrease treatment
delay, we aimed to study the pre- and interhospital time metrics in patients with LVO
stroke who were transferred from a PSC to a CSC for EVT.

MATERIALS AND METHODS

Study design and population

For this study, we used prehospital and interhospital workflow data that were
prospectively collected by emergency medical services (EMS) North-Holland North,
the Netherlands. EMS North-Holland North has a catchment area of 1400 square
kilometers with approximately 650.000 inhabitants. For clinical and in-hospital workflow
data, we used the prospective stroke registry of the Amsterdam UMC, the Netherlands.
Amsterdam UMC has a catchmentarea for EVT with approximately 3.3 million inhabitants
and receives EVT referrals from 11 nearby PSCs. We included adult patients who had an
LVO stroke between January 1 2014 and April 1 2021, who were first transported to one
of three PSCs in North-Holland (Northwest Clinics locations Alkmaar and Den Helder,
and Dijklander Hospital location Hoorn), and who were subsequently transferred to
Amsterdam UMC to potentially undergo EVT. We excluded patients with an in-hospital
stroke and patients of whom no EMS data were available.

All patients eligible for inclusion were sent a letter with detailed information about the
study. The patient or legal representative had the opportunity to deny permission for
use of data via an opt-out form, in accordance with the European Union General Data
Protection Regulation and institutional guidelines.

21
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Definitions, procedures and outcomes

Time of symptom onset was defined as the time of witnessed symptom onset or, if this
was unknown, the time that the patient was last known to be well. In the Netherlands,
for urgent ambulance dispatch, there are two levels of urgency: AT and A2. The A1-
dispatch is used for potentially life threatening situations and the target response
time (time between ambulance dispatch and arrival at the patient’s location) is 15
minutes. The A2-dispatch is used for urgent, but non-life threatening situations; the
dispatched ambulance aims to arrive at the patient's location within 30 minutes. The
National Institutes of Health Stroke Scale (NIHSS) was used to quantify the severity of
neurological deficit on arrival at the PSC. EVT was defined as arterial puncture in the
angiography suite, with the objective to perform mechanical thrombectomy with a
stent retriever and/or thrombus aspiration.

We defined the following time points within the EVT-related workflow: time of symptom
onset, time of first call to the dispatch center, time of first ambulance dispatch, time
of first ambulance arrival at the patient’s location, time of first ambulance departure
from the patient’s location, time of first ambulance arrival at the PSC, time of initiation
of IVT, time of second call to the dispatch center, time of second ambulance dispatch,
time of second ambulance arrival at the PSC, time of second ambulance departure
from the PSC, time of second ambulance arrival at the CSC, and time of initiation of
EVT (groin puncture).

All consecutive intervals between the different time points were calculated. Our
primary workflow measure was the time between the first call to the dispatch center
and patient arrival at the CSC (call-to-CSC time). Other outcomes were time between
first ambulance arrival at the patient’s location and first ambulance departure to the
PSC (on-scene time), time between first call to the dispatch center and arrival at the
PSC (call-to-PSC time), time between patient arrival at the PSC and time of second
ambulance departure from the PSC (door-in-door-out time), and time between
second ambulance departure from the PSC and arrival at the CSC (transfer time).

Statistical analysis

Baseline characteristics of patients who were excluded because of missing EMS data
were compared to those of included patients, using independent samples t-test for
normally distributed continuous variables, Mann-Whitney U test for non-normally
distributed continuous variables, and x* test for categorical variables. For included
patients, baseline characteristics were reported for the population as a whole. For all
consecutive intervals between the different time points, the median time in minutes
was calculated. We used multivariable linear regression to perform an exploratory
analysis of the associations between clinical and workflow-related factors and call-
to-CSC time, call-to-PSC time, and door-in-door-out time. For our analysis of call-
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to-CSC time, we used the following variables (unless reported otherwise, baseline
characteristics were measured on arrival at the PSC): age, previous ischemic stroke
or transient ischemic attack (TIA), baseline systolic blood pressure, baseline diastolic
blood pressure, baseline NIHSS, location of occlusion, treatment with IVT, time
between symptom onset and first call to dispatch center (onset-to-call time), time of
first call to dispatch center (within or outside office hours), person making the first call
to the dispatch center (non-medical person or general practitioner), urgency of first
ambulance dispatch, and urgency of second ambulance dispatch. When analyzing
call-to-PSC time, the following variables were used: age, previous ischemic stroke/
TIA, baseline NIHSS, onset-to-call time, time of first call to dispatch center, person
making first call to dispatch center, and urgency of first ambulance dispatch. For
our analysis of door-in-door-out-time, we used age, previous ischemic stroke/TIA,
baseline systolic blood pressure, baseline diastolic blood pressure, baseline NIHSS,
location of occlusion, treatment with VT, time between symptom onset and arrival at
the PSC (onset-to-PSC time), time of arrival at the PSC (within or outside office hours),
and urgency of second ambulance dispatch. For all regression analyses, we imputed
missing values using multiple imputation, using the following variables: age, previous
ischemic stroke/TIA, history of hypertension, history of diabetes mellitus, history
of atrial fibrillation, pre-stroke modified Rankin Scale score, baseline systolic blood
pressure, baseline diastolic blood pressure, baseline NIHSS, location of occlusion
on CTA, treatment with IVT, treatment with EVT, 90-day mRS, time of first call to the
dispatch center, person making the first call to the dispatch center, urgency of first
ambulance dispatch, number of diagnostic procedures or interventions performed
by ambulance paramedics on-scene, distance from patient’s location to PSC, time
of arrival at PSC, urgency of second ambulance dispatch, distance between PSC and
CSC, call-to-CSC time, on-scene time, call-to-PSC time, door-in-door-out time, transfer
time, onset-to-call time, onset-to-scene time and onset-to-PSC time. All analyses were
be performed using SPSS (version 25; SPSS Inc., Chicago, IL, USA).

Data availability

Individual patient data cannot be made available under Dutch law because we did
not obtain patient approval for sharing individual patient data, even in coded form.
However, all syntax files and output of statistical analyses will be made available upon
reasonable request.

RESULTS

During the study period, 288 patients were transferred from one of the three PSCs
to our hospital to assess eligibility for EVT. Of these, 90 patients were excluded
because no EMS data were available (n=68), they had an in-hospital stroke (n=16),
they objected to use of data (n=5) or they were <18 years old (n=1). Therefore,
198/288 (69%) patients were included in the study (Supplemental Figure I). Baseline
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characteristics of patients who were excluded because of missing EMS data did not
differ from those of included patients, except for pre-stroke mRS scores, which were
slightly lower among the excluded patients (median [IQR]: 0 [0-0] vs. O [0-1], p=0.01).
Baseline characteristics are reported in Table 1. Included patients had a mean age
of 70 (£ 14.9), a median baseline NIHSS of 14 (IQR: 9-18), were treated with IVT in
136/198 (69%) and with EVT in 135/198 (68%) cases. The most common reasons for
refraining from EVT were dissolution of the LVO upon arrival at the CSC (27/63 [43%]),
unfavorable radiological characteristics (9/63 [14%]), and a combination of clinical
and radiological characteristics (8/63 [13%)]).

The first call to the dispatch center was made by a non-medical person in 103/108
(95%) and by a general practitioner in 5/108 (5%) cases, and was made outside
office hours in 110/167 (66%). The urgency of the first ambulance dispatch was Al
in 163/167 (98%), while the urgency of the second ambulance dispatch was A1 in
133/155 (86%) cases. All patients were transported over ground.

All pre-defined consecutive median time intervals are shown in Figure 1. Median call-
to-CSC time was 162 minutes (IQR 137-190). Median on-scene time was 15 minutes
(IQR 11-20), call-to-PSC time 37 minutes (IQR 29-45), door-in-door-out time 85
minutes (IQR 70-113) and transfer time 28 minutes (IQR 26-30).

The following factors were associated with call-to-CSC time in univariable analyses:
baseline systolic blood pressure (unadjusted  [95% CI]: 0.5 minutes [0.2 to 0.8]),
baseline diastolic blood pressure (unadjusted B [95% Cl]: 0.8 minutes [0.1 to 1.5]),
baseline NIHSS (unadjusted B [95% CI]: -1.4 minutes [-2.8 to -0.8] and the person
making the first call to the dispatch center (unadjusted B for general practitioner
[95% Cl]: 25.8 minutes [4.7 to 46.8]). In the multivariable model, only two factors were
associated with call-to-CSC time: the person making the first call to dispatch center
(adjusted B for general practitioner [95% Cl]: 34.2 minutes [7.2 to 61.1]) and urgency
level of dispatch of the transferring ambulance (adjusted B for A1 [95% ClI]: -27.6
minutes [-51.2 to -3.9]; Table 2). Call-to-PSC time was only associated with onset-to-
call time (adjusted B for every 10-minute increase [95% CI]: 0.1 minutes [0.04 to 0.2];
Supplemental Table 1) and door-in-door-out time was associated with urgency level
of dispatch of the transferring ambulance (adjusted B for A1 [95% ClI]: -30.0 minutes
[-56.4 to -3.7]; Supplemental Table II).
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Table 1. Baseline characteristics

All patients (n=198)

Clinical characteristics

Age, years - mean £ SD 70 £14.9
Sex, male - no./total (%) 94/198 (48%)
Hypertension - no./total (%) 74/196 (38%)
Diabetes mellitus - no./total (%) 31/196 (16%)
Atrial fibrillation - no./total (%) 44/196 (22%)
Previous ischemic stroke/TIA - no./total (%) 36/196 (18%)
Pre-stroke mRS score’ - median (IQR) 0(0-1)
Systolic blood pressure on arrival at PSC? - mean + SD 157 +£27.6
Diastolic blood pressure on arrival at PSC? - mean + SD 89+ 15.7
NIHSS score on arrival at PSC* - median (IQR) 14 (9-18)

Intracranial occlusion site on CTA - no./total (%)

Intracranial ICA 35/198 (18%)
M1 118/198 (60%)
M2 28/198 (14%)
Basilar artery 11/198 (6%)
Other 6/198 (3%)
Treatment with IVT - no./total (%) 136/198 (69%)

Workflow-related factors
First call to dispatch center outside office hours - no./total (%) 110/167 (66%)

Person making first call to dispatch center - no./total (%)

Non-medical person 103/108 (95%)
General practitioner 5/108 (5%)
Urgency of first ambulance dispatch, A1 - no./total (%) 163/167 (98%)

Distance between patient’s location and PSC, kilometers® - median (IQR) 11(5-17)
Arrival at PSC outside office hours - no./total (%) 109/167 (65%)
Urgency of second ambulance dispatch, A1 - no./total (%) 133/155 (86%)
Distance between PSC and CSC, kilometers - median (IQR) 54 (54-57)

A1 =the A1 ambulance dispatch (most urgent) is used for potentially life threatening situations;
target response time is 15 minutes; CSC = comprehensive stroke center; CTA = computed
tomography angiography; EVT = endovascular thrombectomy; ICA = internal carotid artery; IQR
= interquartile range; IVT = intravenous thrombolysis; M1 = first segment of the middle cerebral
artery; M2 = second segment of the middle cerebral artery; mRS = modified Rankin Scale; NIHSS
= National Institutes of Health Stroke Scale; no. = number; PSC = primary stroke center; SD =
standard deviation; TIA = transient ischemic attack. Number of missing values: '78; ?38; 39; *7;
°31.
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Figure 1. Median time intervals from symptom onset to arrival at the CSC. CSC
= comprehensive stroke center; EMS = emergency medical services; IVT = intravenous
thrombolysis; PSC = primary stroke center. Not included in figure: median time between first call
to dispatch center and first ambulance dispatch: 1 minute; median time between second call to
dispatch center and second ambulance dispatch: 1 minute.

Table 2. Clinical and workflow-related factors associated with call-to-CSC time
Univariable model

- unadjusted B in

minutes (95% Cl)

Multivariable
model - adjusted
in minutes (95% Cl)

Clinical factors

Age -0.1(-0.7t0 0.5) -0.2(-09t0 0.5)
Previous acute ischemic stroke/TIA! -23.1(-46.5t0 0.4) -17.0 (-40.8 t0 6.8)
Systolic blood pressure on arrival at PSC? 0.5(0.2t00.8) 0.3(-0.1t0 0.8)
Diastolic blood pressure on arrival at PSC? 0.8(0.1t0 1.5) 0.5(-0.2t0 1.2)
NIHSS on arrival at PSC* -1.4(-2.810-0.8) -1.0(-24t00.4)

Location of occlusion, anterior circulation®
Treatment with IVT
Workflow-related factors

Onset-to-call time®

First call to dispatch center outside office hours’

Person making first call to dispatch center, general

practitioner®

Urgency of first ambulance dispatch, A1°

-9.5(-42.0to 23.1)
-9.2(-29.0t0 10.7)

0.3(-0.2t00.8)
10.8(-8.9t0 30.4)
25.8 (4.7 10 46.8)

0.7 (-031t031.0)

-1.1(-35.0t0 32.9)
6.2 (-17.310 29.8)

0.4(-0.2t0 1.0
11.1(-10.0to0 32.3)
34.2(7.2t0 61.1)

2.5 (-45.2 10 40.2)

Urgency of second ambulance dispatch, A1'° -24.7 (-50.6 t0 1.3) -27.6(-51.2t0 -3.9)

A1 =the A1 ambulance dispatch (most urgent) is used for potentially life threatening situations;
target response time is 15 minutes; call-to-CSC time = time between first call to the dispatch
center and arrival at the CSC; Cl = confidence interval; CSC = comprehensive stroke center; IVT =
intravenous thrombolysis; NIHSS = National Institutes of Health Stroke Scale; onset-to-call time =
time between symptom onset and first call to the dispatch center; PSC = primary stroke center;
TIA = transient ischemic attack.

Number of missing values: '2; 238; 339; 47; °35; 731; 890; °31; 943; call-to-CSC time: 75.
°Intracranial part of internal carotid artery, first of middle cerebral artery (M1), or second
segment of middle cerebral artery.

53 is reported per 10-minute increase in onset-to-call time.
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DISCUSSION

In this cohort study of patients transferred from a PSC for EVT in the Netherlands,
median call-to-CSC time was more than 2.5 hours. We found that dispatching the
transferring ambulance with the highest level of urgency was associated with a
28-minute decrease in time to arrival at the CSC. If the first call to the dispatch center
was made by a general practitioner, this was associated with a delay of 34 minutes,
although this was the case for only 5% of patients. Clinical characteristics were not
independently associated with any of the prehospital or interhospital time intervals.

Ever since EVT has become standard care for patients with LVO stroke and its effect has
been shown to be highly time-dependent,” many studies have examined measures to
improve EVT-related logistics inside the CSC, leading to a fairly streamlined in-hospital
workflow.82 However, the workflow prior to arrival at the CSC - pre- and interhospital
workflow - has only recently started to gain attention,'*'® and is currently considered
one of the main ‘bottlenecks’ in acute stroke management.'”'® Few previous studies
have reported in detail on time metrics prior to arrival at the CSC. However, in the field
of acute myocardial infarction, which deals with logistical challenges similar to stroke
regarding transportation of patients to hospitals capable of percutaneous coronary
intervention (PCl), pre- and interhospital time intervals are regularly reported. It is
noteworthy that in this field, compared to that of acute ischemic stroke, time metrics
are generally substantially shorter. The average time between first alarm and initiation
of PCI (call-to-balloon time) for patients who are transferred from a non-PCl-capable
hospital is 143-160 minutes.’?" Taking into account that this includes time between
arrival at the intervention center and initiation of PCI, which is around 36-43 minutes on
average,®22 time from first alarm to arrival at the intervention center in these studies
is significantly shorter than our call-to-CSC time of 162 minutes. Our door-in-door-out
times, which were very similar to those reported in previous literature,® 2* were also
substantially longer than those found in interventional cardiology studies: 85 minutes
versus 52 minutes.?! Although these differences may be partly explained by substantive
differences between myocardial infarction and acute ischemic stroke, e.g. regarding
diagnostic procedures and treatment, it seems as though pre- and interhospital
logistics are more optimally streamlined in the field of interventional cardiology than
in that of acute ischemic stroke. Further research may focus on identifying potential
measures for improvement of the EVT workflow that have been shown to decrease
pre- and interhospital delay in patients being transferred to undergo PCI.

Our finding that in 14% of patients the transferring ambulance was not dispatched with
the highestlevel of urgency is somewhat surprising. Although the nationwide protocol for
ambulance care in the Netherlands does not mention a recommended level of urgency
for dispatch of ambulances transferring patients for EVT,?* both regional and national
stroke care protocols state that ambulances for EVT transfers should be requested with

27




28

CHAPTER 2

the highest level of urgency.?®?” In other countries, stroke care protocols differ in their
recommendations. The National Stroke Service Model of the NHS (United Kingdom)
recommends that interhospital transfers for EVT should be treated at least as a category
2 call; this is the second highest level of urgency for ambulance dispatch, for which
the response target time is 18 minutes.?® The American Stroke Association has stated
that stroke warrants a priority ambulance dispatch and that rapid transfer of stroke
patients for EVT should be ensured, but has not made recommendations regarding the
urgency with which transferring ambulances should be dispatched.?%° The necessity of
dispatching ambulances for EVT transfer with the highest level of urgency needs to be
conveyed to EMS and dispatch organizations, as well as referring PSCs. Incorporating
a recommended highest level of urgency for dispatch of ambulances for EVT transfers
into stroke care protocols should be considered, as this clearly decreases door-in-door-
out time and overall call-to-CSC time.

The association between the general practitioner making the first call to the dispatch
center and longer call-to-CSC time may be explained by patients with mild or
fluctuating neurological deficits potentially being inclined to visit a general practitioner
first, while (bystanders of) patients with evident, severe neurological deficits may be
more likely to directly contact the dispatch center. Because patients with mild or
fluctuating neurological deficits may be more difficult to diagnose or may be observed
for alonger time before transfer to a CSCis initiated, call-to-CSC time may be longer in
these patients. Nonetheless, since contacting a general practitioner first is associated
with substantially longer call-to-CSC times, and may even cause further delay prior
to the first call to the dispatch center, efforts should be taken to promote directly
contacting the local emergency phone number in case of symptoms of a potential
stroke. Considering that only 5% of calls to the dispatch center were made by a
general practitioner in our cohort, this does not seem to be a major contributing
factor to prehospital treatment delay in the Netherlands.

Finally, it should be noted that our median time between initiation of IVT and the second
call to the dispatch center was 30 minutes, which seems fairly long considering that
acquisition of acute neuroimaging is often completed prior to initiation of IVT. Factors
that may contribute to delay within this time interval are acquisition and/or assessment
of CT angiography after initiation of VT, evaluation of the clinical response to IVT
before initiating transfer, and assessment of neuroimaging by a CSC radiologist prior to
initiating transfer. According to several guidelines, CT angiography should be acquired
- in patients who are potentially eligible for EVT - either prior to or immediately after
initiation of IVT. Furthermore, patients should not be observed for assessment of clinical
response to IVT prior to initiating the process of transfer to a CSC.?%2729 However, it is
unknown how often these guidelines are adhered to in clinical practice. When it comes
to forwarding neuroimaging to the CSC, technical issues may be a cause of delay.?
Therefore, a fast and reliable system for forwarding imaging should be implemented,
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and - in straight-forward cases - requesting the transferring ambulance prior to
receiving definitive approval by the CSC may be considered.

There are two important limitations to this study. First, data collection for this study
took place in the Netherlands, where ambulance care is provided by the government
in partnership with private organizations and is coordinated by overarching dispatch
centers. Furthermore, it is a densely populated country where hospitals are located
relatively close to one another. The Netherlands also has an overall good road and
highway infrastructure, which makes even remote hospitals relatively easy to reach.
In a recent cohort study of patients transferred for EVT in the USA?! average time
between first call to the dispatch center and arrival of EMS at the patient’s location
when travelling over ground was 16 minutes, compared to 7 minutes in our study.
Average travel distance between PSC and CSC was 47 miles, resulting in a transfer
time of 50 minutes, while in our study the median travel distance was 54 kilometers
(33 miles), with a median transfer time of 28 minutes. Because ambulance travel
times in the Netherlands are relatively short, our findings should be extrapolated
to other countries with caution. The second limitation to this study is that we had
relatively high numbers of missing data for some variables. Because EMS data could
not be retrieved in 90/288 (31%) patients who were transferred for EVT during the
study period, these patients were excluded from the study. Among the included
patients, we had high numbers of missing values for the person making the first call
to the dispatch center (45%), call-to-CSC time (38%) and door-in-door-out time (38%).
The high numbers of missing EMS data may be due to the emergency setting and
population in which these data were collected - patients with a (suspected) stroke
in need of urgent care - potentially leading to time constraints when it comes to
administrative duties. In order to check for selection bias as a result of the exclusion
of patients with no available EMS data, we compared baseline characteristics of
included patients to those of patients who were excluded because EMS data were
not available. Since baseline characteristics did not differ between groups, except
for slightly lower pre-stroke mRS scores among the excluded patients, we did not
find any indication of selection bias in this regard. To try to reduce the impact of the
missing values on our analyses, we used multiple imputation.

In conclusion, in patients transferred from a PSC for EVT in the Netherlands, median
call-to-CSC time was 162 minutes. If the first call to the dispatch center was made by
a general practitioner, this was associated with a delay of 34 minutes, although this
was the case for only 5% of patients. Dispatching the ambulance for transfer to the
CSC with the highest level of urgency was associated with a 28-minute decrease in
call-to-CSC time. The general population should be instructed to contact the local
emergency phone number directly in case of stroke symptoms, and incorporating
a recommended level of urgency for dispatch of ambulances for EVT transfers into
stroke care protocols should be considered.
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SUPPLEMENTAL MATERIAL

Supplemental Table I. Clinical and workflow-related factors associated with call-to-

PSC time

Univariable model
- unadjusted B in
minutes (95% Cl)

Multivariable

model - adjusted B
in minutes (95% CI)

Clinical factors
Age

Previous acute ischemic stroke/TIA
NIHSS on arrival at PSC?
Workflow-related factors
Onset-to-call time?
First call to dispatch center outside office hours*
Person making first call to dispatch center, general practitioner®
Urgency of first ambulance dispatch, A1¢

-0.1(-02t0 0.1)
23(-75t02.9)
0.1 (-0.2 t0 0.5)

0.1(0.1t00.2)
35(-22109.2)

1.5(-12.3109.3)
3.1 (-14.6 to 8.4)

-0.04 (-0.2 t0 0.1)
22(-73103.0)
0.2 (-0.2 t0 0.5)

0.1(0.04t00.2)
33(-12t079)
-0.6(-9.4108.2)

2.4(-13.8109.1)

A1 = the A1 ambulance dispatch (most urgent) is used for potentially life threatening situations;
target response time is 15 minutes; call-to-PSC time = time between first call to dispatch center
and arrival at the PSC; CI = confidence interval; NIHSS = National Institutes of Health Stroke Scale;
onset-to-call time = time between symptom onset and first call to dispatch center; PSC = primary

stroke center; TIA = transient ischemic attack.

Number of missing values: '2; #7;235; 31, *90; ¢31; call-to-PSC time: 32.

*B is reported per 10-minute increase in onset-to-call time.
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Supplemental Table Il. Clinical and workflow-related factors associated with door-in-
door-out time

Univariable model Multivariable model -
- unadjusted B in adjusted 8 in minutes
minutes (95% Cl) (95% CI)
Clinical factors
Age 0.1 (-0.7 t0 0.6) -0.3(-1.0t0 0.4)
Previous acute ischemic stroke/TIA! -19.8 (-44.5 to 4.8) -16.3 (-41.5t0 8.8)
Systolic blood pressure on arrival at PSC? 0.5(0.1t00.8) 0.4(-0.1t0 0.9)
Diastolic blood pressure on arrival at PSC? 0.8(0.2t01.4) 04(-03t01.2)
NIHSS on arrival at PSC* -1.4(-2.8t0-0.01) -0.9(-2.4t0 0.6)
Location of occlusion, anterior circulation -10.2 (-43.8 t0 23.3) -0.4 (-35.3t0 34.4)
Treatment with IVT -10.5(-30.8 t0 9.9) 33(-22.2t0 28.8)
Workflow-related factors
Onset-to-PSC time® 0.2 (-0.3to0 0.6) 0.2 (-0.4t00.7)
Arrival at PSC outside office hours® 7.2(-12.0to0 26.4) 0.7(-19.6t0 21.1)
Urgency of second ambulance dispatch, A1’ -30.1(-56.7 to -3.4) -30.0 (-56.4 to -3.7)

A1 = the A1 ambulance dispatch (most urgent) is used for potentially life threatening situations;
target response time is 15 minutes; Cl = confidence interval; door-in-door-out time = time
between patient arrival at the PSC and time of second ambulance departure from the PSC; ECG
= electrocardiography; IVT = intravenous thrombolysis; mRS = modified Rankin Scale; NIHSS =
National Institutes of Health Stroke Scale; onset-to-PSC time = time between symptom onset and
arrival at PSG; PSC = primary stroke center; TIA = transient ischemic attack.

Number of missing values: 12; 238; 39; 17; °36; 631; 743; door-in-door-out time: 76.

°B is reported per 10-minute increase in onset-to-PSC time

Patients with LVO stroke presented to one of three PSCs and transferred to CSC for EVT
between January 12014 and April 1 2021:
n=288

Excluded (n=90):
No EMS data available: n=68
In-hospital stroke: n=16

Objection to use of data: n=5

<18 years old: n=1

| Included: n=198 |

Supplemental Figure I. Inclusion flow chart. CSC = comprehensive stroke center; EMS =
emergency medical services; EVT = endovascular thrombectomy; LVO = large vessel occlusion;
PSC = primary stroke center.
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ABSTRACT

Background and Purpose

Direct presentation of patients with acute ischemic stroke to a comprehensive stroke
center (CSC) reduces time to endovascular treatment (EVT), but may increase time to
treatment for intravenous thrombolysis (IVT). This dilemma, however, is not applicable
to patients who have a contraindication for IVT. We examined the effect of direct
presentation to a CSC on outcomes after EVT in patients not eligible for IVT.

Methods

We used data fromthe MR CLEAN Registry(2014-2017). We included patients who were
not treated with IVT and compared patients directly presented to a CSC to patients
transferred from a primary stroke center. Outcomes included treatment times and
90-day modified Rankin Scale scores (mRS) adjusted for potential confounders.

Results

Of the 3637 patients, 680 (19%) did not receive IVT and were included in the
analyses. Of these, 389 (57%) were directly presented to a CSC. The most common
contraindications for IVT were anticoagulation use (49%) and presentation >4.5
hours after onset (26%). Directly presented patients had lower baseline NIHSS scores
(median 16 vs. 17, p=0.015), higher onset-to-first-door-times (median 105 vs. 66
min, p<0.001), lower first-door-to-groin-times (median 93 vs. 150 minutes; adjusted
B=-51.0, 95%Cl:-64.1 to -37.9) and lower onset-to-groin-times (median 220 vs. 230
minutes; adjusted B=-40.0, 95%Cl:-61.5 to -18.5). The 90-day mRS score did not differ
between groups (adjusted OR:1.23, 95%Cl:0.73-2.08).

Conclusions

In patients who were not eligible for IVT, treatment times for EVT were better for
patients directly presented to a CSC, but without a statistically significant effect on
clinical outcome.
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BACKGROUND

Intravenous thrombolysis (IVT) is the standard treatment for patients with acute
ischemic stroke (AIS).! Patients with a large vessel occlusion (LVO) of the anterior
circulation are additionally treated with endovascular treatment (EVT).? In most
countries, paramedics transport patients with a suspected AIS to the nearest primary
stroke center (PSC) for diagnostic work-up and to initiate IVT. Patients who are eligible
for EVT are subsequently transferred to a comprehensive stroke center (CSC). Studies
show that this ‘drip-and-ship’ system delays initiation of EVT by 40 to 106 minutes and
decreases the chance of a good clinical outcome by approximately 10%.>* Despite
this clear disadvantage, the ‘drip-and-ship’ system is currently the most feasible,
because accurately diagnosing an LVO in the pre-hospital setting is challenging.
Directly presenting all patients with suspected AlS to a CSC would overburden these
hospitals. In addition, due to longer initial travel times, a centralized model could
delay initiation of IVT, and thus negatively impact patient outcome in patients who are
not eligible for EVT.®

Approximately 20% of patients who undergo EVT in routine practice do not receive IVT
because of a contraindication for alteplase.® Most of these contraindications, such as
anticoagulation use and duration of symptoms >4.5 hours, can be easily determined
in the ambulance. For patients with such a contraindication for IVT, no valuable time
would be lost by bypassing the PSC and going directly to a CSC. In the current study,
we analyzed workflow times and clinical outcomes after EVT in patients who were not
eligible for IVT, and compared these outcomes between patients who were directly
presented to a CSC to those initially presented to a PSC.

METHODS

Data will not be made available to other researchers, as no patient approval was
obtained for sharing coded data. However, syntax and output files of statistical
analyses may be made available on request.

Study design and population

We used data from the MR CLEAN Registry. The MR CLEAN Registry is a nationwide,
prospective cohort study, in which all patients who have undergone EVT for AlS in the
Netherlands since completion of the MR CLEAN trial (March 2014) until December
2018 have been registered. Permission to carry out this study was granted by the
medical ethics committee of the Erasmus University Medical Center in Rotterdam.
Detailed methods of the MR CLEAN Registry have previously been reported.® For
the current study, we used data collected from March 2014 until November 2017
(Registry part I and Il). We included patients who had undergone EVT for AIS, and did
not receive IVT. In-hospital strokes were excluded.
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Definitions and outcomes

EVT was defined as arterial puncture in the angiography suite, with the objective to
perform mechanical thrombectomy with a stent retriever and/or thrombus aspiration,
with or without local administration of a thrombolytic agent. The actual EVT strategy
was at the discretion of the interventionist. Time of stroke onset was defined as the
time of witnessed onset of symptoms or, if this was unknown, the moment that the
patient was last known to be well.

Our primary clinical outcome measure was good functional outcome at 90 days
post-stroke, defined as a score of 0 to 2 on the modified Rankin Scale (mRS). Other
clinical outcome measures were the overall shift in mRS score between groups,
occurrence of symptomatic intracranial hemorrhage (sICH) and mortality at 90 days
post-stroke. Intracranial hemorrhage was defined as symptomatic if the patient died
or deteriorated neurologically (an increase of =4 points on the National Institutes of
Health Stroke Scale [NIHSS]) as a result of the hemorrhage.” Successful reperfusion,
defined as a score of 22b on the extended thrombolysis in cerebral infarction (eTICl)
scale, was used as a radiological outcome measure.

Workflow related outcome measures were: time from stroke onset to arterial puncture
(onset-to-groin time [OGT]), which was our main secondary outcome measure, and
time from arrival at the first hospital to arterial puncture (first-door-to-groin time
[FDGT).

Transferred patients generally live farther away from a CSC than mothership patients,
which makes a direct comparison of treatment times inherently biased in favor of
patients directly presented to a CSC. To account for this bias, we calculated adjusted
OGT and FDGT, in which we corrected for travel time by subtracting estimated
ambulance travel times between the PSC and the CSC from the original treatment
times, for all transferred patients. These data were provided by the Dutch National
Institute for Public Health and the Environment and calculated using their proprietary
model, assuming daytime circumstances outside of rush hour and the ambulance
driving with the highest level of emergency.®

Statistical analysis

Patients who were directly presented to a CSC were compared to patients who were
transferred from a PSC. We compared baseline characteristics using independent
samples t-test for normally distributed continuous variables, Mann-Whitney U test for
non-normally distributed continuous variables, and x? test for categorical variables.
For the regression analyses, we imputed missing data using multiple imputation,
using the following covariates: age, sex, previous stroke, previous diabetes, previous
atrial fibrillation, previous myocardial infarction, pre-stroke mRS score, baseline blood
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pressure (systolic and diastolic), baseline NIHSS score, location of occlusion, collateral
status, onset-to-first-door time, OGT, FDGT, onset-to-reperfusion time, eTICl score
after EVT,and mRS score at 90 days post-stroke. To analyze the odds of good functional
outcome, defined as mRS 0-2 at 90 days, we used binary logistic regression. Ordinal
logistic regression was used to assess the overall shift in mRS score between groups.
In both analyses, we adjusted for the following pre-specified prognostic variables: age,
pre-stroke mRS, anticoagulation use, baseline NIHSS, location of occlusion, collateral
status and onset-to-first-door time. For our analyses of sICH and mortality, we also
used binary logistic regression, adjusting for age, pre-stroke mRS, anticoagulation
use, baseline systolic blood pressure, baseline NIHSS, location of occlusion, collateral
status and onset-to-first-door time. For analyzing successful reperfusion rate
(eTICI=2b), we used binary logistic regression and adjusted for the following variables:
age, location of occlusion and onset-to-first door time. Linear regression was used
for the analyses of OGT and FDGT (with and without correction for travel time). In the
OGT analysis, we adjusted for age, pre-stroke mRS, baseline blood pressure, baseline
NIHSS, location of occlusion and presentation outside the 4.5 hour time window. In
the FDGT analysis, we adjusted for age, pre-stroke mRS, baseline blood pressure,
baseline NIHSS, location of occlusion and onset-to-first-door time. In order to explore
residual confounding, we performed a secondary analysis in which we stratified for
presentation to the first hospital within the 4.5 hour time window. In this analysis,
we used all clinical, radiological and workflow related outcomes named above. All
analyses were performed using SPSS (version 25; SPSS Inc., Chicago, IL, USA).

RESULTS

Between March 2014 and November 2017, 3637 patients were included in the MR
CLEAN Registry (part | and Il). We excluded 2957 patients, either because they were
treated with IVT (n=2640), because it was unknown whether they were treated with
IVT (n=74), or because they had an in-hospital stroke (n=243). Therefore, 680 patients
were included in the analysis (Figure 1). Of these, 389 (57%) were directly presented
to a CSC and 291 (43%) were transferred from a PSC. Patients who were directly
presented to a CSC less often had atrial fibrillation (38% vs. 54%, p<0.001), had
lower baseline NIHSS scores (median 16 vs. 17, p=0.015) and had higher collateral
scores on baseline CTA (p=0.003) compared to transferred patients. Onset-to-first-
door times were longer for the direct group (median 105 vs. 66 minutes, p<0.001
[Table 1]). The median estimated ambulance travel time between PSC and CSC for the
transferred group was 17 minutes (IQR: 10-31). Contraindications for IVT are listed
in Table 1. Presentation beyond the 4.5 hour time-window was more common in
directly presented patients (35% vs. 15%, p<0.001). Use of a vitamin K antagonist was
less frequent in directly presented patients (32% vs. 45%, p<0.001), while heparin use
(therapeutic dosage) was more common in the direct group (2% vs. 0%, p=0.040).
Other contraindications did not differ between the two groups.
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Functional outcome was slightly better in patients who were directly presented to
a CSC (MRS 0-2: 36 vs. 28%, OR: 1.5, 95% ClI 1.06-2.15 [Table 2; Figure 2]). After
adjustment, statistical significance was lost (adjusted OR: 1.23, 95% CI 0.73-2.08).
When analyzing the shift in overall mRS scores between groups, the results were
similar (unadjusted common OR: 1.43, 95% Cl 1.07-1.91; adjusted common OR: 1.21,
95% Cl 0.80-1.84). Incidence of sICH did not differ between the direct group and the
transferred group (5% vs. 5%; adjusted OR: 0.70, 95% Cl 0.28-1.75). Other clinical and
radiological outcomes also were not different (Table 2).

3637 patients

in Registry
I
680 included 2957 excluded:
in analysis - 2640 received IVT
- 74 treatment with IVT unknown
- 243 in-hospital stroke

i—l—i

389 directly
291 transferred
presented to
csc from PSC

Figure 1. Flow chart of patient selection. CSC = comprehensive stroke center, VT =
intravenous thrombolysis, Registry = the multicenter collaboration for endovascular treatment
of acute ischemic stroke in the Netherlands (MR CLEAN Registry)

Score on modified Rankin Scale
0 il 2 m3 m4 m5 m6

No symptoms ———— Death

D 7 10 19 13 i3 7 32
T S 13 14 10 9 40
0% 20% 40% 60% 80% 100%
Patients (%)

Figure 2. Functional outcome according to modified Rankin Scale score at 90 days post-
stroke. D = direct group, T = transferred group.
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Table 1. Baseline characteristics

Direct, n=389 Transfer, n=291 p value

Age, years - mean = SD 71+£14.2 73+£125 0.053
Male sex - no./total (%) 181/389 (47%) 148/291 (51%) 0.264
Hypertension - no./total (%) 206/380 (54%) 172/287 (60%) 0.140
Diabetes mellitus - no./total (%) 59/386 (15%) 41/289 (14%) 0.691
Atrial fibrillation - no./total (%) 147/384 (38%) 154/286 (54%) <0.001
Myocardial infarction - no./total (%) 55/385 (14%) 54/278 (19%) 0.078
Previous stroke - no./total (%) 103/387 (27%) 80/287 (28%) 0.667
Pre-stroke mRS score' - median (IQR) 0(0-2) 0(0-1) 0.180
Systolic blood pressure? - mean + SD 154 +28.0 152 +26.9 0.395
Diastolic blood pressure® - mean + SD 84+17.0 83+16.7 0.897
NIHSS score* - median (IQR) 16 (10-20) 17 (13-21) 0.015
Occlusion site - no./total (%) 0.119

ICA 58/342 (17%) 59/268 (22%)

M1 169/342 (49%) 138/268 (52%)

M2 58/342 (17%) 44/268 (16%)

Anterior cerebral artery 4/342 (1%) 1/268 (0%)

Posterior circulation 34/342 (10%) 14/268 (5%)
ASPECTS score on first NCCT®, - median (IQR) 9(7-10) 9(7-10) 0.513
Collateral score on first CTA - no./total (%) 0.003

Grade 0 20/311 (6%) 19/256 (7%)

Grade 1 100/311 (32%) 105/256 (41%)

Grade 2 108/311 (35%) 96/256 (38%)

Grade 3 83/311 (27%) 36/256 (14%)
Time from stroke onset to door of first hospital, 105 (51-266) 66 (40-132) <0.001

minutes® - median (IQR)
Contraindication for IVT - no./total (%)

Use of vitamin K antagonist 108/336 (32%) 118/262 (45%) <0.001
Presentation > 4.5 hours 118/336 (35%) 39/262 (15%) <0.001
Recent clinical event” 56/336 (17%) 51/262 (19%) 0.267
Use of DOAC 30/336 (9%) 34/262 (13%) 0.079
Hypertension 10/336 (3%) 10/262 (4%) 0.509
Unfavorable characteristics NCCT 8/336 (2%) 6/262 (2%) 0.996
Use of heparin in therapeutic dosage 6/336 (2%) 0/262 (0%) 0.040"
Other 9/336 (3%) 11/262 (4%) 0.263

ASPECTS = Alberta Stroke Program Early CT Score; CTA = computed tomography angiography;
DOAC = Direct oral anticoagulant; ICA = intracranial part of internal carotid artery; IQR =
interquartile range; IVT = intravenous thrombolysis; M1 = first segment of the middle cerebral
artery; M2 = second segment (after first bifurcation) of the middle cerebral artery; mRS =
modified Rankin Scale; NCCT = non-contrast computed tomography; NIHSS = National Institutes
of Health Stroke Scale; no. = number; SD = standard deviation.

Number of missing values:'14; 219; 327; 412;°91; ¢96.

’Recent hemorrhagic or ischemic stroke, recent major surgery, recent gastrointestinal or
urogenital bleeding or recent head trauma.

8Fisher's exact test was used for this analysis.
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Table 2. Clinical and radiological outcomes

Direct, Transfer, Unadjusted Adjusted OR’
n=389 n=291 OR' (95% Cl) (95% ClI)
Functional independence 130/360 (36%) 73/263 (28%) 1.51(1.06-2.15) 1.23(0.73-2.08)*
at 90 days (mRS 0-2) - no./
total (%)
MRS score at 90 days? - 4(2-6) 4(2-6) 1.43(1.07-1.91% 1.21(0.80-1.84)
median (IQR)
Symptomatic intracranial 20/388 (5%) 16/291 (5%) 0.93(0.47-1.83) 0.70(0.28-1.75)°
hemorrhage - no./total (%)
Mortality at 90 days - no./ 116/360 (32%) 105/263 (40%) 0.71(0.51-0.98) 0.90(0.54-1.50)°
total (%)

Successful reperfusion (eTICl 186/321 (60%) 156/271 (58%) 0.89(0.61-1.30) 1.15(0.78-1.68)°
=2Db) - no./total (%)

Cl = confidence interval; eTICI = extended thrombolysis in cerebral infarction scale; IQR =
interquartile range, mRS = modified Rankin Scale; no. = number; OR = odds ratio.

'0Odds for the direct group.

’Adjusted for age, pre-stroke mRS, anticoagulation use, baseline NIHSS, location of occlusion,
collateral status and onset-to-first-door time.

40dds of 1-point shift towards a favorable outcome on the mRS for the direct group.

°Adjusted for age, pre-stroke mRS, anticoagulation use, baseline systolic blood pressure, baseline
NIHSS, location of occlusion, collateral status and onset-to-first-door time.

SAdjusted for age, location of occlusion and onset-to-first door time.

Number of missing values:357.

Patients directly presented to a CSC had a median OGT of 220 minutes, compared to
230 minutes for transferred patients (adjusted (=-40.0, 95% Cl -61.5 to -18.5 [Table
3]). When the increased travel time for transferred patients was taken into account,
adjusted OGT was still 18 minutes shorter for patients directly presented to a CSC,
although this was not statistically significant (median 220 vs. 207 minutes; adjusted B=-
18.1,95% C1-39.6 to 3.4). FDGT was also shorter for the direct group (median 93 vs. 150
minutes; adjusted B=-51.0, 95% C| -64.1 to -37.9), even when corrected for increased
travel time (median 93 vs. 127 minutes, adjusted f=-28.0, 95% CI -41.3to -14.7).

We stratified the analysis for presentation to the first hospital within the 4.5 hour
time window. Of 476 patients presented within 4.5 hours, 290 (61%) were presented
directly to a CSC. Among patients presented outside the 4.5 hour time window,
direct presentation was more common, with 90/108 patients (83%) being presented
directly to a CSC. Baseline characteristics of the two strata are shown in Supplemental
Table I. Patients who were presented within 4.5 hours more often were functionally
independent at 90 days (MRS 0-2: 36 vs. 26%, OR: 1.65, 95% CI 1.07-2.56 [Table 4]).
After adjustments for potential confounders, this difference was no longer statistically
significant (adjusted OR: 1.28, 95% Cl 0.74-2.22). We found similar results for the
overall shift in mRS between groups among patients presented within 4.5 hours
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(unadjusted common OR: 1.47, 95% Cl 1.04-2.09; adjusted common OR: 1.17, 95%
Cl 0.76-1.81). Among patients who were presented >4.5 hours after symptom onset
there was no difference in functional outcome (adjusted OR: 0.89, 95% Cl 0.18-4.29).
Other clinical and radiological outcomes also did not differ (Table 4). In patients
presented within 4.5 hours, the difference in OGT remained statistically significant, in
favor of the direct group (median 180 vs. 228 minutes; adjusted f=-46.4, 95% C| -66.1
to -26.6). In patients presented after »4.5 hours, OTG did not differ between groups
(median 457 vs. 455 minutes; adjusted p=-8.1, 95% Cl -115.9 to 99.7). The difference
in FDGT in favor of the direct group remained statistically significant in both strata
(4.5 hours: adjusted B=-50.8, 95% (| -65.7 to -36.2; >4.5 hours: adjusted p=-47.0,
95% Cl -71.7 to -22.3). The results of our analyses for both strata of OGT and FDGT
corrected for travel time are reported in Supplemental Table I.

Table 3. Treatment times

Direct, Transfer, Unadjusted B Adjusted B

n=389 n=291 (95% Cl) (95% Cl)
Onset-to-groin time' - median (IQR) 220 230 16.5 -40.0

(143-360) (283-320) (9.0 to 42.0) (-61.5t0-18.5)

Travel time-corrected onset-to-groin 220 207 374 -18.1
time® - median (IQR) (143-360) (163-293) (12.0t0 62.8) (-39.6 to 3.4)*
First-door-to-groin time* - median 93 150 -41.7 -51.0
(IQR) (72-125) (115-186) (-52.1t0-31.4) (-64.1 t0 -37.9)°
Travel time-corrected first-door-to- 93 127 -20.9 -28.0
groin time® - median (IQR) (72-125) (96-166) (-31.2t0-10.6) (-41.3to0-14.7)

Cl = confidence interval; IQR = interquartile range.

2Adjusted for age, pre-stroke mRS, baseline blood pressure, baseline NIHSS, location of occlusion
and presentation outside the 4.5 hour time window.

°Adjusted for age, pre-stroke mRS, baseline blood pressure, baseline NIHSS, location of occlusion
and onset-to-first-door time.

Number of missing values: '11; 324;495; ¢100.
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DISCUSSION

In this nationwide cohort of patients who underwent EVT for AlS, we found that in the
subgroup of patients who were not eligible for IVT, treatment times were shorter for
patients directly presented to a CSC, compared to patients who were first presented
to a PSC. Clinical outcome was also slightly better in directly presented patients,
although this was not statistically significant.

Previous post hoc analyses of prospective cohort studies have shown that for
patients with an LVO of the anterior circulation, in general, it is beneficial to be
directly presented to a CSC, as opposed to being transferred from a PSC. Venema
et al., who also used data from the MR CLEAN Registry (part ), found that patients
directly presented to a CSC had a 40 minutes shorter OGT and a 57 minutes shorter
FDGT than transferred patients.® The authors also found a negative effect of inter-
hospital transfer on the likelihood of functioning independently at 90 days post-
stroke (OR: 0.69, 95% CI 0.54-0.89). A post hoc analysis of data from the STRATIS
Registry (Systematic Evaluation of Patients Treated With Neurothrombectomy Devices
for Acute Ischemic Stroke) showed a similar beneficial effect of direct presentation
on functional outcome.> However, in a subgroup analysis of patients who were not
treated with IVT, the authors found that despite the OGT being almost an hour lower,
the chance of good functional outcome did not differ between directly presented and
transferred patients (56% vs. 50%, p=0.23). Since previous studies have convincingly
shown that earlier initiation of EVT improves clinical outcome, these findings seem
discrepant* *'" However, the authors did not report if and how their subgroup
analysis was adjusted for possible confounders, neither were baseline characteristics
reported for the subgroup of patients treated with EVT alone.

In the current study, despite adjustment for baseline imbalances, we found the same
discrepancy as did the authors of the STRATIS Registry sub study: a beneficial effect of
direct presentation on time to treatment, but no statistically significant difference in
functional outcome. A potential explanation for this finding is that our sample size was
too small to find a difference in functional outcome, but substantial enough to show
the larger differences in time to treatment. Another possible explanation could be
residual confounding. Although we tried to adjust for factors that, based on baseline
characteristics and clinical experience, may have influenced the hospital choice by
ambulance paramedics or the choice of referral for EVT by PSC neurologists, there
may be other confounding factors that we did not take into account or that we had
no data for. For example, patients with severe comorbidity (e.g. active malignancy,
renal failure, congestive heart failure) may be more likely to be directly presented
to CSCs, since CSCs are often tertiary care centers. Because data of these severe
comorbidities were not available for our study, we could not adjust our analyses for
this potential confounder.
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There were some baseline imbalances between the direct and the transferred
group that warrant mention. First, the transferred group more often had atrial
fibrillation. A probable explanation is that this is due to the different distributions
of contraindications for IVT over the two groups. Since the transfer group contains
relatively few patients in the >4.5 hour time window, other contraindications for IVT
are more prevalent in this group. Of these, the most common contraindication is use
of anticoagulant medication. Because the indication for anticoagulation use often is
atrial fibrillation, this may explain the higher prevalence in this group. Second, the
transferred group had higher baseline NIHSS scores. A possible explanation could be
that patients with relatively mild neurological deficits were less often referred from a
PSC, for instance because the deficits were not considered to be sufficiently severe to
warrant EVT. Third, collateral scores were slightly better in directly presented patients.
This may be because atrial fibrillation was less common in this group, since this has
been associated with worse collaterals.’? Fourth, time from stroke onset to arrival
at the first hospital was significantly longer for directly presented patients. Most
likely, this is because ambulance paramedics were inclined to bring patients who
were (almost) outside the 4.5 hour time window, who were thus only eligible for EVT,
directly to a CSC.

We specifically focused on the effects of interhospital transfer in the subgroup of
patients not eligible for IVT. We chose to do so, because of the relevance of this
subject for routine clinical practice. In approximately 15-20% of patients with AlS, a
contraindication for IVT is present.2® Unlike patients eligible for IVT, in whom direct
presentation to a CSC may delay initiation of this treatment, patients ineligible for IVT
have no major disadvantage of being presented directly to a CSC. Moreover, the most
common contraindications that render patients ineligible for IVT could be identified
by ambulance paramedics. For example, anticoagulant use or duration of symptoms
could be determined through a patient history. Blood pressure is routinely measured,
and an INR could be determined using a point of care test.”® Further study on this issue
is required, for instance to ascertain if determining IVT contraindications negatively
influences ambulance response times. However, if such studies do not show any
major negative effects, pre-hospital triage of this patient group could relatively easily
be implemented.

Some limitations of our study should also be considered. First of all, the Netherlands,
where data collection for this study took place, is a relatively small and densely
populated country, where hospitals are located relatively close to one another.'
Therefore, the differences in time to treatment between directly presented and
transferred patients that we found in this study, are likely smaller than they would
have been in less densely populated areas.’ '® Consequently, our findings should be
extrapolated to other countries with caution.
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Second, itis likely that our data were affected by selection bias. In the MR CLEAN Registry,
patients with an LVO that were ultimately deemed ineligible for EVT for whatever reason,
were not included. As a consequence, we have no data of patients that could not receive
EVT because of time lost by primary transportation to a PSC causing the time window for
EVT to exceed.” Therefore, the negative effects of interhospital transfer may be larger
than shown in this study. Additionally, selection bias is inherent to the manner of hospital
selection by ambulance paramedics. Even though the protocol in the Netherlands
is to bring patients with a suspected stroke to the nearest stroke center, ambulance
paramedics may nonetheless decide to bypass a PSC and bring a patient directly to a
CSC. In a similar way, factors affecting the decision of PSC neurologists whether or not
to refer a patient for EVT may have influenced our data. By adjusting our analyses for
potential confounders, based on clinical experience and baseline imbalances, we have
tried to minimize the impact of this issue on our results.

Finally, for some variables we had relatively high numbers of missing values, the most
important of which were onset-to-first-door time (14%), FDGT (14%) and mRS score at
90 days post-stroke (8%). We tried to minimize the impact of the missing data on our
analyses by using multiple imputation, as described in the methods section.

Further research should focus on finding a triage instrument for prehospital selection
of patients eligible for EVT, so that these patients can be brought directly to a CSC,
without overburdening these hospitals with patients who can be treated in a PSC.
Results of other research toward optimization of prehospital stroke logistics are
expected in the coming years: a randomized controlled trial in Spain (Direct Transfer
to an Endovascular Center Compared to Transfer to the Closest Stroke Centre in
Acute Stroke Patients With Suspected Large Vessel Occlusion [RACECAT], Clinicaltrials.
gov number: NCT02795962) is comparing direct presentation to transfer to a CSC in
patients with a high likelihood of an LVO. Until then, directly presenting patients with
a suspected stroke and a contraindication for IVT to a CSC may be considered, since
there is no obvious disadvantage in bypassing the PSC in this patient population.
Implementing this would, however, result in a higher patient load for CSCs. Other
studies have shown that approximately 10% of suspected stroke patients have an
LVO," and in our cohort, 19% of patients with an LVO had a contraindication for IVT.
Assuming that the proportion of patients with a contraindication for IVT is also 19% in
the entire population of patients with a suspected AlS, routing these patients directly
to a CSC would mean that for every patient with an LVO and a contraindication for IVT,
approximately 9 patients without an LVO and with a contraindication for IVT would be
presented to a CSC. In addition to the higher patient load, unnecessary transportation
of these patients to a CSC may also be a burden on the patients and their families,
because it may involve admission to a hospital further from home. To reduce the
number of unnecessary direct presentations to a CSC, a triage method applied by
paramedics, such as a clinical LVO-detection scale, may be useful.
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In conclusion, we showed that in patients with an LVO who were not eligible for IVT,
direct presentation to a CSC decreased time to EVT, compared to initial presentation
to a PSC. Direct presentation was also associated with a slightly better clinical
outcome that was not statistically significant. Since there is no obvious disadvantage
in bypassing the PSC in this patient population, directly presenting patients with a
suspected stroke and a contraindication for IVT to a CSC, if logistically feasible, may
be considered.
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SUPPLEMENTAL MATERIAL

Supplemental Table I. Baseline characteristics stratified by time of presentation within
4.5 hour time window

Presentation < 4.5 hours Presentation > 4.5 hours
Direct, Transfer, p Direct, Transfer, p
n=290 n=186 value n=90 n=18 value
Age, years - mean + SD 73+13.0 74+12.0 0322 66+16.3 65+17.0 0.748
Male sex - no./total (%) 142/290 (49%) 97/186 (52%) 0.498 36/90 (40%)  8/18 (44%) 0.726

)

Hypertension - no/total (%) 156/283 (55%) 115/184 (63%) 0.114 47/90 (52%)  8/18 (44%) 0.547

Diabetes mellitus - no./total (%) 40/288 (14%) 26/184 (14%) 0.941 18/89 (20%)  1/18(6%) 0.137

Atrial fibrillation - no./total (%)  130/287 (45%) 109/183 (60%) 0.003 17/88(19%)  1/18(6%) 0.156
( )

Myocardial infarction - no./ 43/287 (15%) 31/180(17%) 0.519 10/89 (11% 1/18 (6%)  0.469
total (%)

Previous stroke - no./total (%) 87/290 (30%) 53/184 (29%) 0.781 14/89 (16%)  4/18(22%) 0.502

Pre-stroke mRS score’ - 0(0-2) 0(0-1) 0.243 0(0-1) 0 (0-0) 0.171
median (IQR)
Systolic blood pressure? - 154 +28.7 152+264 0510 153+259 149 +36.8  0.656
mean + SD
Diastolic blood pressure® - 84+173 85+16.5 0.401  82+15.2 82+213 0971
mean + SD
NIHSS score* - median (IQR) 15 (10-20) 17(12-21)  0.073  16(12-20) 17(13-23) 0228
Occlusion site - no./total (%) 0.156 0.421
ICA 39/290 (13%)  34/186 (18%) 17/89 (19%)  2/18 (11%)
M1 124/290 (43%) 91/186 (49%) 44/89 (49%)  6/18 (33%)
M2 47/290 (16%)  29/186 (16%) 10/89 (11%)  5/18(28%)
Anterior cerebral artery 4/290 (1%) 1/186 (1%) 0/89 (0%) 0/18 (0%)
Posterior circulation 22/290 (8%) 7/186 (4%) 8/89 (9%) 2/18 (11%)
ASPECTS score on first NCCT® - 9(7-10) 9(8-10) 0.277 8(6-10) 8 (6-9) 0.614
median (IQR)
Collateral score on first CTA - 0.180 0.094
no./total (%)
Grade 0 18/231 (8%) 10/160 (6%) 2/77 (3%) 0/15 (0%)
Grade 1 78/231 (34%) 64/160 (40%) 22/77 (29%)  6/15 (40%)
Grade 2 83/231(36%) 63/160 (39%) 24/77 (31%)  8/15 (53%)
Grade 3 52/231(23%) 23/160 (14%) 29/77 (38%) 115 (7%)
Time from stroke onset to 67 (45-125) 62 (40-111)  0.119 364 (295-517) 316 (295-371) 0.178
door of first hospital, minutes -
median (IQR)

ASPECTS = Alberta Stroke Program Early CT Score; CTA = computed tomography angiography;
ICA = intracranial part of internal carotid artery; IQR = interquartile range; IVT = intravenous
thrombolysis; M1 = first segment of the middle cerebral artery; M2 = second segment (after first
bifurcation) of the middle cerebral artery; mRS = modified Rankin Scale; NCCT = non-contrast
computed tomography; NIHSS = National Institutes of Health Stroke Scale; no. = number; SD =
standard deviation.

Number of missing values: '8; 210; 315;49; °75.
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ABSTRACT

Background

We investigated whether the annual volume of patients with acute ischemic stroke
referred from a primary stroke center (PSC) for endovascular treatment (EVT) is
associated with treatment times and functional outcome.

Methods

We used data from the MR CLEAN Registry (2014-2017). We included patients with
acute ischemic stroke of the anterior circulation who were transferred from a PSC to
a comprehensive stroke center (CSC) for EVT. We examined the association between
EVT referral volume of PSCs and treatment times and functional outcome using
multivariable regression modelling. The main outcomes were time from arrival at the
PSC to groin puncture (PSC-door-to-groin time), adjusted for estimated ambulance
travel times, time from arrival at the CSC to groin puncture (CSC-door-to-groin time),
and modified Rankin Scale (MRS) score at 90 days post-stroke.

Results

Of the 3637 patients in the Registry, 1541 patients (42%) from 65 PSCs were included.
Mean age was 71 years (SD +13.3), median National Institutes of Health Stroke Scale
scorewas 16 (IQR: 12-19) and median time from stroke onset to arrival at the PSC was
53 minutes (IQR: 38-90). 83% had received intravenous thrombolysis. EVT referral
volume was not associated with PSC-door-to-groin time (adjusted coefficient: -0.49
minutes/annual referral, 95% Cl: -1.27 to 0.29), CSC-door-to-groin time (adjusted
coefficient: -0.34 minutes/annual referral, 95% Cl: -0.69 to 0.01) or 90-day mRS score
(adjusted cOR: 0.99, 95% CI: 0.96-1.01).

Conclusions

In patients transferred from a PSC for EVT, higher PSC volumes do not seem to
translate into better workflow metrics or patient outcome.
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INTRODUCTION

Intravenous thrombolysis with alteplase (IVT) followed by endovascular thrombectomy
(EVT) is the standard treatment for patients with acute ischemic stroke caused
by a large vessel occlusion of the anterior circulation.”? While IVT can be given in
all hospitals that provide acute stroke care, EVT can only be performed in more
specialized hospitals, so-called comprehensive stroke centers (CSCs). In most
countries, the majority of patients with a suspected stroke are brought to the nearest
primary stroke center (PSC) in order to undergo diagnostic tests and treatment
with IVT. Patients with a large vessel occlusion who are potentially eligible for EVT
are subsequently transferred to a CSC. The proportion of patients who are treated
according to this drip-and-ship paradigm varies between 45% and 83%, depending
on the region.>¢ For both IVT and EVT, timely start of treatment is important, because
shorter treatment times improve functional outcome of patients.” 8

For a number of neurological diseases, including glioblastoma, subarachnoid
hemorrhage and amyotrophic lateral sclerosis, it has been shown that treatment
in high-volume, specialized hospitals improves patient outcomes.”'" Regarding
treatment of acute ischemic stroke, multiple studies have shown that hospitals with
higher annual IVT volumes achieve lower door-to-needle times.'?'* For EVT, a similar
association has been found for the annual number of cases in CSCs.'>"” However,
little is known about the relationship between the volume of EVT eligible patients who
present to a PSC (EVT referral volume) and time to treatment. We hypothesized that
higher EVT referral volume may positively affect treatment times, because it may be
associated with more streamlined care pathways within the PSC, more experienced
physicians when it comes to acute stroke treatment, and better facilities for acute
stroke imaging. We aimed to investigate the association between the EVT referral
volume of PSCs and treatment times and clinical outcomes in patients with an acute
ischemic stroke who were transferred from a PSC for EVT.

METHODS AND MATERIALS

Study design and population

We used data from the Multicenter Randomized Clinical trial of Endovascular treatment
for Acute ischemic stroke in the Netherlands Registry (MR CLEAN Registry), which
is a nationwide, prospective cohort study in which data from all adult patients who
underwent EVT for an acute ischemic stroke in the Netherlands since completion of
the MR CLEAN trial (March 2014) until December 2018 have been registered. Detailed
methods of the MR CLEAN Registry have previously been reported.'® Permission
to carry out the Registry was granted by the medical ethics committee of Erasmus
MC, University Medical Center in Rotterdam, The Netherlands. The requirement for
informed consent was waived.
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For the current study, we used data collected from March 2014 until November 2017
(Registry part | and Il). We included adult patients with an acute ischemic stroke of the
anterior circulation who had initially presented to a PSC and subsequently transferred
to a CSC that was a MR CLEAN trial center to undergo EVT. Patients who had primarily
presented to a CSC or to a PSC outside the Netherlands were excluded from the
analysis. Furthermore, because during the study period EVT was not standard care in
the Netherlands for patients with a large vessel occlusion stroke who were presented
more than 6 hours after onset and median door-to-groin time in patients transferred
for EVT in the Netherlands is approximately 30 minutes,” we excluded patients with
an onset-to-groin time >390 minutes. In-hospital strokes were also excluded.

Definitions and outcomes

A CSC was defined as a hospital that offers both IVT and EVT. A PSC was defined as
a hospital that routinely offers IVT and performs CT angiography (CTA) to identify
patients with a large vessel occlusion stroke, but does not provide EVT. To verify
whether hospitals provided IVT during the study period, data from the public Health
Care Quality registration of the National Health Care Institute (in Dutch: Zorginstituut
Nederland) were used.?® All hospitals are obliged to report IVT-related benchmarks in
this annual registration. For hospitals that reported IVT benchmarks only for part of
the study period, we assumed that IVT for acute ischemic stroke was only offered in
the years in which these benchmarks were reported, and the EVT referral volume was
calculated for this period only. For hospitals with multiple locations, each location was
treated as a separate PSC. If the specific location of a hospital with multiple locations
from which a patient was referred was unknown, we used the patient's postal code to
determine which of the hospital locations was located closest to the patient’s home,
and it was assumed that this was the referring PSC.

The annual EVT referral volume of a PSC was defined as the mean number of patients
per year who had primarily presented to that PSC and who ultimately underwent EVT
during the study period. For comparison of baseline characteristics and illustrative
purposes, we categorized PSCs into low, medium or high-volume. Low annual EVT
referral volume was defined as <6 referrals per year, medium as 6-12 referrals per
year, and high as >12 referrals per year. For our regression analyses, however, annual
EVT referral volume was assessed as a continuous variable. EVT was defined as
arterial puncture in the angiography suite, with the objective to perform mechanical
thrombectomy. The actual EVT strategy was at the discretion of the interventionist.

Our primary outcome measure was time from PSC arrival to arterial puncture in the
CSC (PSC door-to-groin time [PSC DTGT]). Other workflow-related outcome measures
were time from arrival at the PSC to arrival at the CSC (door-to-door time) and time
from arrival at the CSC to arterial puncture (CSC door-to-groin time [CSC DTGT]). Clinical
outcomes were modified Rankin Scale (MRS) score and mortality at 90 days post-stroke.
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Statistical analysis

We compared baseline characteristics, treatment times and clinical outcomes of
patients referred from low-volume PSCs, medium-volume PSCs and high-volume
PSCs, using One way ANOVA for normally distributed continuous variables, Kruskal-
Wallis test for non-normally distributed continuous variables, and x? test for categorical
variables.

We examined the effect of EVT referral volume at the hospital level on treatment
times and clinical outcome, using multilevel regression modelling. For these analyses,
annual EVT referral volume was assessed as a continuous variable. For our analyses
of PSC DTGT and door-to-door time, we used multilevel linear regression, adjusting
for the following pre-selected variables on patient-level (unless reported otherwise,
baseline characteristics were measured upon arrival at the CSC): referring PSC as a
random effect, and age, history of hypertension, pre-stroke mRS, baseline systolic
blood pressure, baseline NIHSS, location of occlusion on CTA, treatment with IVT,
onset-to-first-door time, estimated time of travel by ambulance from PSC to CSC,
and the receiving CSC as fixed effects. The estimated ambulance travel times were
provided by the Dutch National Institute for Public Health and the Environment and
calculated using their proprietary model, assuming the ambulance driving with the
highest level of emergency and daytime circumstances outside of rush hour.?! When
analyzing CSC DTGT, we also used multilevel linear regression, adjusting for the
following patient-level variables: referring PSC as a random effect and age, history
of hypertension, pre-stroke mRS, baseline systolic blood pressure, baseline NIHSS,
location of occlusion on CTA, time from onset to arrival at the CSC, and the receiving
CSC as fixed effects. For our analysis of the 90-day mRS score we used multilevel
ordinal logistic regression, and for our analysis of mortality we used multilevel binary
logistic regression. Both analyses were adjusted for the following variables on patient-
level: referring PSC as a random effect and age, history of hypertension, pre-stroke
mRS, baseline systolic blood pressure, baseline NIHSS, location of occlusion on CTA,
treatment with IVT, onset-to-first-door time, and the receiving CSC as fixed effects.
For all regression analyses, we imputed missing data using multiple imputation, using
the following covariates: age, sex, history of stroke, history of hypertension, history of
diabetes mellitus, history of atrial fibrillation, pre-stroke mRS, baseline blood pressure
(systolic and diastolic), baseline NIHSS, location of occlusion on CTA, treatment with
IVT, onset-to-first-door time, estimated time of travel by ambulance from PSC to CSC,
PSC DTGT, door-to-door time, CSC DTGT, expanded Treatment In Cerebral Ischemia
(eTICl) score after EVT, symptomatic intracranial hemorrhage and 90-day mRS. All
analyses were performed using SPSS (version 25; SPSS Inc., Chicago, IL, USA).

61




62

CHAPTER 4

Data availability statement

Individual patient data cannot be made available under Dutch law because we did
not obtain patient approval for sharing individual patient data, even in coded form.
However, all syntax files and output of statistical analyses will be made available upon
reasonable request.

RESULTS

Between March 2014 and November 2017, 3637 patients were included in the MR
CLEAN Registry. We excluded 2096/3637 patients (58%) because they had not primarily
presented to a PSC (n=1474), underwent EVT in a CSC that did not participate in the
MR CLEAN trial (n=177), had an acute ischemic stroke of the posterior circulation
(n=172), had an in-hospital stroke (n=149), had an onset-to-groin time of >390
minutes (n=99) or had presented to a PSC outside the Netherlands (n=16; Figure 1).
Therefore, 1541/3637 patients (42%) were included in the study.

All patients included in
Registry between March 18
2014 and November 1 2017:

n=3637 Excluded (n=2096):

- Not primarily presented to PSC (n=1474)
> - CSC no MR CLEAN trial center (n=177)
- Posterior circulation stroke (n=172)

- In-hospital stroke (n=149)

- Onset to groin >390 minutes (n=99)

- Presented to PSC outside the
Netherlands (n=16)

Patients included in analysis:
n=1541

Figure 1. Flow chart patient inclusion. CSC = comprehensive stroke centers; PSC = primary
stroke center; Registry = MR CLEAN Registry.

Patients had primarily presented to one of 65 PSCs and treated with EVT in one of 16
CSCs. Annual EVT referral volume was low (<6 per year) for 35/65 PSCs (54%), medium
(6-12 per year) for 20/65 PSCs (31%) and high (>12 per year) for 10/65 PSCs (15%). Of
all patients, 435/1541 (28%) had presented to a low-volume PSC, 583/1541 (38%) to a
medium-volume PSC, and 523/1541 (34%) to a high-volume PSC. For one patient, it was
unknown which of two hospital locations was the referring PSC, so the hospital location
located closest to the patient’s postal code was assumed to be the referring PSC.
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Baseline characteristics categorized by low, medium and high PSC volume are
reported in Table 1. Patients presented to high-volume PSCs more often had a
history of hypertension (low: 48%, medium: 54%, high: 57%; p=0.03) and had slightly
lower NIHSS scores at baseline (low: median 16 [IQR 12-20], medium: 16 [IQR 12-
20], high: 15 [IQR 11-19]; p=0.01). Estimated ambulance travel times between PSC
and receiving CSC were shorter for patients presented to high-volume PSCs (low:
median 22 minutes [IQR 15-28], medium: 22 minutes [IQR 15-33], high: 17 minutes
[IQR 9-30]; p<0.01). Other baseline characteristics did not differ between groups.

When comparing treatment times between low-, medium- and high-volume PSCs,
we found that patients who had presented to high- and medium-volume PSCs had
shorter PSC DTGT (low: median 150 [IQR 123-186], medium: 145 [IQR 120-173], high:
146 [IQR 124-178]; p=0.03) and lower door-to-door times (low: median 109 [IQR
84-135], medium: 102 [IQR 83-124], high: 106 [IQR 85-128]; p<0.01), compared to
patients presented to low-volume PSCs (Table 2). However, when we analyzed EVT
referral volume as a continuous variable and adjusted for potential confounders,
there was no association between annual EVT referral volume and PSC DTGT (Figure
2A) or door-to-door time (Figure 2B). CSC DTGT also did not differ between groups
(Table 2) and there was no statistically significant association between EVT referral
volume as a continuous variable and CSC DTGT after adjustment (Figure 2C).

The mRS score and mortality at 90 days post-stroke did not differ between patients
presented to low-, medium- and high-volume PSCs (Table 2). After adjustment, there
was also no association between annual EVT referral volume and 90-day mRS score
(unadjusted cOR: 0.98 [95% Cl: 0.96-1.01]; adjusted cOR: 0.99 [95% ClI: 0.96-1.01]) or
mortality (unadjusted OR: 1.02 [95% Cl: 0.99-1.04]; adjusted OR: 1.02 [95% Cl: 0.98-1.06]).
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Table 1. Baseline characteristics

Annualized EVT referral volume

s . Low Medium High
1 " 7
Characteristic All patients (<6) (6-12) (>12) p-value
No. of hospitals (no. of patients) 65 (1541) 35 (435) 20 (583) 10(523) NA
Age, years - mean + SD 708+ 133 700+133 71.4+135 709+131 0.27
Male sex - no./total (%) 795/1541 220/435 301/583 274/523 0.86
(52%) (51%) (52%) (52%)
History of hypertension - no./total (%) 798/1502 205/426 304/566 289/510 0.03
(53%) (48%) (54%) (57%)
Diabetes mellitus - no./total (%) 241/1528 70/430 86/578 85/520 0.76
(16%) (16%) (15%) (16%)
Atrial fibrillation - no./total (%) 366/1519 105/430 143/571 118/518 0.67
(24%) (24%) (25%) (23%)
Previous stroke - no./total (%) 236/1524 68/429 96/576 72/519 0.43
(15%) (16%) (17%) (14%)
Pre-stroke mRS score? - median (IQR) 0(0-1) 0(0-1) 0(0-1) 0(0-1) 0.07
Systolic blood pressure® - mean + SD 150 148 150 150 0.34
(132-166) (131-166)  (134-168) (132-165)
Diastolic blood pressure* - mean + SD 80(71-91) 80(71-90) 81(72-92) 80 (70-90) 0.13
NIHSS score® - median (IQR) 16(12-19)  16(12-20) 16(12-20) 15(11-19) 0.01
Intracranial occlusion site on CTA - no./total (%) 0.21
Intracranial ICA 406/1468 113/419 165/545 128/504
(28%) (27%) (30%) (25%)
M1 876/1468 267/419 311/545 298/504
(60%) (64%) (57%) (59%)
M2 177/1468 37/419 68/545 72/504
(12%) (9%) (12%) (14%)

Al 2/1468 (0%) 0/419 (0%) 1/545 (0%) 1/504 (0%)

Other 4/1468 (0%) 1/419 (0%) 0/545(0%) 3/504 (1%)

None 3/1468 (0%) 1/419 (0%) 0/545 (0%) 2/504 (0%)
Presentation outside office hours - no./ 1030/1541 284/435 387/583 359/523 0.52
total (%) (67%) (65%) (669%) (69%)

Time from stroke onset to arrival at PSC, 53(38-90) 53(40-94) 50(36-83) 56 (37-90) 0.38

minutes® - median (IQR)

Estimated ambulance travel time between 19(12-32) 22(15-28) 22(15-33) 17(9-30)  <0.01

PSC and receiving CSC - median (IQR)

Treatment with IVT - no./total (%) 1280/1533  353/434 489/577 438/522 0.52
(83%) (81%) (85%) (84%)

A1 = first segment of anterior cerebral artery; CSC = comprehensive stroke center; CTA = CT
angiography; EVT = endovascular thrombectomy; ICA = internal carotid artery; IQR = interquartile
range; IVT = intravenous thrombolysis; M1 = first segment of the middle cerebral artery; M2 =
second segment of the middle cerebral artery; mRS = modified Rankin Scale; NA = not applicable;
NIHSS = National Institutes of Health Stroke Scale; no. = number; PSC = primary stroke center;

SD = standard deviation.

'All baseline characteristics were measured on arrival at the CSC, unless reported otherwise.
Number of missing values: ?44; 355; 460; °19; °438.
’p-value for comparison between patients who were referred from low, medium and high annual

referral volume PSCs.
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Table 2. Treatment times and clinical outcomes for patients presented to low-,
medium- and high-volume PSCs

Annualized EVT referral volume

All patients Low (<6) Medium (6-12)  High (>12) values
(n=1541) (n=435) (n=583) (n=523) P

PSC DTGT, minutes' - 146 (122-178)  150(123-186)  145(120-173)  146(123-177)  0.03
median (IQR)

Door-to-door time, 105 (84-129) 109 (84-135) 102 (83-124) 106 (85-128)  <0.01
minutes? - median (IQR)

CSC DTGT, minutes® - 39 (27-57) 36 (25-55) 40 (27-56) 40 (28-60) 0.18
median (IQR)

MRS score at 90 days’ - 3(2-6) 3(2-6) 3(2-6) 3(2-6) 0.19
median (IQR)

Mortality at 90 days* - 445/1541 (29%) 121/435(28%)  162/583 (28%) 162/532(30%)  0.37

no./total (%)

Cl = confidence interval; CSC DTGT = time from arrival at the comprehensive stroke center to
arterial puncture; door-to-door time = time from arrival at the PSC to arrival at the CSC; EVT =
endovascular thrombectomy, IQR = interquartile range; IVT = intravenous thrombolysis; mRS
= modified Rankin Scale; PSC DTGT = time from arrival at the primary stroke center to arterial
puncture.

Number of imputed values: 1432, 2481, 371, #138.

Numbers of imputed values did not differ between groups for the time intervals ('p=0.12,
p=0.18, *p=0.97).

°p-value for comparison between patients who were referred from low, medium and high annual
referral volume PSCs.
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Door-to-door time (min) PSC DTGT (min)

CSC DTGT (min)

Unadjusted coefficient: -0.49 (95% CI: -1.50 to 0.53)
Adjusted coefficient: -0.49 (95% CI: -1.27 to 0.29)

o © 0 @
«ooow ©
o000

Number of EVT referrals - annual

Unadjusted coefficient: -0.42 (95% CI: -1.28 to 0.44)
Adjusted coefficient: -0.17 (95% CI: -0.86 to 0.53)

Number of EVT referrals - annual

Unadjusted coefficient: 0.04 (95% CI: -0.45 to 0.55)
Adjusted coefficient: -0.34 (95% CI: -0.69 to 0.01)

Number of EVT referrals - annual

Figure 2. Plots of treatment
times by annual EVT
referral  volumes. The
treatment times (y-axis)
and the annual EVT referral
volume (x-axis) are shown
for each patient (imputed
data). Each dot represents
a single patient. Vertically
aligned dots represent the
data of a single hospital with
the corresponding number
of annual EVT referrals. In
case multiple hospitals had
the same annual EVT referral
volume, they were plotted on
the same vertical axis. Both
the adjusted and unadjusted
coefficients are shown. For
adjustment variables, see the
Methods section. A. PSC DTGT.
B. Door-to-door-time. C. CSC
DTGT. CI = confidence interval;
CSC = comprehensive stroke
center; CSC DTGT = time from
arrival at the comprehensive
stroke center to arterial
puncture; door-to-door time
= time from arrival at the PSC
to arrival at the CSG; EVT =
endovascular thrombectomy;
PSC = primary stroke center;
PSC DTGT = time from arrival
at the primary stroke center to
arterial puncture.
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DISCUSSION

In this cohort study, we examined the relationship between the EVT referral volume
of PSCs and treatment times and clinical outcomes. We observed that PSCs with high
or medium EVT referral volume had shorter PSC DTGT compared to low-volume
PSCs. However, after adjustment, there was no association between PSC volume and
workflow times or functional outcome of patients.

The consonance of previous studies when it comes to the benefits of treatment in
high-volume, specialized hospitals has led many to plead for increasing centralization
of care for several neurological diseases,”'" including acute ischemic stroke.'?17:2225 |n
light of this, it is somewhat surprising that our findings indicate that high PSC volumes
do not translate into better workflow metrics or patient outcome. We defined ‘high
PSC volume’ as >12 EVT referrals per year based on the distribution of our data:
only 15% of PSCs had >12 annual EVT referrals. Although few previous studies have
reported on EVT referral volumes, average PSC volumes in our study seem relatively
high compared to those found in regions in Germany and Australia (6 annual EVT
referrals per PSC in our study vs. 4 in both Germany and Australia).?>?” Nonetheless,
it is possible that for even higher EVT referral volumes, an association with shorter
time to treatment would exist. Bray et al. found a similar trend for the association
between hospital volume and time to initiation of IVT: only hospitals with >50 IVT
cases per year achieved lower door-to-needle times, while no difference was found
between hospitals with <25 annual cases and hospitals with 25-50 annual cases.’
However, because the number of PSCs with very high EVT referral volumes was low in
our cohort, we could not test this hypothesis.

Another potential explanation for the absence of an association between PSC
volume and treatment times in our study could be the fact that the Netherlands has
a well-developed health care system. Stroke workflow in the Netherlands, including
Emergency Medical Services, PSC and CSC logistics, is generally well-organized,
resulting in relatively short treatment times.' Within such a system it may be more
difficult to discern potential effect modifying variables, such as PSC volume.

Two baseline imbalances should be noted. First, estimated ambulance travel times
between PSC and receiving CSC were shorter for patients presented to high-volume
PSCs. PSCs that are located in an area with low population density, and therefore have
lower annual patient volumes, are likely located further away from the nearest CSC
than PSCs in densely populated regions. This makes a comparison of treatment times
inherently biased in favor of patients presented to a PSC in a more densely populated
area, and thus in favor of high-volume PSCs. To account for this bias, we adjusted
our analyses of treatment times for the estimated ambulance travel time between
the PSC and the receiving CSC. Second, patients presented to high-volume PSCs had
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slightly lower NIHSS scores upon arrival at the CSC. A potential explanation for this
could be that low-volume PSCs, due to possible lack of around-the-clock availability of
stroke imaging facilities, may not have routinely performed CT angiography in patients
with a suspected stroke and mild neurological deficits, causing these patients to less
often be referred for EVT. Alternatively, more distal location occlusions, such as M2
occlusions, may have been overlooked more often in low-volume PSCs because of
less experienced readers.

There are several limitations to our study. First, the analysis of hospital performance is
inherently influenced by variation by chance across hospitals, which especially affects
low-volume hospitals. We used multilevel regression analysis, because such models
can take clustering effects and variation by chance into account, contrary to regular
fixed effects models. However, it is possible that the effects of PSC volume were slightly
underestimated by our random effects model, because the observed variation across
the hospitals may have been diluted, especially for low-volume PSCs.?53" Second, data
collection for our study took place in the Netherlands, which is a densely populated
country in which hospitals are located relatively close to one another and there is overall
good infrastructure ®' Furthermore, in our study, the median PSC DTGT was short (144
minutes) compared to existing literature, in which median PSC DTGTs ranging from 153
to 191 minutes have been reported.®3>3 This was also the case for ambulance travel
times: median ambulance travel time in our study was 19 minutes, compared to 23 to
95 minutes in other studies.® > 3% 333> Qur median CSC DTGT (39 minutes) was within
the range, although on the lower end, of previously reported median CSC DTGTs for
transferred patients (35 to 81 minutes).> 23 As data for this study were collected in a
country with an advanced health care system and time intervals were relatively short
compared to those found in other countries, our findings should be extrapolated to
other countries with caution. Third, we did not have data of patients who were referred
to a CSC for EVT and were ultimately deemed ineligible for EVT, because these patients
were not included in the MR CLEAN Registry. The true annual number of patients
referred from the PSCs for EVT therefore may have been higher than reported in our
study and the frequency with which futile transfers occurred could not be assessed.
Finally, we had relatively high numbers of missing values for three variables: door-to-
door time (31%), PSC DTGT (28%) and time from stroke onset to arrival at the PSC (28%).
To minimize the impact of these missing values on our analyses, we used multiple
imputation. Time between arrival at the PSC and departure from the PSC (door-in-door-
out time), which would have been an outcome measure of interest in our study, was not
available in our dataset.

In conclusion, we did not observe an association between the EVT referral volume of
PSCs and the PSC-door-to-groin time or the 90-day mRS score of patients who were
transferred from a PSC for EVT. Based on the data in our study, PSC volumes do not
seem to translate into better overall workflow metrics or patient outcome.
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ABSTRACT

Background

Stroke patientswho are transferred to a comprehensive stroke center for endovascular
treatment (EVT) often undergo repeated neuroimaging prior to EVT. We evaluated the
yield of repeating imaging and its effect on treatment times.

Methods

We included adult patients with a large vessel occlusion (LVO) stroke who were
referred to our hospital for EVT by primary stroke centers (2016-2019). We excluded
patients who underwent repeated imaging because primary imaging was unavailable,
incomplete or of insufficient quality. Outcomes included treatment times and
repeated imaging findings.

Results

Of 677 transferred LVO stroke patients, 551 were included. Imaging was repeated in
165/551 patients (30%), mostly because of clinical improvement (86/165 [52%]) or
deterioration (40/165 [24%)). Repeated imaging patients had higher door-to-groin-
times than patients without repeated imaging (median 43 vs. 27 minutes, adjusted
time difference: 20 minutes, 95% Cl:15-25). Among patients who underwent repeated
imaging because of clinical improvement, the LVO had resolved in 50/86 (58%). In
patients with clinical deterioration, repeated imaging led to refrainment from EVT in
3/40(8%). No symptomatic intracranial hemorrhages (sICH) were identified. Ultimately,
75/165 (45%) of repeated imaging patients underwent EVT, versus 326/386 (84%) of
patients without repeated imaging (p<0.01).

Conclusions

Neuroimaging was repeated in 30% of LVO stroke patients and resulted in a median
treatment delay of 20 minutes. In patients with clinical deterioration, no sICH were
detected and repeated imaging rarely changed the indication for EVT. However, in
more than half of patients with clinical improvement, the LVO had resolved, resulting
in refrainment from EVT.
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INTRODUCTION

Endovascular treatment (EVT) is routine care for patients with anterior circulation
large vessel occlusion (LVO) acute ischemic stroke (AIS)."2 EVT can only be performed
in specialized hospitals, so called comprehensive stroke centers (CSC). In most
countries, paramedics transport patients with a suspected stroke to the nearest
hospital for diagnostic work-up and initiation of intravenous thrombolysis (IVT).
Usually, this nearest hospital is not a CSC, but a primary stroke center (PSC). Thus,
patients who are eligible for EVT must subsequently be transferred to a CSC.

Upon arrival atthe CSC, neuroimaging is often repeated, albeit in varying frequencies.*®
Repeated imaging may provide information on change in Alberta Stroke Program
Early CT Score (ASPECTS),®° ' thrombus migration, recanalization, and intracranial
hemorrhage after IVT. Such findings can be clinically relevant and may result in
the decision to refrain from EVT. Repeating imaging may thus reduce the number
of futile diagnostic angiographies, and the associated risks of these procedures,
such as femoral artery dissections, thromboembolic complications, and anesthesia
complications. In addition, avoiding unnecessary EVT procedures reduces healthcare
costs. On the other hand, repeating imaging itself also adds healthcare costs and
increases contrast medium exposure for patients. Moreover, performing additional
imaging delays treatment, which can negatively affect the prognosis of patients.'> With
our study, we aimed to evaluate the diagnostic yield and the treatment delay caused
by repeating imaging in LVO stroke patients who are transferred from a PSC for EVT.

MATERIALS AND METHODS

Data will not be made available to other researchers, as no patient approval was
obtained for sharing coded data. However, syntax and output files of statistical
analyses can be made available on request.

Study design and population

We performed a single-center cohort study, using data of our prospective stroke
registry. Our hospital receives EVT referrals from 11 nearby PSCs and has a catchment
area for EVT of approximately 3.3 million inhabitants. We included adult patients with
AlS due to an LVO, who were primarily presented to a PSC and subsequently referred
to our hospital for EVT. We used data of patients referred between January 2016 and
June 2019. We excluded patients who underwent repeated imaging because imaging
from the referring hospital was unavailable, of insufficient quality, or incomplete,
including the necessity to perform CT perfusion in patients who presented more
than 6 hours after symptom onset. The study was approved by the medical ethics
committee of the Amsterdam UMC, location AMC. The procedures followed were all
in accordance with institutional guidelines. All patients eligible for inclusion were sent
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a letter with detailed information about the study. The patient or legal representative
had the opportunity to deny permission for use of their data via an opt-out form, in
accordance with the European Union General Data Protection Regulation.

Definitions, procedures and outcomes

EVT was defined as arterial puncture in the angiography suite, with the objective to
perform mechanical thrombectomy with a stent retriever and/or thrombus aspiration.
The exact EVT strategy was at the discretion of the interventionist. Time of stroke
onset was defined as the time of witnessed symptom onset or, if this was unknown,
the time that the patient was last known to be well. All imaging was assessed as part
of standard clinical practice.

The National Institutes of Health Stroke Scale (NIHSS) was used to quantify the severity
of neurological deficit. If no NIHSS score was reported by the treating physician, it was
scored retrospectively as previously published.

Our primary outcome was time from arrival at the CSC to groin puncture (CSC DTGT).
Other workflow related outcomes were time from stroke onset to groin puncture
(OGT) and time from arrival at the PSC to groin puncture (PSC DTGT). Clinical outcome
measures were good functional outcome at 90 days post-stroke, defined as a score
of 0-2 on the modified Rankin Scale (mRS), overall shift in mRS score between groups,
occurrence of symptomatic intracranial hemorrhage (sICH), and mortality at 90 days
post-stroke. Repeated imaging findings were scored separately for non-contrast CT
(NCCT) and CT angiography (CTA). On NCCT, the presence or absence of intracranial
hemorrhage (ICH) was scored. ICH was defined as symptomatic if the patient died
or deteriorated neurologically (an increase of 24 points on the NIHSS) as a result of
the hemorrhage.' On CTA, the presence or absence of an LVO was scored, and its
location was compared to PSC imaging (vascular territory and segment). LVO was
defined as an occlusion of the intracranial part of the internal carotid artery (ICA),
the first segment of the middle cerebral artery (M1), the proximal part of the second
segment (after first bifurcation) of the middle cerebral artery (proximal M2), the first
segment of the anterior cerebral artery, or the basilar artery. A persistent LVO was
defined as an LVO in the same vascular territory on repeated imaging, even if the
vascular segment had changed.

Statistical analysis

We compared patients in whom neuroimaging (NCCT and/or CTA) was repeated on
arrival at the CSC with patients who did not undergo repeated imaging. Baseline
characteristics were compared using independent samples t-test for normally
distributed continuous variables, Mann-Whitney U test for non-normally distributed
continuous variables, and x* test for categorical variables. Multivariable linear
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regression was used for the analyses of treatment times. The analysis of CSC DTGT
was adjusted for the following potential confounders (unless reported otherwise,
baseline characteristics were measured on arrival at the CSC): age, previous stroke,
NIHSS score, location of occlusion on first CTA and presentation outside office hours.
For the analyses of OGT and PSC DTGT, we adjusted for age, previous stroke, NIHSS
score, location of occlusion on first CTA, presentation outside office hours, and
treatment with intravenous thrombolysis (IVT). Binary logistic regression was used
for the analyses of good functional outcome, sICH and mortality. Ordinal logistic
regression was used to assess the overall shift in mRS score between groups. These
regression analyses were adjusted for age, blood pressure, previous stroke, NIHSS
score, location of occlusion on first CTA, time of presentation (within or outside office
hours), treatment with IVT, and treatment with EVT. For all regression analyses, we
imputed missing data using multiple imputation for variables with more than 10%
missing values, using the following covariates: age, sex, previous stroke, diabetes,
atrial fibrillation, coronary artery disease, blood pressure, baseline NIHSS, location
of occlusion, treatment with IVT, treatment with EVT, OGT, PSC DTGT, expanded
Treatment In Cerebral Ischemia (eTICl) score after EVT and 90-day mRS. Analyses
were performed using SPSS (version 25; SPSS Inc., Chicago, IL, USA).

RESULTS

Within the study period, 677 patients with LVO stroke were transferred from one
of the PSCs to our hospital for EVT. Of these, 126 were excluded for the following
reasons: primary imaging unavailable, incomplete or of poor quality (n=109), objection
to use of data (n=14), and age <18 years (n=3). Therefore, we included 551 patients
in the current analysis (Figure 1). Repeated imaging was performed in 165/551 (30%)
of these patients. The change in proportion of patients who underwent repeated
imaging over time is depicted in Supplemental Figure I. The most common reasons for
repeating imaging were clinical improvement (86/165 [52%]) and clinical deterioration
(40/165 [24%)). Other reasons are reported in Table 1.

Baseline characteristics for patients with and without repeated imaging are shown in
Table 1. In the repeated imaging group, patients more often had received IVT (82%
vs. 72%, p=0.01) and presentation outside office hours was less common (49% vs.
64%, p<0.01). Coronary artery disease was less prevalent in the repeated imaging
group (9% vs. 21%, p<0.01). There were slightly less ICA and M1 occlusions and slightly
more proximal M2 occlusions in the repeated imaging group, although this difference
was not statistically significant (Table 1). Patients who underwent repeated imaging
because of clinical improvement (86/165 [52%]), had a median change in NIHSS
score of -5 between PSC and CSC (IQR: -8 to -2). In patients with clinical deterioration
(407165 [24%]), NIHSS scores had increased by a median of 6 points on arrival at the
CSC(IQR:3t09).
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LVO stroke patients transferred to CSC: n=677

Excluded (n=126):
Imaging unavailable to interventionist, incomplete or
poor quality: n=109
Objection to use of data: n=14
<18 years old: n=3

Included: n=551

Repeated imaging: n=165 H No repeated imaging: n=386

Figure 1. Flow chart patient inclusion. CSC = comprehensive stroke center; LVO = large
vessel occlusion.

Patients who underwent repeated imaging had longer CSC DTGT (median 43 vs. 27
minutes, adjusted time difference: 20 minutes, 95% Cl: 15-25) and PSC DTGT (median
147 vs. 124 minutes, adjusted time difference: 27 minutes, 95% Cl: 14-40). The OGT
did not differ between groups (Table 2). The odds of good functional outcome at
90 days post-stroke (mRS 0-2) were higher for the repeated imaging group, but this
association dissipated after adjusting for potential confounders (unadjusted OR:
1.57,95% ClI: 1.01-2.44; adjusted OR: 1.10, 95% CI: 0.61-1.99; Supplemental Table I).
Symptomatic ICH was numerically less frequent in the repeated imaging group, but
this was not statistically significant after adjustment (1% vs. 8%; unadjusted OR: 0.15,
95% Cl 0.03-0.62; adjusted OR: 0.29, 95% Cl: 0.07-1.31). Other clinical outcomes did
not differ between groups (Supplemental Table 1).

Among patients with repeated imaging, NCCT was redone at the CSC in 73% and CTA
in 75% of patients (both in 48%). The diagnostic yield of repeated imaging is shown in
Table 3. Among all patients with a repeated NCCT, only one ICH was found, which was
asymptomatic and did not occur in a patient with clinical deterioration. Of all patients
with a repeated CTA, 67/124 (54%) had a persistent LVO, 11/67 (16%) of which had
migrated to a more distal segment. One LVO was found in a new vascular territory. In
57/124 (46%) of patients, the LVO had resolved. In patients with clinical improvement,
i.e. with a decrease in NIHSS, the LVO had resolved more often on repeated imaging
(p<0.01; Supplemental Figure I). When analyzed separately, in patients who underwent
repeated CTA because of clinical improvement, the LVO had resolved in 50/86 (58%) of
patients. In patients who underwent repeated CTA because of clinical deterioration, CTA
showed that the LVO had resolved in 3/13 (23%) of patients (Table 3). In the remaining
27 patients with clinical deterioration, CTA was not repeated.
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Table 1. Baseline characteristics

Repeated imaging  No repeated

Characteristic’ (n=165) imaging (n=386) p value
Age, years - mean + SD 71+153 70+133 0.40
Male sex - no./total (%) 79/165 (48%) 200/386 (52%) 0.40
Hypertension - no./total (%) 68/164 (41%) 150/382 (39%) 0.63
Diabetes mellitus - no./total (%) 21/164 (13%) 56/382 (15%) 0.57
Atrial fibrillation - no./total (%) 34/164 (21%) 95/382 (25%) 030
Coronary artery disease - no./total (%) 14/164 (9%) 80/382 (21%) <0.01
Previous stroke - no./total (%) 30/164 (18%) 66/382 (17%) 0.78
Pre-stroke mRS score? - median (IQR) 1(0-1) 1(0-1) 0.72
Systolic blood pressure - mean + SD 150 + 281 148 £ 239 037
Diastolic blood pressure - mean + SD 83+17.0 82+16.5 0.65
NIHSS score at PSC arrival® - median (IQR) 11 (7-15) 13(9-17) <0.01
NIHSS score at CSC arrival* - median (IQR) 9(4-17) 16 (10-20) <0.01
Intracranial occlusion site (on PSC imaging) - no./total (%) 0.07

ICA 26/164 (16%) 76/386 (20%)

M1 90/164 (55%) 228/386 (59%)

Proximal M2 31/164 (19%) 38/386 (10%)

Anterior cerebral artery 0/164 (0%) 1/386 (0%)

Basilar artery 13/164 (8%) 31/386 (8%)

No LVO (misread by radiologist at PSC) 4/164 (2%) 12/386 (3%)
Reason for repeating imaging - no./total (%)

Clinical improvement 86/165 (52%) NA -

Clinical deterioration 40/165 (24%) NA -

Additional imaging characteristics for assessing 11/165 (7%) NA -

indication for EVT®

Other 6/165 (4%) NA -

Reason not recorded 22/165 (13%) NA -
Presentation outside office hours - no./total (%) 74/150 (49%) 233/365 (64%) <0.01
Time from stroke onset to arrival at PSC, minutes® - 50 (30-81) 58 (32-95) 0.14
median (IQR)
Treatment with IVT - no./total (%) 135/165 (82%) 276/386 (72%) 0.01

ASPECTS = Alberta Stroke Program Early CT Score; CSC = comprehensive stroke center; CTA =
computed tomography angiography; EVT = endovascular treatment; ICA = intracranial part of
internal carotid artery; IQR = interquartile range; IVT = intravenous thrombolysis; LVO = large
vessel occlusion; M1 = first segment of the middle cerebral artery; M2 = proximal part of the
second segment (after first bifurcation) of the middle cerebral artery; mRS = modified Rankin Scale;
NA = not applicable; NCCT = non-contrast computed tomography; NIHSS = National Institutes of
Health Stroke Scale; no. = number; PSC = primary stroke center; SD = standard deviation.

'All baseline characteristics were measured on arrival at the CSC, unless reported otherwise.
°E.g. ASPECTS, collaterals, core/penumbra ratio <6 hours.

Number of missing values: 2350; 328; “4; ©178.
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Table 2. EVT related outcomes

Repeated No repeated value
imaging (n=165) imaging (n=386) P
Groin puncture - 75/165 (45%) 326/386 (84%) <0.01
no./total (%)
Persistent LVO, 57/165 (35%) 261/386 (68%) <0.01
21 MT attempt(s)
Persistent LVO, no access 12/165 (7%) 35/386 (9%) 0.49
to occlusion location
LVO resolved, 6/165 (4%) 29/386 (8%) 0.09
angiography only’
Subgroup: patients who underwent groin puncture
_ Repeated _ Norepeated Unadjusted B Adjusted 8
imaging (n=75)  imaging (n=326) (95% CI) (95% CI)
CSC door-to-groin time? - 43 (35-59) 27 (19-37) 19.9(14.7-25.1) 20.0(14.8-25.3)°
median (IQR)
PSC door-to-groin time® - 147 (118-190) 124 (104-154) 22.6(9.6-35.6) 26.9(14.2-39.6)°
median (IQR)
Onset-to-groin time* - 198 (167-261) 195(156-249)  11.1(-9.6t031.9) 15.0(-6.0 to 35.9)°
median (IQR)

ASPECTS = Alberta Stroke Program Early CT Score; Cl = confidence interval; CSC = comprehensive
stroke center; CTA = computed tomography angiography; EVT = endovascular treatment; IQR =
interquartile range; LVO = large vessel occlusion; MT = mechanical thrombectomy; no. = number;
PSC = primary stroke center.

'Among patients who underwent a cerebral angiography only, one periprocedural complication
was reported (femoral pseudoaneurysm, in the repeated imaging group).

°Adjusted for: age, previous stroke, NIHSS score, location of occlusion on first CTA, presentation
outside office hours.

SAdjusted for: age, previous stroke, NIHSS score, location of occlusion on first CTA, presentation
outside office hours, treatment with intravenous thrombolysis.

Number of missing values: ?27; 355; #17.
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Table 3. Repeated imaging findings

Imaging modality All patients ) Clinical ) CIin.icaI
(n=165) improvement' (n=86) deterioration? (n=40)
NCCT?
Symptomatic ICH 0/120 (0%) 0/50 (0%) 0/38 (0%)
Asymptomatic ICH 1/120 (1%) 0/50 (0%) 0/38 (0%)
CTA*
Persistent LVO 67/124 (54%) 36/86 (42%) 10/13 (77%)
Same segment 55/124 (44%) 28/86 (33%) 8/13 (62%)
Distal migration 11/124 (9%) 8/86 (9%) 2/13 (15%)
New vascular territory 17124 (1%) 0/86 (0%) 0/13 (0%)
LVO resolved 57/124 (46%) 50/86 (58%) 3/13(23%)

CTA = computed tomography angiography; ICH = intracranial hemorrhage; IQR = interquartile
range; LVO = large vessel occlusion; NCCT = non-contrast computed tomography.

"Median A NIHSS score between PSC and CSC: -5 (-8 to -2)

Median A NIHSS score between PSC and CSC: 6 (3 to 9)

SNCCT was repeated in 120/165 patients (73%); 50/86 (58%) of patients with clinical improvement
and 38/40 (95%) of patients with clinical deterioration.

“CTA was repeated in 124/165 patients (75%); all patients with clinical improvement and 13/40
(33%) of patients with clinical deterioration.

Ultimately, 75/165 (45%) of the repeated imaging group underwent EVT, versus
326/386 (84%) of patients without repeated imaging. In the repeated imaging group,
less patients underwent a cerebral angiography only, although this difference was not
statistically significant (4% vs. 8%, p=0.09; Table 2). Among patients who underwent
an angiography only (n=35), one periprocedural complication (2.9%) was reported,
which occurred in the repeated imaging group. This complication was a femoral
pseudoaneurysm, which was treated with an ultrasound-guided thrombin injection
and was resolved without sequelae. Reasons for refraining from groin puncture
are reported for both groups in Supplemental Table II. In 61/165 (37%) of patients
who underwent repeated imaging, the findings on repeated imaging resulted in, or
contributed to the decision to refrain from EVT. This was the case for 49/86 (57%) of
patients with clinical improvement and 3/40 (8%) of patients with clinical deterioration.
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DISCUSSION

In this single-center cohort study of LVO stroke patients who were transferred for
EVT, neuroimaging was repeated in 30% of patients on arrival at the CSC, resulting
in a median treatment delay of 20 minutes. In patients with clinical deterioration,
repeated imaging rarely resulted in the decision to refrain from EVT and no sICH was
detected. On the other hand, in more than half of patients with clinical improvement,
the LVO had resolved, abolishing the need for EVT altogether.

Reports on the frequency with which imaging is repeated in patients transferred
for EVT vary substantially. Venema et al. reported that in CSCs in the Netherlands,
on average, NCCT is repeated in 6% and CTA in 5% of transferred patients prior to
EVT.” However, this study excluded transferred patients in whom EVT was ultimately
not performed, probably leading to an underestimation of the true frequency of
repeating imaging in LVO stroke patients. Other studies report repeated imaging
rates of up to 86% of patients, or even in all transferred patients as standard
practice.*¢® Little has been reported about the diagnostic yield of repeated imaging
in patients transferred for EVT or its effects on workflow. Several previous studies
have found that presentation of patients directly to the angiography suite, instead
of to the emergency room, substantially reduces DTGT.">"” For instance, Jadhav et al.
found that in patients transferred for EVT, DTGT was reduced by 59 minutes when
the emergency room was bypassed.” The authors hypothesized that this was partly
due to a reduction in repeating imaging. However, presenting patients directly to the
angiography suite requires around-the-clock availability of an angiography suite and
personnel, which is often not feasible and increases healthcare costs. Compared to
previous literature, the percentage of patients who ultimately did not undergo EVT
was relatively low in our population. Two previous studies have reported 41% and
45% of futile interhospital transfers,*® while in our study this was the case for 27%
of patients. Potential explanations for this finding could be longer travel times or
different selection methods for transferring patients for EVT.

We found several baseline imbalances that should be noted. First, NIHSS scores on
arrival at the CSC were lower for the repeated imaging patients. Most likely, this is
because clinical improvement was a common reason for CSC physicians to repeat
imaging. Interestingly, NIHSS scores at the PSC were also lower for the repeated
imaging group. This could be because the repeated imaging group contained
slightly more patients with an M2 occlusion, which are associated with less severe
neurological deficits than more proximally located LVOs, and which more often
show early recanalization after IVT'8. Another possible explanation is that CSC
physicians may have been more inclined to repeat imaging in patients with less
severe neurological deficits, independent of the change in NIHSS score. Second, the
percentage of patients that received IVT was higher in the repeated imaging group.
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It seems plausible that this is because IVT caused part of the LVOs to resolve, resulting
in clinical improvement, which again was a common reason for CSC physicians to
repeat imaging. Third, a history of coronary artery disease was less prevalent in
the repeated imaging group. A possible explanation for this finding could be that
patients with coronary artery disease, and thus atherosclerosis, more often have
an atherosclerotic etiology of their stroke. Previous studies have reported that
atherosclerotic stroke is more often refractory to IVT,"? 2 which may have resulted in
less clinical improvement and therefore less often repeated imaging.

Several limitations to our study warrant mentioning. First, imaging was not assessed
by a core lab, but only assessed as part of standard clinical practice. Some imaging
characteristics, such as ASPECTS score, collateral score, and core/penumbra
volumes on CT perfusion therefore were not systematically scored. These imaging
characteristics may have influenced decision making on whether or not to perform
EVT. Although CT perfusion volumes are strictly only indicated for patients in the ‘late’
time window - who were excluded from our analyses if the necessity of obtaining CT
perfusion imaging was the sole reason for repeating imaging - we cannot exclude
the possibility that CT perfusion characteristics nonetheless affected treatment
decisions. However, if these imaging characteristics were reported as a reason for
refraining from EVT, we included this in our results. Second, it is important to note
that this study took place in the Netherlands, which is a densely populated country in
which hospitals are located relatively close to one another and which has an overall
good infrastructure. As a result, both transfer times and times between acquisition
of primary imaging and repeated imaging were relatively short. Consequently, our
findings should be extrapolated with caution to hospital systems with longer travel
times between centers. Finally, for three variables, we had relatively high numbers of
missing values: pre-stroke mRS (64%), mRS at 90 days post-stroke (32%) and time of
patient arrival at the PSC (23%). We tried to minimize the impact of the missing data
on our analyses by using multiple imputation.

Future research on this topic may focus on developing a prediction model for early
recanalization, in order to help avoid futile interhospital transfer.

In conclusion, patients transferred to our CSC for EVT underwent repeated
neuroimaging in 30% of cases. Repeating imaging delayed treatment by approximately
20 minutes. In patients with clinical deterioration, the yield of repeating imaging was
low and no sICH prior to EVT were identified. In patients with clinical improvement,
repeated imaging showed that the LVO had resolved in 58% of cases and thereby
resulted in refrainment from EVT. Based on our findings, repeating neuroimaging
does not seem beneficial in patients with clinical deterioration, but is very useful in
patients with clinical improvement, since it helps avoid futile diagnostic angiographies
in more than half of this population
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SUPPLEMENTAL MATERIAL

Supplemental Table I. Clinical outcomes

Repeated No repeated Unadjusted OR  Adjusted OR?
imaging, n=165 imaging, n=386 (95% CI) (95% CI)
Functional independence (90 45/95 (47%) 113/279 (41%)  1.57(1.01 -2.44) 1.10(0.61 - 1.99)
day mRS 0-2) - no./total (%)

MRS score at 90 days' - 3(1-6) 3(1-6) 1.552(0.95 - 2.54) 1.142(0.70 - 1.88)
median (IQR)

Symptomatic ICH - no./ 2/164 (1%) 30/383 (8%) 0.15(0.03-0.62) 0.29(0.07-1.31)
total (%)

Mortality at 90 days - no./ 31/95 (33%) 78/279 (28%) 0.94(0.61-1.46) 0.82(0.45-1.50)
total (%)

Cl = confidence interval; ICH = intracranial hemorrhage; IQR = interquartile range; mRS =
modified Rankin scale; OR = odds ratio.

Number of missing values: 1177.

20dds of 1-point shift towards a favorable outcome on the mRS for the repeated imaging group.
SAll analyses were adjusted for: age, blood pressure, previous stroke, NIHSS score, location of
occlusion on first CTA, time of presentation (within or outside office hours), treatment with IVT,
treatment with EVT.
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Supplemental Table II. Reasons for refraining from EVT

Repeated
imaging (n=90)

No repeated
imaging (n=60)

p value

Reason for refraining from EVT

Clinical characteristics - no./total (%) 21/90 (23%)
Combination of clinical and radiological 6'/90 (7%)
characteristics - no./total (%)

Radiological characteristics - no./total (%) 632/90 (70%)
LVO resolved 55/90 (61%)
No LVO on PSC imaging? 0/90 (0%)
Unfavorable imaging characteristics* 3/90 (3%)
EVT not technically feasible 3/90 (3%)
Other 2/90 (2%)

37/60 (62%)
9/60 (15%)

13/60 (22%)
0/60 (0%)
10/60 (17%)
2/60 (3%)
1/60 (2%)
1/60 (2%)

<0.01

ASPECTS = Alberta stroke program early CT score; EVT = endovascular treatment; LVO =

vessel occlusion; no. = number; PSC = primary stroke center.

'In 3/6 patients, repeated imaging contributed to the decision to refrain from EVT; in the other
3/6 patients, the imaging factors contributing to the decision to refrain from EVT were (also)

visible on PSC imaging.

’In 58/63 patients, repeated imaging contributed to the decision to refrain from EVT; in the other
5/63 patients, the imaging factors contributing to the decision to refrain from EVT were (also)

visible on PSC imaging.

SUpon reassessment by the neuro-interventional radiologist at the CSC
“Low ASPECTS, poor collateral status and/or unfavorable CT perfusion characteristics.

200
180

o O o

2016 2017 2018

mEVT referrals - no.  mImaging repeated - no. (%)

Supplemental Figure I. Referrals for EVT per year during the study period. Number
of referrals (blue) and number and percentage of patients with repeated imaging (red) are
reported for our hospital during the study period (January 2016 - June 2019). *For 2019, data
were extrapolated for the remainder of the year. EVT = endovascular treatment; no. = number.

2019~
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A NIHSS between PSC and CSC

Supplemental Figure Il. Percentage of resolved LVOs per A NIHSS sub group. The
percentage of LVOs that were resolved on repeated CTA related to the change in NIHSS score
between PSC and CSC. A negative A NIHSS value signifies clinical improvement; a positive value
means clinical deterioration. The lower the A NIHSS, the higher the percentage of patients
with a resolved LVO on repeated imaging (p<0.01). CSC = comprehensive stroke center; CTA =
computed tomography angiography; LVO = large vessel occlusion; NIHSS = National Institutes of
Health Stroke Scale; PSC = primary stroke center.
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ABSTRACT

A reliable and fast instrument for prehospital detection of large vessel occlusion
(LVO) stroke would be a game-changer in stroke care, because it would enable direct
transportation of LVO stroke patients to the nearest comprehensive stroke center for
endovascular treatment. This strategy would substantially improve treatment times,
and thus clinical outcomes of patients. Here, we outline our view on the requirements
of an effective prehospital LVO detection method, namely: high diagnostic accuracy;
fast application and interpretation; user-friendliness; compactness; and low costs. We
argue that existing methods for prehospital LVO detection, including clinical scales,
mobile stroke units and transcranial Doppler, do not fulfill all criteria, hindering broad
implementation of these methods. Instead, electroencephalography (EEG) may be
suitable for prehospital LVO detection, since in-hospital studies have shown that
quantification of hypoxia-induced changes in the EEG signal have good diagnostic
accuracy for LVO stroke. Although performing EEG measurements in the prehospital
setting comes with challenges, solutions for fast and simple application of this
method are available. Currently, the feasibility and diagnostic accuracy of EEG in the
prehospital setting are being investigated in clinical trials.
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INTRODUCTION

Acute ischemic stroke (AIS) is one of the leading causes of death and disability, affecting
around 9 million people per year worldwide." Approximately a quarter to a third
of AIS patients has a large vessel occlusion (LVO) and is thus potentially eligible for
endovascular treatment (EVT).2= It is of vital importance that EVT is initiated as soon as
possible, especially in patients in the early time window.** In most countries, patients
with a suspected stroke are transported by paramedics to the nearest hospital for
diagnostic work-up and, if indicated, initiation of IVT. If this nearest hospital is a primary
stroke center (PSC) and the patient is diagnosed with an LVO stroke, the patient must
again be transferred by paramedics to a comprehensive stroke center (CSC) for EVT.
This so-called ‘drip-and-ship’ model, which is schematically depicted in Figure 1A, delays
initiation of EVT by 40 to 106 minutes, thereby substantially decreasing the chance of
good functional outcome.”8 Despite the clear disadvantages of the drip-and-ship model,
it is widely used because directly presenting all patients with a suspected stroke to a
CSC - the so-called mothership model - would overburden these hospitals. Moreover,
centralizing all stroke care would lead to longer initial travel times, which puts a strain
on ambulance services and, importantly, could delay the start of IVT. This latter effect
would be particularly harmful for AIS patients without an LVO.°

A. Current situation

PSC

oo _ Oo0| [evr
00 oooo ot 31 Tooo 00 loooo
oolfmo D[HUUDDEHD
/
B. Ideal situation
PSC o
oo . VT gg EVT
Eguuuu 0000|ggloooo
oo/ffgo O oo/?[@"

Figure 1. lllustrations of the ‘drip-and-ship’ model and the ‘ideal’ model. A. The ‘drip-
and-ship’ model: suspected stroke patients are transported to the nearest PSC, and patients
eligible for EVT are subsequently transferred to a CSC. B. The ‘ideal' model: patients with a large
vessel occlusion are identified in the prehospital setting and brought directly to a CSC, while all
other suspected stroke patients are brought to a PSC. CSC = comprehensive stroke center; EVT
= endovascular treatment; IVT = intravenous thrombolysis; PSC = primary stroke center.
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Ideally, patients with an LVO stroke can be identified in the prehospital setting, so that
these patients can be transported directly to the nearest CSC for EVT, while all other
suspected stroke patients are brought to a PSC, where IVT can be initiated (Figure
1B). Toward future development and implementation of an effective prehospital LVO
detection instrument, we describe our views on the required characteristics of such
an instrument, lessons that can be learned from cardiology, and review previously
studied LVO detection methods. Finally, we discuss ongoing research and future
directions in this field, and propose that electroencephalography (EEG) may be
suitable for prehospital LVO detection.

REQUIREMENTS OF AN EFFECTIVE PREHOSPITAL LVO
DETECTION METHOD

Our views on the requirements of an effective prehospital LVO detection method are
summarized in Table 1. First and foremost, a high diagnostic accuracy is essential.
Both sensitivity and specificity are important in this respect. A high sensitivity is
required because a false negative result would mean that a patient with an LVO
stroke is not directly transported to a CSC, resulting in time loss and worse clinical
outcome. A high specificity is also important, because false positive cases would
put an unnecessary burden on CSCs and ambulance services, and delay initiation
of IVT for these patients. Furthermore, with a triage method with high specificity, a
positive result would warrant the operating team to be alerted and the angiography
suite to be prepared before patient arrival, which in itself could further lower time
to treatment. Second, a prehospital LVO detection method must be applicable fast.
Inevitably, triaging will take up time, but the time saved by accurate patient selection
should outweigh this short prehospital delay. Third, it is important that the method
is user-friendly. Since only approximately 3% of all emergency ambulance transports
concerns neurological emergencies,’ 2> ambulance paramedics have a relatively low
exposure to this population. As a result, elaborate triage strategies are difficult to
implement and a relatively simple method should be pursued. Fourth, a prehospital
LVO detection instrument should be sufficiently compact that it can be stored in every
ambulance. Ambulance paramedics should also be able to take the instrument out
of the ambulance, for example inside a patient's house, since that is where the triage
often takes place. Finally, the instrument should be relatively affordable, so that broad
implementation is feasible in all countries where endovascular treatment is available.

LESSONS FROM CARDIOLOGY

In selecting or developing a method suitable for prehospital LVO detection, we may
learn from interventional cardiology, which has dealt with similar logistical dilemmas
in the past. Electrocardiography (ECG) is widely used by ambulance paramedics as
a triage instrument in patients with suspected myocardial infarction Patients with a
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high likelihood of requiring percutaneous coronary intervention (PCl) are transported
directly to the nearest PCl capable hospital.”* On arrival, the emergency department
is bypassed and the patient is brought directly to the catheterization room to initiate
treatment. This model drastically improves treatment times and thereby clinical
outcome. > ECG can be performed in the prehospital setting in minutes and can
be interpreted by ambulance paramedics with high sensitivity and specificity.'® "/
Furthermore, it can be implemented in every ambulance and is relatively affordable.

Table 1. Requirements of an effective prehospital LVO detection method

Requirement Purpose

1 High diagnostic accuracy Limiting the number of false positives and false negatives

2 Fastapplication and Limiting the treatment delay caused by application of the triage method
interpretation

3 User-friendly Enabling paramedics with low exposure to stroke population to

correctly apply instrument and interpret results
4 Compact Permitting storage in every ambulance
5  Relatively affordable Enabling broad implementation in all countries where endovascular

treatment is available

PREVIOUSLY STUDIED LVO DETECTION METHODS

The need for a prehospital instrument for LVO detection has been recognized
worldwide and several research groups have previously examined different methods
for this purpose. Advantages and disadvantages of these methods are discussed
below and are summarized in Table 2.

Clinical scales

Multiple clinical scales, containing items for scoring the severity of neurological deficit,
have been developed for the purpose of LVO detection. Clinical scales tick off some of
the requirements for an effective prehospital LVO detection method, since they are
compactand can be appliedfast (requirements 4 and 2; Table 1). However, the diagnostic
accuracy of clinical scales is relatively low. Most scales either have high sensitivity or high
specificity, depending on the cut-off value that is used, but not both.'®2! Several detailed
overviews of diagnostic accuracy of clinical scales have been published previously.'820
Most of these scales have also only been validated in an in-hospital setting,'®2° and
thus the external validity for a prehospital setting has not been properly assessed.
Furthermore, several studies that have examined the accuracy of clinical scales for LVO
detection have excluded patients with an eventual diagnosis other than AlS, such as
stroke-mimicking conditions or intracerebral hemorrhage, which makes their findings
difficult to extrapolate to a population of suspected stroke patients.?® Scales that have
been tested in the prehospital setting often have low specificity for LVO stroke.?® This
could be explained by the relatively low exposure of ambulance paramedics to patients

929



100

CHAPTER 6

with suspected stroke, which makes it difficult to reliably apply clinical scales. As a
result, development of a clinical scale with high diagnostic accuracy in the prehospital
setting is challenging, and training ambulance paramedics in the correct application of
such a clinical scale is time consuming and costly. Altogether, clinical scales fail to meet
two essential requirements for an effective prehospital LVO detection method: high
diagnostic accuracy and user-friendliness (requirements 1 and 3; Table 1).

Table 2. Advantages and disadvantages of previously studied LVO detection methods

1. High 2. .Fas§ 3. Other
. . application 4. 5.
diagnostic User- advantages/
and . Compact Affordable .
accuracy . . friendly disadvantages
interpretation
Clinical scales _ + —_ + +
Mobile stroke + + - - - - Specifically trained
units team
- Futile deployment
common
Telemedicine ? + + + + - Privacy and
security issues
Transcranial +1 _ _ + + - Prehospital
Doppler validation lacking
VIPS ? + + + ? - Prehospital
validation lacking
EEG
Wet ? _ _ + + - Prehospital
electrode EEG validation lacking
Dry +2 + + + + - Prehospital
electrode EEG validation lacking

EEG = electroencephalography; VIPS = volumetric impedance phase shift spectroscopy; + = yes;
- =no; ? = unknown.

'Diagnostic accuracy has only been examined in an in-hospital setting.

2Diagnostic accuracy has only been examined in an in-hospital setting, and was only high when
combined with clinical data.

Mobile stroke units

Another method for prehospital LVO detection that has been explored, is equipping
selected ambulances - so called ‘mobile stroke units' (MSUs) - with an imaging system
for performing non-contrast CT and CT angiography to diagnose LVO stroke and, in
some studies, initiate IVT.?* Obviously, this method has an optimal diagnostic accuracy.
A recent study also found that deployment of MSUs was associated with lower time
to EVT.?* However, there are substantial concerns regarding the efficacy and cost-
effectiveness of this method. MSUs require a team of specifically trained personnel,
often including a CT technician and a vascular neurologist.?® If remote assessment
of the imaging is used, wireless connectivity may be problematic, especially in rural
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areas.”> Furthermore, since only approximately half of suspected stroke patients
have an AIS, %0 deployment of an MSU is often futile. The costs of equipping one
MSU are estimated between US $497,604 and $955,666, and the annual costs of one
operational unit have been estimated at $946,818.2” The high costs and personnel
requirements make broad implementation of MSUs practically impossible. Since this
method is expensive, complex and cannot be implemented in every ambulance, it
fails to meet three important requirements for an effective prehospital LVO detection
method (requirements 3, 4 and 5; Table 1).

Telemedicine

Telemedicine enables evaluation of suspected stroke patients by a remote physician,
often using audio and video connection and/or transfer of clinical data.?® Several
telemedicine techniques have been shown to be feasible in the prehospital setting and
are widely accepted by ambulance paramedics and physicians.?* 3 However, there is
limited data on the accuracy of prehospital identification of AIS by telemedicine.? =0
More importantly, the diagnostic accuracy of telemedicine for detection of LVO stroke
is unknown. Therefore, at this time, telemedicine does not meet the most essential
requirement for an effective LVO detection method: high diagnostic accuracy
(requirement 1; Table 1). Although studies have shown a decrease in time to VT,
3031 little is known about the effect of telemedicine on EVT treatment times.?® One
observational study found that clinical outcome after EVT for patients selected with
telemedicine was comparable to the outcome of patients directly admitted to a CSC.*?
However, the absence of a between-group difference in clinical outcome in this study
may also be due to its relatively small sample size. Implementation of a triage method
using telemedicine may further be complicated due to privacy and security issues.

Transcranial Doppler

Transcranial Doppler (TCD), which uses ultrasound waves for direct measurement
of the cerebral blood flow, has been proposed as a method for prehospital LVO
detection. Preliminary in-hospital studies have shown that TCD can detect LVO stroke
with high sensitivity and specificity in suspected AIS patients.>*3¢ A TCD device is
also relatively compact and affordable,*> 3¢ ticking off some important requirements
(requirements 1, 4 and 5; Table 1). However, feasibility of using TCD in the prehospital
setting is limited due to long measurement times and user-dependence in both
application and interpretation.>*3¢ Therefore, this method is currently not fast nor
user-friendly (requirements 2 and 3; Table 1). To minimize these issues, new TCD
devices have been developed, using automated algorithms for occlusion detection.
The SONAS (BURL Concepts Inc., USA) device utilizes ultrasound microbubbles as
acoustic tracers to evaluate asymmetry in cerebral perfusion.?” Its accuracy for LVO
detection and technical and logistical feasibility are currently being investigated in an
in-hospital clinical trial (clinicaltrials.gov: NCT03897153). The Lucid Robotic System
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(Neural Analytics Inc., USA) is designed to be a fully autonomous TCD device for
diagnosis of neurovascular diseases including stroke. Interim, non-peer reviewed
results suggest a high sensitivity and specificity for LVO stroke in suspected stroke
patients.’® However, its efficacy and feasibility for LVO detection in the prehospital
setting are currently unknown.

Volumetric impedance phase shift spectroscopy

Volumetric impedance phase shift spectroscopy (VIPS), which detects asymmetry in
the cerebral bioimpedance pattern, has also been proposed as a prehospital LVO
detection method, although it has not yet been evaluated in the prehospital setting.
The VIPS device is compact, fast and user-friendly (requirements 2, 3 and 5; Table
1).% Data from a preliminary study showed that VIPS could be used to identify severe
strokes within a group of suspected stroke patients with high sensitivity and specificity,
but it did not discriminate between ischemic and hemorrhagic stroke.> However, little
is known about the diagnostic accuracy of VIPS for LVO stroke (requirement 1; Table
1). Additionally, the future cost of the device is unknown (requirement 4; Table 1).%°

Electroencephalography

Electroencephalography (EEG) measures electrical brain activity through electrodes
placed on the scalp. Because of its sensitivity to cerebral hypoxia, it is used for
monitoring during carotid endarterectomy surgery. Multiple studies have shown that
unilateral hemispheric hypoxia almost immediately results in EEG signal changes that
predict intraoperative stroke with high specificity.“> 4! Research of EEG in patients
with AIS has mainly focused on prediction of functional outcome and differentiation
between AlS patients and healthy controls. For the latter, several quantitative EEG
(QEEG) measures have been proposed. First, slowing of the EEG signal has been
described as a sign of hemispheric hypoxia (i.e. @ decrease in higher frequencies
and an increase in lower frequencies; Figure 2A).# EEG slowing can be quantified by
measures sensitive to the power of the low frequency delta band relative to higher
frequency bands. Multiple case-control studies found a higher delta/alpha ratio -
indicating a slower EEG - in AIS patients compared to healthy controls.**#> Changes
in the power spectrum can also be compared between the affected and unaffected
hemisphere (Figure 2B). The Brain Symmetry Index (BSI) quantifies the difference in
mean hemispheric power, and has been shown to discriminate between AlS patients
and healthy controls.*® 4" Another qEEG measure for cerebral hypoxia is functional
brain connectivity, which can be quantified by the degree of phase synchronization
between pairs of EEG signals.®* *® One case-control study found reduced
synchronization - indicating lower connectivity - in both the ipsi- and contralesional
hemispheres of AIS patients compared to healthy controls.> Besides differentiation
between AlS patients and healthy subjects, one study also reported differences
between the EEG signal of AIS patients and patients with a transient ischemic
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attack.”® However, whether EEG can be used to discriminate between old and new
infarcts, between ischemic and hemorrhagic stroke, and between stroke mimicking
conditions, is currently uncertain. A small diagnostic accuracy study of 24 patients with
suspected stroke in the emergency department found good discriminative power for
several frequency band power ratios between patients with and without an AlS with
a large infarct volume.®" Recently, in a larger diagnostic accuracy study by Erani et al,,
dry electrode EEG registrations were performed in 100 patients with suspected or
definite stroke in an in-hospital setting, after reperfusion therapy. Multiple frequency
band powers combined could predict LVO stroke with an area under the curve of
69, and 86 when combined with clinical data.> These findings, although preliminary,
indicate the possible potential of EEG as an instrument for prehospital LVO detection.

A Acute ischemmic stroke in the left hemisphere

ner ,M:, ‘Fl' g‘l I Kﬂ w 1! ”:. 0

~fi 5

[
[ 20wV
0 2 4 6 8 10 12 14 16 18 20
Time (s)
"]10
=== = Affected hemisphere
Unaffected hemisphere

10° 10
Frequency (Hz)
Figure 2. lllustration of slowing of the EEG signal caused by unihemispheric hypoxia.
A. EEG signal of the left (CP3-FT7) and right (CP4-FT8) hemisphere. At t=5s, the left hemisphere
is affected by an acute ischemic stroke (simulated). B. The corresponding mean power spectra
of the affected and the unaffected hemisphere. Lower frequencies are more common in the
affected hemisphere, while higher frequencies are decreased.
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Although EEG may have high diagnostic accuracy for LVO detection (requirement
1; Table 1)°"*2 performing EEG measurements in the prehospital setting comes
with challenges. First, a traditional EEG measurement requires time-consuming
preparation, including skin abrasion and application of a conductive gel or paste.
Second, extensive training is needed for correct application of the electrodes and
skin-electrode impedance optimization.>® To overcome these issues, faster and more
user-friendly methods for performing an EEG measurement have been proposed.
Dry electrodes, for example, require no skin preparation or conductive paste and
thus decrease EEG preparation time to at least one-third of its original duration.> >
One type of dry electrodes is the multipin electrode coated with silver-silver chloride,
which is designed to pass the hair layer and make direct contact with the scalp
(Figure 3A).* When integrated into a cap, these electrodes are easy to apply, even
by relatively unexperienced users (Figure 3B). Erani et al. reported that the average
total preparation time required for a dry electrode EEG measurement - including
electrode application and adjustments - was 13 minutes.>? At the end of the study,
experienced users achieved an average preparation time of approximately 5 minutes.
EEG measurement time was 3 minutes, which resulted in a total EEG acquisition time
8 minutes at the end of the study. However, this study used an EEG setup with 17
electrodes. To decrease preparation time and complexity, the number of electrodes
may be reduced.* > EEG setups with less electrodes (e.g. 8 electrodes, Figure 3A)
are available. The time it takes to interpret the EEG measurement depends on
whether this is done visually or using an algorithm. To the best of our knowledge,
there is currently no literature available on visual or automatic interpretation times
of EEG for LVO-detection. However, automatic interpretation of EEG - including
artefact detection - for other classification tasks usually takes less than a second.*®
» A downside of dry electrodes is their increased electrode impedance, resulting
in lower signal quality. Multiple studies, nonetheless, have shown that by excluding
EEG channels with low signal quality, similar performance to regular wet EEG can
be obtained.>* % It is important to note that obtaining high quality EEG data in the
relatively uncontrolled prehospital setting is probably more challenging, increasing
the risk of artifacts in the EEG signal. While automated methods to detect and remove
these artifacts are available, future studies that properly address this issue are
required.®® Another challenge in using EEG as a prehospital LVO detection method is
the interpretation of the EEG signal. In current standard practice, EEGs are interpreted
by a neurologist in a non-acute setting. In the acute, prehospital setting, EEG data
may be interpreted automatically by an artificial intelligence-based algorithm. Based
on the performance of EEG-based algorithms for other classification tasks, e.g. in
epilepsy, such an algorithm may be able to accurately diagnose LVO stroke without
human interference.® % If not, visual interpretation by a remote neurologist on call, in
all cases or only in case of the algorithm being inconclusive, is also a possible solution.
Furthermore, EEG equipment can be made compact (Figure 3C), portable (Figure 3D)
and relatively affordable, ticking off requirements 4 and 5 (Table 1).6®
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Worldwide, several research groups are working towards an EEG based prehospital
instrument for LVO detection. Forest Devices (Pittsburgh, USA) has developed
AlphaStroke, a portable device that should automatically determine the likelihood of
the presence of an LVO stroke based on asymmetry in both EEG and evoked potential
measurements. This device has not yet been validated in a clinical trial.>* The ELECTRA-
STROKE study (Amsterdam, the Netherlands; clinicaltrials.gov: NCT03699397) is
an ongoing trial investigating the diagnostic accuracy of dry electrode cap EEG for
LVO detection, performed by ambulance paramedics in the prehospital setting, in a
population of suspected stroke patients. The EEG setup used in this study is shown
in Figure 3. The SPIDER study (Brisbane, Australia), investigates the accuracy and
feasibility of wet electrode EEG for LVO detection in the prehospital setting. In this
study, EEGs are performed by specifically trained research paramedics.®®

Figure 3. An example of a dry electrode EEG system. A. A dry electrode EEG cap. B. The
inside of the cap, showing a multipin dry electrode. C/D. Portable and lightweight EEG equipment,
including the dry electrode EEG cap (Waveguard touch, Eemagine, Berlin, Germany), as used in
the ELECTRA-STROKE study.

CONCLUSIONS

An effective instrument for prehospital LVO detection would allow patients with an
LVO stroke to be brought directly to a CSC. This would save precious time to treatment
and thus improve patient outcome. LVO detection methods that have previously
been studied do not seem suitable for this purpose. Based on available data, EEG is
a promising technique for LVO detection and is currently being investigated in clinical
trials in the prehospital setting.
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ABSTRACT

Background

Prehospital detection of large vessel occlusion stroke of the anterior circulation
(LVO-a) would enable direct transportation of these patients to an endovascular
thrombectomy (EVT) capable hospital. The ongoing ELECTRA-STROKE study
investigates the diagnostic accuracy of dry electrode electroencephalography (EEG)
for LVO-a stroke in the prehospital setting. To determine which EEG-features are
most useful for this purpose and assess EEG-data quality, EEGs are also performed
in the emergency room (ER). Here, we report data of the first 100 patients included
in the ER.

Methods

Patients presented to the ER with a suspected stroke or known LVO-a stroke
underwent a single EEG prior to EVT. Diagnostic accuracy for LVO-a stroke of
frequency band power, brain symmetry and phase synchronization measures were
evaluated by calculating receiver operating characteristic curves. Optimal cut-offs
were determined as the highest sensitivity at a specificity of 280%.

Results

EEG data were of sufficient quality for analysis in 65/100 included patients. Of
these, 35/65 (54%) had an acute ischemic stroke, of whom 9/65 (14%) had an LVO-a
stroke. Median onset-to-EEG-time was 266 minutes (IQR 121-655) and median EEG-
recording-time was 3 minutes (IQR 3-5). The EEG feature with the highest diagnostic
accuracy for LVO-a stroke was theta-alpha ratio (AUC 0.83; sensitivity 75%; specificity
81%). Combined, weighted phase lag index and relative theta-power best identified
LVO-a stroke (sensitivity 100%; specificity 84%).

Conclusion

Dry electrode EEG is a promising tool for LVO-a stroke detection, but data quality
needs to be improved and validation in the prehospital setting is necessary. (TRN:
NCT03699397, registered October 9 2018.)
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BACKGROUND

Endovascular thrombectomy (EVT) is standard treatment for patients with an acute
ischemic stroke (AIS) caused by a large vessel occlusion of the anterior circulation
(LVO-a)." It is important that EVT is performed as soon as possible, in particular in
the early time window, since time delay decreases the chance of patient recovery.?
3 In most countries, paramedics transport a patient with a suspected stroke to the
nearest hospital for diagnostic work-up and, if indicated, initiation of intravenous
thrombolysis (IVT).* In 45-83% of cases,”® this nearest hospital is a primary stroke
center (PSC), where EVT cannot be performed. In these situations, a patient with an
LVO-a stroke requires a second transfer to a comprehensive stroke center (CSC) in
order to undergo EVT. This ‘drip-and-ship’ model delays initiation of EVT by 40 to 106
minutes,> ¢ which theoretically decreases the chance of a good functional outcome
by up to 10%.>1°

In anideal situation, paramedics would be able to identify patients with an LVO-a stroke
in the prehospital setting, so that these patients can be immediately transported to
the nearest CSC. Multiple clinical scales, containing items for scoring the severity
of neurological deficit, have been developed for the purpose of prehospital LVO-a
stroke detection. However, none of these scales have both high sensitivity and high
specificity for LVO-a stroke in the prehospital setting.!'""> A recent study in which eight
clinical scales for LVO-a stroke detection were validated in the prehospital setting
found that the Rapid Arterial Occlusion Evaluation scale (RACE) and the Gaze-Face-
Arm-Speech-Time scale (G-FAST) had the highest diagnostic accuracy, with an area
under the receiver operating characteristic curve of 0.83 and 0.80, sensitivity of 67%
and 50%, and specificity of 87% and 89%, respectively.'

Electroencephalography (EEG) may be an alternative to boost diagnostic accuracy of
prehospital LVO-a stroke identification. Recently, two small studies performed in an
emergency department setting have provided preliminary data that suggest that EEG
could be a feasible instrument for detection of LVO-a stroke.'®"” Although traditional
EEG measurement requires long preparation times, solutions for faster and easier
application are available. For example, dry electrodes require no skin preparation
or conductive paste and can reduce EEG preparation time to less than 5 minutes."”
ELECTRA-STROKE is an ongoing study with the primary aim to determine the
diagnostic accuracy of dry electrode EEG for LVO-a stroke detection in the prehospital
setting. In order to gain insight into which EEG features are most useful for LVO-a
stroke detection in the ambulance and to assess and improve EEG data quality in an
emergency setting, the ELECTRA-STROKE study also performs dry electrode EEGs in
patients with a suspected stroke or a known LVO-a stroke in the emergency room
(ER). Here, we describe our first experiences with dry electrode EEG in an emergency
setting and report the results of the first 100 patients in the study in whom an EEG
was performed in the ER.
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METHODS

Study design and population

ELECTRA-STROKE (EEG controlled triage in the ambulance for acute ischemic stroke;
NCT03699397) is an ongoing, multicenter, prospective, single-arm, clinical study that
evaluates the diagnostic accuracy of dry electrode EEG for detection of LVO-a stroke.
The study consists of four different phases. In phases 1 and 2, dry electrode EEGs
were performed in controlled in-hospital settings: healthy subjects in the outpatient
clinic (phase 1, n=8) and patients admitted to the stroke unit (phase 2, n=7). These
two phases were not intended for data acquisition, but only to assess technical and
logistical feasibility of performing dry electrode EEGs. In phase 3, we aim to include
250 patients who are presented to the ER of our hospital with a suspected stroke
or with a known LVO-a stroke (after being transferred from a PSC to our hospital to
undergo EVT). Patients with a known LVO-a stroke were included to ‘enrich’ our study
population, i.e. to increase the incidence of LVO-a stroke compared to the primary
target population in order to improve the reliability of the EEG-analysis. In the fourth
and final phase, ambulance paramedics (Ambulance Amsterdam and Witte Kruis
Alkmaar, both in the Netherlands) perform dry electrode EEGs in the prehospital
setting in 222 patients with a suspected stroke. The full study protocol of ELECTRA-
STROKE is available at www.clinicaltrials.gov, NCT03699397).

Patient enrollment for ELECTRA-STROKE started in October 2018. Phases 1 and 2
of the study were completed in October 2018 and December 2018, respectively.
Recruitment in phases 3 and 4 has started in December 2018 and August 2020,
respectively, and is currently ongoing.

In the current study, we report the results of the first 100 patients who were included
in the ER, between January 2019 and October 2020. Patients were eligible if they
were presented to the ER of our hospital (Amsterdam UMC, location AMC) either with
a suspected stroke or with a known LVO-a stroke that was diagnosed in a referring
PSC, with symptom onset less than 24 hours before acquisition of the EEG. Patients
with a wound or active infection of the scalp in the dry electrode cap placement area
were excluded. As of February 2020, we also excluded patients with a (suspected)
COVID-19 infection.

Study procedures

In every patient, a single EEG was performed in the ER using a dry electrode cap with 8
electrodes, in positions FC3, FC4, CP3, CP4, FT7, FT8, TP7 and TP8 (Waveguard touch,
Eemagine, Berlin, Germany; Supplemental Figure ). These electrode positions were
selected to achieve optimal coverage of the vascular territory of the middle cerebral
artery, while trying to minimize the risk of EEG artifacts. All EEG recordings were
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acquired with an EEG amplifier (eego amplifier EE-411, Eemagine, Berlin, Germany) at
a sample frequency of 500 Hz, using clinical EEG software (Clinical Science Systems,
Leiden, The Netherlands). EEG recordings were stored in a 16-bit EDF format prior to
12 December 2019 and afterwards in a 32-bit EDF format to avoid incidental clipping
of the stored signal. EEG recordings were performed by research personnel who were
instructed to perform a recording with a duration of approximately 3 minutes as soon
as logistically feasible after patient arrival and before initiation of EVT. All patients
underwent a non-contrast CT and, if indicated, CT angiography and CT perfusion. All
imaging was evaluated by neuro- or acute radiologists with extensive experience with
acute stroke imaging. LVO-a stroke diagnoses were established using CT angiography
and all final diagnoses were established by a board-certified neurologist; these were
used as the gold standard.

Figure. 1 Example of bipolar derivations as used in the EEG feature analysis. a. For anal-
ysis of single hemispheres, 3 unilateral bipolar derivations were used (e.g. FC3-FT7, FC3-TP7 and
FT7-TP7) b. For the brain symmetry analysis, 2 symmetric bipolar derivations were used (e.g.
FC3-FT7 and FC4-FT8).

Definitions and outcomes

Time of stroke onset was defined as the time of witnessed onset of symptoms or, if
this was unknown, the moment that the patient was last known to be well. LVO-a was
defined as an occlusion of the intracranial part of the internal carotid artery (ICA),
the first segment of the middle cerebral artery (M1), the proximal part of the second
segment of the middle cerebral artery (proximal M2), or the first segment of the
anterior cerebral artery (A1).
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Diagnostic accuracy for LVO-a stroke was calculated for each of the following EEG
features: relative delta power, relative theta power, relative alpha power, delta-alpha
ratio, theta-alpha ratio, pairwise derived Brain Symmetry Index (pdBSI),"® and weighted
phase lag index (WPLI)." For the definitions of these measures as used in the current
study, please see the Supplemental Material (Expanded Methods). Additionally,
diagnostic accuracy for LVO-a stroke was calculated for the combinations of each
frequency band power measure with the WPLI.

Data analysis

For all analyses, we compared patients with an LVO-a stroke to those with any
other diagnosis (stroke or stroke mimic). We analyzed baseline characteristics and
EEG acquisition times using independent samples t-test for normally distributed
continuous variables, Mann-Whitney U test for non-normally distributed continuous
variables, and Fisher’s exact test for categorical variables.

EEG preprocessing consisted of artifact rejection, re-referencing and epoch selection.
Loose electrodes and major movement or muscle activity artifacts were automatically
detected and rejected for each channel (Supplemental Table I). Subsequently, all
channels were re-referenced to a 12-channel bipolar montage consisting of 6 bipolar
derivations located at each hemisphere (Supplemental Figure I). An EEG recording
was considered to be of sufficient quality for analysis if, after artifact rejection, at
least 10 seconds of EEG signal remained in either =3 unilateral bipolar derivations
simultaneously and/or =2 symmetric bipolar derivations simultaneously (Figure 1).

EEG features were calculated per 10-second epoch with a 5-second overlap using 3
unilateral bipolar derivations for analysis of single hemispheres and 2 symmetric bipolar
derivations for analysis of the brain symmetry (Figure 1). For single hemispheres, we
determined the relative delta power (1-4 Hz), relative theta power (4-8 Hz), relative alpha
power (8-12 Hz), delta-alpha ratio and theta-alpha ratio for each bipolar derivation
separately and averaged them thereafter. As a measure for phase synchronization
within a single hemisphere, we determined the WPLI in the frequency range of 4-18
Hz. As a measure for brain symmetry, we determined the pdBSl in the frequency range
of 4-18 Hz. Frequency bands were selected using a third order Butterworth band pass
filter and mean power spectral densities were obtained for each epoch using Welch's
method with a Hamming window of 2 seconds and 50% overlap.

EEG features were compared between patients with an LVO-a stroke and all
patients with another diagnosis using the Mann-Whitney U test. For data from single
hemispheres, the EEG features were compared between the affected hemispheres
of LVO-a stroke patients and both hemispheres (if data were of sufficient quality) of
patients without an LVO-a stroke. For all single EEG features, a receiver operating
characteristic (ROC) analysis for LVO-a stroke diagnosis was performed and the
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AUC was calculated. Confidence intervals for the AUCs were determined using the
standard normal distribution with standard errors calculated using the method of
Hanley and McNeil.?° For combined measures, the presence of an LVO-a stroke
was scored as present if at least one individual measure was above (if higher values
were associated with LVO-a stroke) or below (if lower values were associated with
LVO-a stroke) the cut-off value. For all single and combined measures, the optimal
cut-off value was determined as the highest sensitivity at a specificity of 280% for
LVO-a stroke detection and the sensitivity, specificity, positive predictive value (PPV)
and negative predictive value (NPV) at the optimal cut-off value were calculated.
Confidence intervals for all diagnostic accuracy measures were calculated using the
Wilson method.?'

All analyses were performed offline in MATLAB (R2019B, The MathWorks Inc., Natick,
USA).

RESULTS

We performed a dry electrode EEG in 105 patients presented to the ER of our
hospital, of whom five patients were excluded because they did not give informed
consent (Figure 2). Of the remaining 100 patients, we had to exclude 35 patients
from the EEG analysis because of insufficient data quality due to EEG artifacts (n=34)
or because of a corrupted EDF file (n=1). Baseline characteristics of all 100 included
patients are reported in Supplemental Table Il. Patients with EEG data of insufficient
quality for analysis more often had an LVO-a stroke (40% vs. 14%, p<0.01), more
often were women (75% vs. 28%, p<0.01), and more often had long hair (31% vs. 8%;
p<0.01) compared to patients with EEG data of sufficient quality. The EEG data quality
improved over the course of the study: of the last 50 included patients, 72% had EEG
data of sufficient quality for analysis compared to 58% of the first 50 included patients,
although this difference was not statistically significant (72% vs. 58%, p=0.21). EEG
recordings stored in the 32-bit EDF format were more often of sufficient quality than
recordings stored in the 16-bit EDF format, although this was also not a statistically
significant difference (72% vs. 55%, p=0.09). For the 32-bit data (n=58), more EEG
recordings were useable if performed by a more experienced user (<10 recordings
vs. >10 recordings performed: 61% vs. 88%; p=0.03).

Of the 65 patients with EEG data of sufficient quality for analysis, 35/65 had an
AlS (54%) and 9/65 (14%) had an LVO-a stroke. Of the 9 LVO-a strokes, 7 were M1
occlusions and 2 were intracranial ICA occlusions. In the other 26 patients with an
AlS, the AIS was located in the vascular territory of the anterior circulation in 19 and
in the posterior circulation in 7 patients. There were no patients with an LVO of the
posterior circulation. The remaining 30 suspected stroke patients who did not have
an AlS had the following final diagnoses: transient ischemic attack (n=8), seizure (n=6),
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hemorrhagic stroke (n=5), acute peripheral vestibular syndrome (n=3), or another
stroke mimic (n=8). Baseline characteristics of the 65 patients included in the EEG
analysis are reported in Table 1. LVO-a stroke patients were slightly older (78 vs.
72 years, p=0.26) and more often were women (56% vs 23%, p=0.10) compared to
patients without an LVO-a stroke (Table 1). None of the LVO-a stroke patients had
a history of ischemic stroke, compared to 14 patients without an LVO-a stroke.
Patients with an LVO-a stroke had more severe neurological deficits (median NIHSS
18 vs. 1; p<0.01). IVT was initiated prior to the EEG recording in 5/9 (56%) of LVO-a
stroke patients and in 8/56 (14%) of patients without an LVO-a stroke. Median time
from symptom onset to start of the EEG recording was 266 minutes (IQR: 121-655).
Median time from arrival at the emergency room to start of the EEG recording was 46
minutes (IQR: 35-62), and median time from EEG cap placement to start of the EEG
recording was 2 minutes (IQR: 2-3). The EEG recordings had a median duration of 3
minutes (IQR: 3-5). The median duration of the entire process of EEG acquisition was
6 minutes (IQR: 5-7). EEG recording times did not differ between patients with and
without an LVO-a stroke (Table 1).

Dry electrode EEG registrations
in ER: n=105

Excluded from study (n=5):
- Informed consent not obtained: n=5

A4

| Included in study: n=100 |

Excluded from EEG analysis (n=35):
- Insufficient data quality due to EEG
artifacts: n=34
- Corrupted EDF-file: n=1

A 4

A4
| Included in EEG analysis: n=65 ‘

Figure. 2 Inclusion flow chart. EEG = electroencephalography; ER = emergency room; EDF =
European Data Format.

The relative theta power and the theta-alpha ratio were higher in the affected
hemispheres of LVO-a stroke patients, compared to the hemispheres of patients
without an LVO-a stroke (0.63 vs. 0.49, p=0.01 and 0.45 vs. 0.26, p<0.01, respectively;
Table 2). The relative alpha power was lower in the affected hemispheres of patients
with an LVO-a stroke (0.19 vs. 0.28, p<0.01). There was no statistically significant
between-group difference for any of the other EEG features (Table 2).

The diagnostic accuracy with 95% confidence intervals of all single EEG features for
diagnosis of LVO-a stroke are reported in Table 3. The theta-alpha ratio had the
highest diagnostic accuracy for LVO-a stroke, with an AUC of 0.83 (95% Cl: 0.72-0.94),
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and, at optimal cut-off, a sensitivity of 75% (95% Cl: 41%-93%), specificity of 81% (95%
Cl: 69%-89%), PPV of 25% (95% Cl: 12%-45%) and NPV of 97% (95% Cl: 90%-99%)
(Figure 3). For the relative alpha power, we found an AUC of 0.80 (95% Cl: 0.67-0.93),
and, at optimal cut-off, a sensitivity of 75% (95% Cl: 41%-93%), specificity of 87% (95%
Cl: 76%-94%), PPV of 33% (95% Cl: 16%-56%) and NPV of 98% (95% Cl: 92%-100%).
ROC curves of all single EEG features are reported in the Supplemental Material
(Supplemental Figure II-VIII). The diagnostic accuracy of the combined measures is
reported in Supplemental Table Ill. Of these measures, the combination of relative
theta power and WPLI best identified LVO-a stroke with a sensitivity of 100% (95% Cl:
689%-100%), specificity of 84% (95% Cl: 72%-919%), PPV of 35% (95% CI: 19%-55%) and
NPV of 100% (95% Cl: 95%-100%).

Table 1. Baseline characteristics

All patients  LVO-a stroke No LVO-a

(n=65) (n=9) stroke (n=56) P Value’

Age - mean + SD 73+15 78+ 6 72 +15 0.26
Sex - no. of males/total (%) 47/65 (72%) 4/9 (44%) 43/56 (77%) 0.10
Medical history - no./total (%)

Ischemic stroke 14/65 (22%) 0/9 (0%) 14/56 (25%) 0.19

Hemorrhagic stroke 2/65 (3%) 0/9 (0%) 2/56 (4%) 1.00

Epilepsy 2/65 (3%) 0/9 (0%) 2/56 (4%) 1.00
NIHSS? - median (IQR) 2 (0-6) 18(12-22) 1(1-4) <0.01
Transferred from PSC - no./total (%) 11/65 (17%) 8/9 (89%) 3/56 (5%) <0.01
Treatment - no./total (%)

VT 18/65 (28%) 6/9 (67%) 12/56 (21%) 0.01

Prior to start EEG® 13/65 (20%) 5/9 (56%) 8/56 (14%) 0.01

EVT 6/65 (9%) 6/9 (67%) 0/56 (0%) <0.01
Timeline, minutes - median (IQR)

Symptom onset to start EEG* 266 (121-655) 333 (126-966) 262 (120-641) 0.59

ER arrival to start EEG® 46 (35-62) 28 (21-76) 48 (38-62) 0.07

Cap placement to start EEG® 2(2-3) 2(1-3) 2(2-3) 0.53

IVT to start EEG’ 25(7-71) 75(61-137) 10(3-22) <0.01

EEG = electroencephalography; ER = emergency room; EVT = endovascular thrombectomy; IQR
= interquartile ranges; IVT = intravenous thrombolysis; LVO-a = large vessel occlusion of the
anterior circulation; NIHSS = National Institutes of Health Stroke Scale; no. = number; PSC =
primary stroke center; SD = standard deviation.

'p-value for the difference between patients with and without an LVO-a stroke.

‘Time from start of initiation of IVT to start of the EEG recording is reported for the 13 patients
in whom IVT was initiated prior to start of the EEG recording.

Number of missing values: ?4; *1; #15; °4; 4.
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Table 2. EEG features

LVO-a stroke (n=9) No LVO-a stroke (n=56) p values

Single hemispheres’

Relative delta 0.85(0.77-0.88) 0.80(0.72-0.85) 0.24

Relative theta 0.63(0.55-0.69) 0.49 (0.40-0.58) 0.01

Relative alpha 0.19(0.19-0.24) 0.28 (0.23-0.32) <0.01

Delta-alpha ratio 0.90 (0.87-0.92) 0.84 (0.72-0.89) 0.02

Theta-alpha ratio 0.45(0.42-0.58) 0.26 (0.10-0.40) <0.01

WPLI 0.08 (0.05-0.15) 0.10(0.08-0.14) 0.27
Brain asymmetry?

pdBSI 0.31(0.23-0.32) 0.33(0.26-0.43) 0.33

Data are expressed as median (interquartile range). EEG = electroencephalography; LVO-a =
large vessel occlusion of the anterior circulation; NIHSS = National Institutes of Health Stroke
Scale; pdBSI = pairwise derived Brain Symmetry Index; WPLI = weighted phase lag index.

'EEG recordings of 63 patients were available for analysis, with at least 10 seconds of EEG signal
remaining after artifact rejection in =3 unilateral bipolar derivations simultaneously, of whom 8
patients had an LVO-a stroke.

°EEG recordings of 53 patients were available for analysis, with at least 10 seconds of EEG signal
remaining after artifact rejection in =2 symmetric bipolar derivations simultaneously, of whom
6 patients had an LVO-a stroke.

Table 3. Diagnostic accuracy of EEG features for LVO-a stroke diagnosis

Specificity PPV NPV AUC
(95% Cl) (95% Cl) (95% Cl) (95% Cl)

Sensitivity
(95% Cl)

Single hemispheres
(n=63)

Relative delta’ 50% (22%-78%) 82% (70%-90%) 19% (8%-40%) 95% (88%-98%) 0.63 (0.44-0.82)
63% (31%-87%) 87% (76%-94%) 29% (13%-53%) 96% (89%-99%) 0.77(0.63-0.91)

75% (41%-93%) 87% (76%-94%) 33% (16%-56%) 98% (92%-100%) 0.80 (0.67-0.93)

Relative theta?
Relative alpha®
Delta-alpha ratio®  38% (14%-93%) 90% (79%-95%) 25% (9%-53%) 94% (87%-97%) 0.76 (0.62-0.90)
Theta-alpha ratio>  75% (41%-93%) 81% (69%-89%) 25% (12%-45%) 97% (90%-99%) 0.83 (0.72-0.94)

WPLI® 50% (22%-78%) 85% (73%-92%) 22% (9%-45%) 95% (88%-98%) 0.61 (0.42-0.80)
Brain asymmetry

(n=53)

pdBSI” 0% (0%-39%) 100% (92%-100%) NA 89% (78%-95%) 0.38(0.13-0.63)

AUC = area under the receiver operating characteristic curve; Cl = confidence interval; EEG =
electroencephalography; LVO-a = large vessel occlusion of the anterior circulation; NA = not
available; NPV = negative predictive value; pdBSI = pairwise derived Brain Symmetry Index; PPV
= positive predictive value; WPLI = weighted phase lag index.

The presence of an LVO-a stroke was indicated if the EEG features were: '>0.88; >0.62; *<0.21;
4>0.92; °>0.43; ©<0.07, ’>0.67.
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Figure. 3 ROC curve for LVO-a stroke detection by the theta-alpha ratio. The red circle
is located at a cut-off value of 0.43, with a sensitivity of 75% and a specificity of 81% for LVO-a
stroke.

DISCUSSION

We found that in a population of patients with a suspected stroke who were
presented to the emergency room, dry electrode EEG could identify LVO-a stroke
with high diagnostic accuracy. Single EEG features with the highest accuracy were the
theta-alpha ratio (AUC 0.83) and relative alpha-power (AUC 0.80). The combination
of relative theta power and WPLI best identified LVO-a stroke, with a sensitivity of
100% and a specificity of 84%. An important limitation was that the EEG data were of
insufficient quality for analysis in 35% of patients.

Several previous cohort studies have shown that interhospital transfer of patients
with an LVO-a stroke delays EVT by 40 to 106 minutes and is associated with worse
clinical outcome.>® The RACECAT trial (NCT02795962), in which patients with a
suspected LVO-a stroke were randomized between primary presentation to a
PSC and direct presentation to a CSC, also found that interhospital transfer prior
to EVT was associated with a treatment delay of approximately an hour, although
no difference in clinical outcome was found.?? A prehospital LVO-a stroke detection
method with high diagnostic accuracy, however, would not only save time by enabling
direct transportation of patients with an LVO-a stroke to the nearest CSC, but with
high specificity, a positive result would also warrant the angiography suite to be
prepared and the operating team to be alerted before patient arrival, which could
further lower time to treatment. Several prehospital LVO-a stroke detection methods
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that have previously been proposed, do not seem suitable for this purpose at this
time.?> Multiple clinical scales have been studied in the prehospital setting and
some can reach a relatively high diagnostic accuracy,' comparable to the diagnostic
accuracy of several single EEG features in our study. However, while diagnostic
accuracy of EEG may be drastically improved in the future by the further development
of LVO-a detection algorithms and new EEG acquisition techniques, it seems unlikely
that the diagnostic accuracy of clinical scales can be substantially improved. The
relatively low exposure of ambulance paramedics to the population of suspected
stroke patients combined with the complexity of the neurological examination makes
reliable application of clinical scales in the prehospital setting difficult. Nonetheless,
it is important that - once the technique of dry electrode EEG in the ambulance has
matured - future studies appropriately assess the added value of EEG measurement
on top of clinical scales for triage of patients with a suspected stroke.

Recently, two small studies performed in the ER have provided data that suggest
that EEG could be suitable for LVO-a stroke detection. A previous small study of
24 suspected stroke patients found that the alpha-delta ratio, the (delta*theta)/
(alpha*beta) ratio, delta power and lower beta power discriminated between patients
with and without an AIS with a large infarct volume, in a population of suspected stroke
patients in the ER.'® In another study, dry electrode EEGs were performed in 100
patients with suspected or definite stroke in the ER." In this study, the relative theta
power and relative alpha power combined identified LVO-a stroke with an AUC of
0.69. When combined with clinical data, the AUC improved to 0.86. This suggests that
combining the EEG with a clinical scale may further improve its diagnostic accuracy,
although in our study, relatively high diagnostic accuracy was achieved without use of
clinical data. Contrary to the study by Erani et al., we acquired all EEGs prior to EVT,
with a substantially lower median time from symptom onset to EEG acquisition (4.4
vs. 9.4 hours). As cellular mechanisms change rapidly during the first hours after AIS
onset,?* % this difference in timing of EEG acquisition is important to consider when
interpreting the findings of both studies and when assessing their generalizability.

An important limitation to our study is the high number of patients with EEG data that
were of insufficient quality for analysis. Although lower channel reliability is a known
disadvantage of dry electrode EEG, average channel reliability has previously been
reported to be approximately 80%.2° In our study, however, only 65% of patients had
EEG data of sufficient quality. A possible explanation for this discrepancy could be
that our EEG preparation times were relatively short and the fact that the EEGs were
performed in an emergency setting. We chose to use dry electrode EEG because
it requires a substantially decreased preparation time compared to wet electrode
EEG.? 27 Since EEGs were performed prior to EVT, we wanted to take as little time
as logistically feasible and therefore aimed for a total EEG acquisition time of
approximately 5 minutes. When comparing our study to that of Erani et al., in which
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EEG data of 95% of measured patients were used for analysis, our EEG preparation
times were substantially lower (2 minutes vs. 9 minutes)."”” These low preparation
times could also explain why patients with EEG data of insufficient quality more often
had an LVO-a stroke (40% vs. 14%), since there was more of a time constraint in
these patients, especially in those who were transferred from a PSC directly to the
angiography suite. Additionally, in our study, compared to that of Erani et al., more
EEG recordings were performed by inexperienced users (70% vs. 90%), which may
also have contributed to the high number of low quality EEGs. Another possible
explanation for our low data quality is that with the EEG recording software that was
used, electrode impedance could not be visualized for dry electrodes. Therefore, the
researcher performing the EEG was unable to ensure sufficient electrode-skin contact.
Because having a lot of hair on the scalp makes sufficient electrode-skin contact more
difficult to achieve,®® this may also explain why patients with EEG data of insufficient
quality were more often women and more often had long hair. Since poor electrode
skin-contact increases the power of lower frequencies and dry electrode recordings
are known to have increased power in the lower frequencies until 3 Hz compared to
wet electrode EEG, related to increased electrode drift and a higher offset potential, 2
our results regarding the delta frequency band should be interpreted with caution.
Finally, the limited number of electrodes in our dry electrode cap may have contributed
to the high number of patients with EEG data of insufficient quality, since with less
electrodes, the chances of obtaining good quality EEG data may be lower. Over the
course of our study, the EEG quality did improve, as we found that recordings were
more often of sufficient quality for analysis if they were stored in a 32-bit file format
and were performed by a more experienced user. Other possibilities to improve data
quality include: providing feedback of the electrode-skin contact to the user prior to
the EEG recording; enforcing better electrode-skin contact by increasing the tightness
of the cap fit; increasing the electrode surface area to improve electrode stability and
electrode-skin contact; and improving the training of the users of the EEG equipment.
Although automated methods for detection and removal of EEG artifacts are available,
these have not yet been studied in the prehospital setting.?

Another limitation of our study is the relatively small sample size of patients with an
LVO-a stroke (n=9). As a result, the estimates of diagnostic accuracy had fairly broad
confidence intervals and validation in a larger sample in the prehospital setting is
necessary.

Finally, a challenge for future use of EEG for prehospital LVO-a stroke detection is the
interpretation of the signal. Ideally, EEG data would be interpreted automatically by
an artificial intelligence-based algorithm. Previous studies have shown that for other
classification tasks, e.g. in epilepsy, EEG-based algorithms can obtain high diagnostic
accuracy.*® 3" Another possible solution could be visual interpretation of the EEG
by a remote neurologist on call, either in every suspected stroke case or only if the
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outcome of the algorithm is inconclusive.

In conclusion, dry electrode EEG can identify LVO-a stroke among patients with a
suspected stroke with high diagnostic accuracy in an emergency setting. Towards
future use of dry electrode EEG in the prehospital setting, data quality needs to be
improved and prehospital validation is necessary.
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CHAPTER 7

SUPPLEMENTAL MATERIAL

Expanded methods

The relative delta, theta and alpha power were calculated by dividing the power in
the delta (1-4 Hz), theta (4-8 Hz) and alpha (8-13 Hz) band, respectively, by the total
spectral power between 1 and 18 Hz. The delta-alpha ratio was defined as:

P(3)-P(a)

DAR = P(8)+P (@)

(M

with P(9) the power in the delta frequency band and P(a) the power in the alpha
frequency band. The theta-alpha ratio was defined as:

_ PO®)-P(@®
TAR = P(6)+P(a)

()

with P(0) the power in the delta frequency band and P(«) the power in the alpha
frequency band. The delta-alpha and theta-alpha ratio were normalized between -1
(dominance of higher frequencies) and 1 (dominance of lower frequencies). The
pairwise derived Brain Symmetry Index evaluates asymmetry in spectral power
density along homologous channel pairs and was defined as:

pdBSI = —Z D X
3)

Rij=Lij
Rij+ Ly

with R;j(Li;) the Fourier coefficient belonging to the frequency i = 1:N of the right
(left) hemispheric bipolar derivations j = 1:M. In this study, we used M=1. The pdBSlI
was calculated in the frequency range of 4-18 Hz and normalized between 0O (perfect
symmetry) and 1 (maximal asymmetry). The weighted phase lag index was defined as:

|E{sin (A (£))}|

WPLI'= Gisin @p @)l

4)

with E{sin (A¢@(t))} the expected value, a weighted average value, of the sine of the
relative phase as determined using the Hilbert transform. The WPLI was calculated in
the 4-18 Hz frequency range and normalized between 0 (no phase synchronization)
and 1 (complete phase synchronization).



EEG for LVO detection in the emergency room

Supplemental Table I. Thresholds for the automated artifact detection, chosen based
on visual inspection of the EEG data

Artifact Epoch length(s) Description

Disconnected electrodes 1 Standard deviation < 5 pV

Movement or poor electrode-skin 1 Maximum amplitude > 100 pV

contact

Muscle activity 5 Mean power in higher frequency band

(25-40 Hz) = 5 p\V2/Hz, or

.5 pV?/Hz < mean power in higher frequency
band
(25-40 Hz) < 5 pyVv?/Hz, and

Mean power in higher frequency band (25-40 Hz)

Mean power in lower frequency band (4-12 Hz)

Prior to the artifact detection, a band pass (0.5-70 Hz) and notch (50 Hz) filter were applied.
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Supplemental Table II. Baseline characteristics of the patients with and without EEG
data of sufficient quality for analysis

All patients  Sufficient EEG data  Insufficient EEG

(n=100) quality (n=65) data quality (n=35) p-value’

Age - mean + SD 72+16 73+15 71+19 0.70
Sex - no. of males/total (%) 55/100 (55%) 47/65 (72%) 8/65 (23%) <0.01
Diagnosis - no./total (%)

LVO-a stroke 23/100 (23%) 9/65 (14%) 14/35 (40%) <0.01

Non-LVO-a ischemic stroke 33/100 (33%) 26/65 (40%) 7/35 (20%) 0.05

Transient ischemic attack 12/100 (12%) 8/65 (12%) 4/35 (11%) 1.00

Hemorrhagic stroke 6/100 (6%) 5/65 (8%) 1/35 (3%) 1.00

Seizure 6/100 (6%) 6/65 (9%) 0/35 (0%) 0.09

Other stroke mimic 20/100 (20%) 11/65 (17%) 9/35 (26%) 0.31
NIHSS? - median (IQR) 3(1-12) 2 (0-6) 5(1-18) 0.04
Transferred from PSC - no./total (%)  21/100 (21%) 11/65 (17%) 10/35 (29%) 0.33
Treatment - no./total (%)

VT 26/100 (26%) 18/65 (28%) 8/35 (23%) 0.64

Prior to start EEG® 18/100 (18%) 13/65 (20%) 5/35 (14%) 0.59

EVT 14/100 (14%) 6/65 (9%) 8/35 (23%) 0.07
Timeline, minutes - median (IQR)

Symptom onset to start EEG* 270 (122-657) 266 (121-655) 285 (128-610) 0.82

ER arrival to start EEG® 47 (34-62) 46 (35-62) 48 (33-62) 0.92

Cap placement to start EEG® 2(2-3) 2(2-3) 2(2-3) 0.48

IVT to start EEG’ 40 (7-75) 25(7-71) 55 (8-79) 0.78
Hair length

Short 69/85 (81%) 52/57 (91%) 17/28 (61%) <0.01

Long 16/85 (19%) 5/57 (9%) 11/28 (39%) <0.01

EEG = electroencephalography; ER = emergency room; EVT = endovascular thrombectomy;
IQR = interquartile range; IVT = intravenous thrombolysis; LVO-a = large vessel occlusion of the
anterior circulation; NIHSS = National Institutes of Health Stroke Scale; no. = number; PSC =
primary stroke center; SD = standard deviation.

'p-value for the comparisons between patients with and without EEG data of sufficient quality
for analysis.

Time from start of initiation of IVT to start of the EEG measurement is reported for the 18
patients in whom IVT was initiated prior to start of the EEG measurement.

Number of missing values: 27; 33; 423; 57, ¢7.
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Supplemental Table Ill. Diagnostic accuracy of combined EEG features for LVO-a stroke
diagnosis

Sensitivity (95% Cl) Specificity (95% Cl) PPV (95% Cl) NPV (95% Cl)

Relative delta + WPLI' 50% (22%-78%) 84% (72%-91%)  21% (8%-43%)  95% (88%-93%)
Relative theta + WPLP 100% (68%-100%)  84% (72%-91%)  35% (19%-55%) 100% (95%-100%)
Relative alpha + WPLP? 75% (41%-93%) 88% (77%-94%)  35% (17%-58%) 98% (92%-100%)
Delta-alpha ratio + WPLI*  63% (31%-87%) 87% (76%-94%)  29% (13%-53%)  96% (89%-99%)

Theta-alpha ratio + WPLI®  88% (53%-98%) 81% (69%-89%)  28% (14%-48%) 99% (93%-100%)

AUC = area under the receiver operating characteristic curve; Cl = confidence interval; EEG
= electroencephalography; LVO-a = large vessel occlusion of the anterior circulation; NPV =
negative predictive value; PPV = positive predictive value; WPLI = weighted phase lag index.

For all combined measure analyses: n=63.

The following cut-off values were used, and were considered to indicate the presence of an
LVO-a stroke:

'Relative delta power >0.93 and/or WPLI <0.07;

’Relative theta power >0.62 and/or WPLI <0.06;

“Relative alpha power <0.19 and/or WPLI <0.04;

“Delta-alpha ratio >0.92 and/or WPLI <0.06;

*Theta-alpha ratio >0.55 and/or WPLI <0.07.

A B

Supplemental Figure I. Dry electrode EEG
cap used in the ELECTRA-STROKE study.
A. Exterior of the 8 multipin electrode cap.
B. The inside of the cap, showing a multipin
dry electrode (Waveguard touch, Eemagine,
Berlin, Germany). C. Electrode positions of
the 8 multipin electrodes and 2 additional
wet electrodes behind right and left ear to
function as ground (GND) and reference (REF),
respectively.
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Supplemental Figure Il. ROC curve for LVO-a stroke detection by the relative alpha
power. Relative alpha power could identify LVO-a stroke with an AUC of 0.80. The red circle
is located at a cut-off value of 0.21, with a sensitivity of 75% and a specificity of 87% for LVO-a
stroke. AUC = area under the receiver operating characteristic curve; LVO-a = large vessel
occlusion of the anterior circulation; ROC = receiver operating characteristic curve.
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Supplemental Figure Ill. ROC curve for LVO-a stroke detection by the relative theta
power. Relative theta power could identify LVO-a stroke with an AUC of 0.77. The red circle
is located at a cut-off value of 0.63, with a sensitivity of 63% and a specificity of 87% for LVO-a
stroke. AUC = area under the receiver operating characteristic curve; LVO-a = large vessel
occlusion of the anterior circulation; ROC = receiver operating characteristic curve.
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Supplemental Figure IV. ROC curve for LVO-a stroke detection by the relative delta
power. Relative delta power could identify LVO-a stroke with an AUC of 0.63. The red circle
is located at a cut-off value of 0.88, with a sensitivity of 50% and a specificity of 82% for LVO-a
stroke. AUC = area under the receiver operating characteristic curve; LVO-a = large vessel
occlusion of the anterior circulation; ROC = receiver operating characteristic curve.
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Supplemental Figure V. ROC curve for LVO-a stroke detection by the delta-alpha ratio.
Delta-alpha ratio could identify LVO-a stroke with an AUC of 0.76. The red circle is located at a
cut-off value of 0.92, with a sensitivity of 38% and a specificity of 90% for LVO-a stroke. AUC =
area under the receiver operating characteristic curve; LVO-a = large vessel occlusion of the
anterior circulation; ROC = receiver operating characteristic curve.
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Supplemental Figure VI. ROC curve for LVO-a stroke detection by the weighted phase
lag index. Weighted phase lag index could identify LVO-a stroke with an AUC of 0.61. The red
circle is located at a cut-off value of 0.07, with a sensitivity of 50% and a specificity of 85% for
LVO-a stroke. AUC = area under the receiver operating characteristic curve; LVO-a = large vessel
occlusion of the anterior circulation; ROC = receiver operating characteristic curve.
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Supplemental Figure VII. ROC curve for LVO-a stroke detection by the pairwise derived
Brain Symmetry Index. Brain Symmetry Index could identify LVO-a stroke with an AUC of
0.38. The red circle is located at a cut-off value of 0.67, with a sensitivity of 0% and a specificity
of 100% for LVO-a stroke. AUC = area under the receiver operating characteristic curve; LVO-a =
large vessel occlusion of the anterior circulation; ROC = receiver operating characteristic curve.
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Supplemental Figure VIII. ROC curve for LVO-a stroke detection by the theta-alpha
ratio. Theta-alpha ratio could identify LVO-a stroke with an AUC of 0.83. The red circle is located
at a cut-off value of 0.43, with a sensitivity of 75% and a specificity of 81% for LVO-a stroke. AUC
= area under the receiver operating characteristic curve; LVO-a = large vessel occlusion of the
anterior circulation; ROC = receiver operating characteristic curve.
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The aim of the research projects described in this thesis was to improve the
prehospital and interhospital workflow for patients with a large vessel occlusion
(LVO) stroke who are treated with endovascular thrombectomy (EVT), in order
to shorten time to treatment and thereby improve clinical outcome. Ideally, this
could be achieved by developing and implementing a method for prehospital LVO
detection that would enable paramedics to transport patients with an LVO stroke
directly to a comprehensive stroke center (CSC), while all other patients are brought
to the nearest primary stroke center (PSC). However, as long as the current ‘drip-
and-ship model is still in place, in which patients are often first presented to a
PSC and subsequently transferred to a CSC, we must also continue to improve the
workflow within this model. In the first part of this thesis, we focused on improving
the current workflow. We provided an overview of the pre- and interhospital time
metrics for patients with an LVO stroke in the Netherlands and discussed several
potential measures to shorten time to treatment within this workflow. In the second
part of this thesis, we shifted our focus to the pre- and interhospital stroke workflow
that we envision for the future. We outlined the necessary characteristics of an
efficient prehospital LVO detection method, discussed previously studied methods,
and proposed electroencephalography (EEG) as a potentially suitable instrument
for this purpose.

PART I: CURRENT WORKFLOW

Although several studies have shown that primary presentation of patients with an
LVO stroke to a PSC is associated with substantial treatment delay,"? the drip-and-
ship model is the most feasible model for transportation of patients with an LVO
stroke at this point in time. A reliable prehospital LVO detection method is currently
not available, and transporting all suspected stroke patients directly to a CSC would
overburden these hospitals. Furthermore, direct presentation of all suspected stroke
patients could lead to longer initial ambulance travel times, thereby delaying initiation
of IVT for the majority of patients with an acute ischemic stroke, most of whom do not
have an LVO. In the absence of a feasible alternative, many have set out to find ways
to shorten time to treatment within the drip-and-ship model. Most previous studies
have focused on shortening EVT-related time intervals inside the CSC (e.g. door-to-
groin time),>¢ and several measures that do so have been successfully implemented
in clinical practice.*® Now that EVT-related logistics inside the CSC have become fairly
streamlined, to further shorten time to treatment, there is much more to gain by
focusing on improving the workflow prior to arrival at the CSC.

Public awareness

Although it was not the main focus of this thesis, it is important to recognize that public
awareness of the symptoms of stroke and the immediate call for help when these
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symptoms occur play a crucial part in shortening time to treatment. In Chapter 2, we
described the considerable treatment delay of 36 minutes associated with referral
of LVO stroke patients by a general practitioner instead of an ambulance dispatch
center. Although this only applied to 5% of patients in our study, the percentage
of patients with ST-elevation myocardial infarction who are referred by a general
practitioner in the Netherlands is even lower: 2.5%.° This implies that the general
public better recognizes (the significance of) symptoms of acute myocardial infarction
than symptoms of acute stroke. The importance of the latter should be reiterated to
the public, at least in the Netherlands.

Prehospital workflow

Emergency medical services (EMS) play a pivotal role in acute stroke management,
and thereby in the avoidance of treatment delay. In the Netherlands, EMS are well-
organized and relatively short ambulance response times are achieved for patients
with a suspected stroke compared to other countries (Chapter 2). For example, in a
recent cohort study of patients transferred for EVT in the USA, average time between
first call to the dispatch center and arrival of EMS at the patient’s location was 16
minutes,'® compared to 7 minutes in our study. There is, however, potential for further
improvement of EMS logistics when it comes to stroke workflow. It may be useful to
transport suspected stroke patients with a contraindication for IVT directly to a CSC,
while maintaining the drip-and-ship model for patients who are potentially eligible for
IVT. In the latter population, bypassing the nearest PSC for direct presentation to a
CSC may delay initiation of IVT. This disadvantage does not apply to patients with a
contraindication for IVT and, as described in Chapter 3, direct presentation of these
patients to a CSC can decrease time to EVT by 18 minutes on average. However, it is
unknown whether determining contraindications for IVT by ambulance paramedics
would negatively affect prehospital time metrics. Therefore, further research on this
matter is required prior to potential implementation in clinical practice.

Interhospital workflow

When it comes to interhospital transfer of patients with an LVO stroke, we need to
look at the time spent inside the PSC (door-in-door-out-time), the time it takes to
transport the patient from the PSC to the CSC (transfer time), and the time spent
inside the CSC (door-to-groin time). These time intervals may be influenced by EMS,
PSC and CSC logistics, and by the way these partners work together.

The average door-in-door-out time for LVO stroke patients in the Netherlands is
approximately 85 minutes (Chapter 2), which is similar to that in other countries,
2 pbut may be further improved. A previous study found that PSC time metrics
could be shortened by enforcing a quality improvement program, including a task
force dedicated to improving door-in-door out time and a streamlined protocol for
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imaging transfer to the nearest CSC."? In Chapter 4, we hypothesized that more
exposure to LVO stroke patients may also positively affect PSC workflow (i.e. lower
door-in-door out times), as it may result in more streamlined care pathways and
more experienced staff within the PSC. If there were such an effect, this could be an
argument for centralization of primary stroke care. However, in our cohort study,
we found no association between PSC volume and EVT-related treatment times.
Based on these findings, at least in the Netherlands, centralization of primary stroke
care would probably not lead to shorter EVT-related treatment times in patients
with an LVO stroke.

When it comes to transportation of patients from the PSC to the CSC, urgent dispatch
of the transferring ambulance is essential. As discussed in Chapter 2, the transferring
ambulance is too often not dispatched with the highest level of urgency - this was the
case for 14% of patients in our study. Ambulance dispatch with a lower urgency level
was associated with a 28-minute treatment delay. Several national and international
stroke care protocols currently do not provide a recommendation regarding the
urgency with which ambulances transferring patients from a PSC for EVT should
be dispatched.’®' Standard ambulance dispatch at the highest level of urgency for
EVT transfers should be implemented, and its importance needs to be conveyed to
dispatch and EMS organizations, as well as PSCs.

After arrival of a transferred patient at the CSC, EVT needs to be initiated as soon
as possible. Therefore, unnecessary repetition of neuroimaging should be avoided.
In Chapter 5, we showed that repeating imaging at the CSC is associated with a
treatment delay of 20 minutes. While repeating imaging was useful in patients who
showed clinical improvement, as the LVO had resolved in 58% of these patients, it
rarely yielded relevant findings in patients with clinical deterioration. Therefore, in
the latter population, refraining from repeating imaging is warranted in most cases.
To be able to avoid unnecessary repetition of imaging at the CSC, a fast and reliable
system for transferring imaging data from PSC to CSC needs to be in place. Recently,
a randomized trial has shown that patients with an LVO stroke benefit from direct
presentation to the angiography suite, as this reduces door-to-groin time by 24
minutes and improves clinical outcome.’® Therefore, in transferred patients who do
not need to undergo repeated neuroimaging at the CSC, direct presentation to the
angiography suite should be recommended.

Further improvements

In order to further improve the pre- and interhospital workflow leading up to EVT,
we may be able to benefit from decades of research in the field of interventional
cardiology, which deals with similar logistical challenges. As with LVO stroke, patients
with myocardial infarction require urgent transportation to a hospital capable of
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endovascular treatment - in this case, percutaneous coronary intervention (PC).
Despite having electrocardiography as a prehospital triage method, which enables
accurate selection of the majority of eligible patients for direct transportation to a
PCl-capable hospital, 15-50% of patients are first transported to a hospital where PCl
cannot be performed.'” '® Several studies have examined the pre- and interhospital
workflow for patients who undergo interhospital transfer for PCl, and as it turns out,
time metrics are generally much shorter in PCl transfers than in LVO stroke patients
transferred for EVT. For example, time between first alarm and start of the intervention
is 143-160 minutes on average in patients transferred for PCI,"” %2 including time
spent within the intervention center, which is approximately 36-43 minutes.?% ?'
Thus, time between first alarm and arrival at the intervention center is considerably
shorter than the 162 minutes in LVO stroke patients that we found in Chapter 2. Time
between arrival at and departure from the primary hospital (door-in-door-out time)
is also shorter in the PCl population than in patients transferred for EVT: 52 minutes
versus 85 minutes.” Although the characteristics of these two populations differ, it
may be worth exploring whether measures that have been effective in shortening
PCl-related time metrics could also improve the EVT workflow. For example, the
European Society of Cardiology recommends that ambulance paramedics presenting
a patient with suspected myocardial infarction to a non-PCl-capable hospital await the
diagnosis inside the hospital, in order to continue transportation to an intervention
center if indicated.?? Furthermore, having an attending interventional cardiologist on
site 24/7 shortens time to treatment by 15 minutes on average.?* Implementation
of similar measures in the EVT workflow could put a strain on EMS services and
neurointerventionalists, but this may be outweighed by the potential for improvement
of patient outcome if a substantial decrease in treatment times can be achieved.

PART II: FUTURE WORKFLOW

To achieve a logistical system in which patients with an LVO stroke are directly
transported to a CSC while all other suspected stroke patients are brought to the
nearest PSC, a prehospital LVO detection method is necessary. Such a method would
not only drastically improve time metrics prior to arrival at the CSC, but could also
shorten door-to-groin time by enabling direct presentation to the angiography suite
in case of high likelihood of an LVO stroke. Overall, for the acute management of
patients with a suspected stroke, an effective prehospital triage method would be a
major game-changer.

Potential solutions

Various methods for prehospital LVO detection have been previously proposed,
some of which seem more promising than others. In Chapter 6, we described our
views on the requirements of an effective prehospital LVO detection method, which
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include high diagnostic accuracy, fast application and interpretation, user-friendliness,
compactness, and low costs. Currently, none of the previously studied methods seem
to fulfill these requirements.

For some methods, improvement to a point where they would be suitable for
prehospital implementation seems unlikely. Such a method is the use of clinical
scales, which contain items for scoring the severity of neurological deficits and
thereby predict the likelihood of an LVO stroke, as a stand-alone triage instrument.
Although there are some clinical scales that can reach relatively high sensitivity and
specificity,?* this requires extensive and repetitive training of ambulance paramedics.
More importantly, there is little room for improvement of the diagnostic accuracy
of these scales. A substantial proportion of patients with an LVO stroke initally have
relatively mild neurological deficits and will therefore probably be classified incorrectly
by clinical scales.?> % Furthermore, the relatively low exposure of ambulance
paramedics to suspected stroke patients combined with the complexity of a standard
neurological examination make reliable application of clinical scales in the prehospital
setting difficult.

Another example of a prehospital LVO detection method with many downsides is
the Mobile Stroke Unit (MSU). MSUs are ambulances with built-in CT equipment,
which enable direct, ‘on-scene’ diagnosis and even treatment with IVT. Athough this
seems promising at first glance, MSUs require specifically trained personnel, often
including a CT technician and a vascular neurologist,? and are very expensive.?’
These requirements and the lack of cost-effectiveness of this method make broad
implementation practically impossible.

Fortunately, other methods for prehospital LVO detection seem more promising. One
of these methods is Transcranial Doppler (TCD), a technique that uses ultrasound for
the measurement of cerebral blood flow. Preliminary studies have shown that TCD
can detect LVO stroke with high diagnostic accuracy in patients with a suspected
stroke in an in-hospital setting.>*** However, prehospital use of TCD is currently not
feasible because measurement times are long and existing systems are not user-
friendly in their application and interpretation. New TCD devices that are portable
and use automated algorithms for LVO detection are currently being developed.?” %
If measurement times can be decreased and user-friendliness is improved, TCD may
be suitable for prehospital LVO detection.

In Chapter 6, we proposed EEG as a potential method for prehospital LVO detection.
Because EEG is sensitive to cerebral hypoxia, it can detect changes in brain activity
in patients with an acute ischemic stroke.? * Traditional EEG measurements require
long preparation times, which makes application of EEG in the prehospital setting
challenging. However, solutions for faster and easier application are available.
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Dry electrodes, for example, require no skin preparation and can shorten EEG
preparation time to less than 5 minutes.>' In Chapter 7, we presented the first
results of ELECTRA-STROKE (NCT03699397), an ongoing study with the primary aim
to determine the diagnostic accuracy of dry electrode EEG for LVO detection in the
prehospital setting. To gain insight into which EEG features best discriminate between
patients with and without an LVO stroke, dry electrode EEGs are also performed in
suspected stroke patients in the emergency room within ELECTRA-STROKE. In the
first 100 patients enrolled in the emergency room, using a model with two combined
EEG features, EEG was able to identify LVO stroke with a sensitivity of 100% and a
specificity of 84% (Chapter 6). However, this model may have been over-fitted and
requires external validation. Furthermore, 35% of included patients had EEG data
that were of insufficient quality for analysis. This may have been due to very short
EEG preparation times, as well as the relatively low signal quality that is inherent
to the use of dry electrodes. EEG quality did improve over the course of the study
as personnel performing the measurements became more experienced and other
storing file formats were used (32-bit instead of 16-bit files). Nonetheless, additional
measures to improve signal quality are necessary. Possibilities to further improve EEG
data quality may include increasing the electrode surface area and the number of
electrodes, enforcing better electrode-skin contact by adding a conductive substance
and increasing the pressure of the electrodes on the skin, and providing live feedback
of the signal quality prior to starting the EEG recording.

Finally, instead of using a single LVO detection instrument, combining multiple
instruments may be the future of prehospital stroke triage. In this scenario, instruments
could be used either simultaneously or consecutively to boost diagnostic accuracy.
An example of two instruments being used simultaneously is the combination of EEG
and a clinical scale. A previous study of suspected stroke patients in the emergency
room found that EEG alone could predict LVO stroke with an area under the curve of
69, but when combined with clinical data, the area under the curve increased to 86.'
Consecutive use of two instruments could entail using a simple instrument with high
sensitivity first, to ‘exclude’ patients with a low probability of LVO stroke, followed by a
more complex or invasive test in the remaining population. A clinical scale or perhaps
a point of care biomarker test (CINTICS project, Netherlands Trial Register number:
NL8961) may be used as the first 'screening’ instrument, followed by EEG or TCD, for
example. Such a method could improve positive predicitive value by increasing the a
priori probability of LVO stroke for the second diagnostic test.

Future directions

When ELECTRA-STROKE is completed, we will have a first indication of whether
EEG may be suitable for prehospital LVO detection. With the data collected in the
prehospital phase of the study, we will expand our knowledge of which EEG features
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best discriminate between patients with and without an LVO stroke. However, because
we have already learned that EEG data quality and diagnostic accuracy will need to
be further improved, this will be the focus of a second study that is currently being
prepared: AI-STROKE (NL75429.018.20). This study will commence after completion
of ELECTRA-STROKE and has the primary objective to increase data quality and
diagnostic accuracy of prehospital dry electrode EEG. Ambulance paramedics will
perform dry electrode EEG measurements in a maximum of 1000 patients, whose
data will be used to develop artificial intelligence-based algorithms for artefact
rejection and LVO detection. Furthermore, several hardware adjustments to improve
EEG signal quality will be applied and tested in cooperation with a manufacturer
of dry electrode EEG caps. If AI-STROKE is successful, the effect of prehospital LVO
detection with dry electrode EEG on treatment times and clinical outcome will need
to be investigated in a large (randomized) clinical trial.

CONCLUSIONS

The current drip-and-ship model for the transportation of patients with an LVO stroke
for EVT is far from ideal. Although it is currently the most feasible model, there is
certainly room for improvement. Measures that could be implemented relatively
easily are standard ambulance dispatch with the highest level of urgency for EVT
transfers and refraining from repetition of neuroimaging at the CSC in patients with
neurological deterioration. These two measures can decrease time to treatment by
28 and 20 minutes, respectively.

Even more importantly, a method for prehospital LVO detection is necessary to
enable paramedics to transport patients directly to the right hospital and abandon
the drip-and-ship model once and for all. Dry electrode EEG may be suitable for this
purpose, as preliminary results of our diagnostic accuracy study indicated that this
method can detect LVO stroke with fairly high accuracy. However, signal quality needs
to be improved and validation in the prehospital setting is necessary.
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SUMMARY

Chapter 1: General introduction and thesis outline

Patients with a large vessel occlusion (LVO) stroke often have severe neurological
deficits and a high risk of permanent disability and death. There are two types of
acute treatment for LVO stroke: intravenous thrombolysis (IVT) and endovascular
thrombectomy (EVT). Both treatments need to be initiated as soon as possible,
because this improves the prognosis of patients. While IVT can be given in all hospitals
that provide acute stroke care, EVT can only be performed in specialized hospitals,
so-called comprehensive stroke centers (CSCs). Patients with a suspected stroke are
often first transported to a primary stroke center (PSC) for a diagnostic work-up and
possible initiation of IVT. If they turn out to be eligible for EVT, they are subsequently
transported to the nearest CSC. This ‘drip-and-ship model" delays initiation of
EVT by approximately 40 to 106 minutes and decreases the chance of functional
independence by about 8%. Nonetheless, it is currently the most feasible model, as
transporting all suspected stroke patients directly to a CSC would overburden these
hospitals and would delay treatment with IVT for all patients with an acute ischemic
stroke, including those without an LVO.

To be able to abandon the drip-and-ship model, a method for prehospital LVO
detection is necessary. Such a method would enable paramedics to transport patients
with an LVO stroke directly to a CSC, while all other patients would be transported to
the nearest PSC. However, as long as the drip-and-ship model is still in place, we
must also aim to improve the workflow within this model. In the first part of this
thesis, we focus on improving the current workflow. We provide an overview of the
current pre- and interhospital time metrics for LVO stroke patients in the Netherlands
and discuss several measures to shorten time to EVT within the drip-and-ship model.
In the second part of this thesis, we outline the necessity of and possibilities for a
prehospital LVO detection method, and propose electroencephalography (EEG) as a
potentially suitable instrument for this purpose.

PART I: CURRENT WORKFLOW

Chapter 2: Pre- and interhospital workflow times for patients
with large vessel occlusion stroke in the Netherlands

In this cohort study, we used data from the regional emergency medical service and
our own EVT registry to provide an overview of the pre- and interhospital time metrics
in patients transferred from a PSC for EVT in the Netherlands. Furthermore, we
analyzed associations between various clinical and workflow-related factors and time
to EVT. We included 198 patients with an LVO stroke. Median time between first call to
the ambulance dispatch center and arrival at the PSC was 37 minutes, time between
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arrival at the PSC and departure from the PSC was 85 minutes, and travel time from
PSC to CSC by ambulance was 28 minutes. Altogether, median time between first call
and arrival at the CSC (call-to-CSC time) was 162 minutes. We found that dispatching
the transferring ambulance with the highest level of urgency, which was done in 86%
of cases, was associated with a 28-minute decrease (95% Cl: 4 to 51 minutes) in time
to arrival at the CSC. If the first call to the dispatch center was made by a general
practitioner, this was associated with a delay of 34 minutes (95% Cl: 7 to 61 minutes),
although this was the case for only 5% of patients. No clinical characteristics were
associated with call-to-CSC time. We concluded by recommending that the general
population should be instructed to contact the local emergency phone number
directly when symptoms of stroke are recognized, and that incorporating standard
ambulance dispatch with the highest level of urgency for EVT transfers into stroke
care protocols should be considered.

Chapter 3: Interhospital transfer vs. direct presentation of
patients with a large vessel occlusion not eligible for i.v.
thrombolysis

Using data from a large, nationwide EVT registry, we assessed whether interhospital
transfer prior to EVT of patients who are not eligible for IVT is associated with
treatment delay and worse clinical outcome. We included patients who were treated
with EVT, but not with IVT. This was the case for 680/3637 (19%) patients in the registry.
The most common contraindications for IVT were anticoagulation use (49%) and
presentation >4.5 hours after onset (26%). Of the 680 included patients, 389 (57%)
were directly presented to a CSC and 291 (43%) were transferred from a PSC. Time
between arrival at the first hospital and initiation of EVT (first-door-to-groin time) was
shorter for the directly presented group (adjusted time difference = 51 minutes [95%
Cl: 38 to 64 minutes]). Even when we additionally adjusted for increased ambulance
travel time, first-door-to-groin time was substantially shorter, with an adjusted time
difference of 28 minutes (95% Cl: 15 to 41 minutes). Clinical outcome was also slightly
better in directly presented patients, although this was not statistically significant.
We suggested that, since there is no obvious disadvantage in bypassing the PSC in
this patient population, directly presenting patients with a suspected stroke and a
contraindication for IVT to a CSC may be considered if logistically feasible.

Chapter 4: Relationship between primary stroke center volume
and time to endovascular thrombectomy in acute ischemic
stroke

In this study, we hypothesized that the volume of patients with an LVO stroke
presented to a PSC may affect EVT-related treatment times, as more exposure to
these patients may be associated with more streamlined care pathways within the
PSC, more experienced staff when it comes to acute stroke treatment, and better
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facilities for acute stroke imaging. We investigated whether the annual number of
patients referred from a PSC for EVT is associated with treatment times and functional
outcome, using multivariable regression modelling. We included 1541 patients who
were referred from 65 PSCs for EVT. EVT referral volume was not associated with time
between arrival at the PSC and initiation of EVT (adjusted coefficient: -0.49 minutes/
annual referral, 95% Cl: -1.27 to 0.29 minutes) or other treatment times. We also
found no association between EVT referral volume and clinical outcome. Based on
our data, in acute stroke care systems like that in the Netherlands, increasing PSC
volumes would not appear to translate into better EVT-related time metrics or patient
outcome.

Chapter 5: Value of repeated imaging in patients with a stroke
who are transferred for endovascular treatment

Stroke patients who are transferred to a CSC for EVT often undergo repeated
neuroimaging prior to EVT. In this chapter, we evaluated the diagnostic yield of
repeating imaging in these patients and its effect on treatment times. We included
patients who were referred to our hospital for EVT, and excluded those who
underwent repeated imaging because primary imaging was unavailable, incomplete
or of insufficient quality. Of the 551 included patients, 165 (30%) underwent repeated
imaging, mostly because of clinical improvement (86/165 [52%]) or deterioration
(40/165 [24%]). Repeated imaging patients had longer door-to-groin times than
patients without repeated imaging (adjusted time difference: 20 minutes, 95% ClI:
15 to 25 minutes). Among patients who underwent repeated imaging because of
clinical improvement, the LVO had resolved in 50/86 (58%). In patients with clinical
deterioration, repeated imaging led to refrainment from EVT in 3/40 (8%). No
symptomatic intracranial hemorrhages were identified. We concluded that repeating
neuroimaging does not seem beneficial in patients with clinical deterioration, but is
very useful in patients with clinical improvement, since it helps avoid futile diagnostic
angiographies in more than half of this population.

PART II: FUTURE WORKFLOW

Chapter 6: Detection of large vessel occlusion stroke in the
prehospital setting: electroencephalography as a potential
triage instrument

In this chapter, we outlined our view on the requirements of an effective prehospital
LVO detection method, namely: high diagnostic accuracy, fast application and
interpretation, user-friendliness, compactness, and low costs. We argued that
existing methods for prehospital LVO detection, including clinical scales, Mobile
Stroke Units and transcranial Doppler, do not fulfill all criteria, hindering broad
implementation of these methods. Instead, electroencephalography (EEG) may be
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suitable for prehospital LVO detection, since in-hospital studies have shown that
several measures that quantify hypoxia-induced changes in the EEG signal have good
diagnostic accuracy for LVO stroke. Although performing EEG measurements in the
prehospital setting comes with challenges, solutions for fast and simple application of
this method are available. Currently, the feasibility and diagnostic accuracy of EEG in
the prehospital setting are being investigated in clinical trials.

Chapter 7: Detection of large vessel occlusion stroke with
electroencephalography in the emergency room: first results of
the ELECTRA-STROKE study

ELECTRA-STROKE (NCT03699397) investigates the diagnostic accuracy of dry
electrode EEG for LVO stroke detection in the prehospital setting. To determine which
EEG features are most useful for this purpose and to assess data quality, EEGs are
also performed in the emergency room (ER). In this chapter, we reported data of the
first 100 patients included in the ER. Patients presented to the ER with a suspected
stroke or known LVO stroke underwent a single EEG prior to EVT. Diagnostic accuracy
of frequency band power, brain symmetry and phase synchronization measures were
evaluated. EEG data were of sufficient quality for analysis in 65/100 included patients.
Of these, 35/65 (54%) had an acute ischemic stroke, of whom 9 (14% of the 65
analyzed patients) had an LVO stroke. Median time between symptom onset and EEG
acquisition was 266 minutes (IQR: 121 to 655 minutes) and median EEG recording
time was 3 minutes (IQR 3 to 5 minutes). The EEG feature with the highest diagnostic
accuracy for LVO stroke was theta-alpha ratio (AUC 0.83; sensitivity 75%; specificity
81%). Combined, weighted phase lag index and relative theta-power best identified
LVO stroke (sensitivity 100%; specificity 84%). We concluded that dry electrode EEG
is a promising tool for LVO detection, but data quality needs to be improved and
validation in the prehospital setting is necessary.

CONCLUSION

The current model for transportation of patients with an LVO stroke for EVT can be
substantially improved by implementing some relatively simple measures, such as
standard ambulance dispatch with the highest level of urgency for EVT transfers and
refraining from repetition of neuroimaging at the CSC in patients with neurological
deterioration. These two measures can decrease time to treatment by 28 and 20
minutes, respectively.

Even more importantly, a method for prehospital LVO detection is necessary to
enable paramedics to transport patients directly to the right hospital and abandon the
current model once and for all. Preliminary results of our diagnostic accuracy study
indicate that dry electrode EEG may be suitable for this purpose. However, signal
quality needs to be improved and validation in the prehospital setting is necessary.
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DUTCH SUMMARY
(NEDERLANDSTALIGE SAMENVATTING)

Hoofdstuk 1: Introductie en inhoud van de thesis

Patiénten met een herseninfarct op basis van een occlusie van een groot bloedvat,
een zogeheten large vessel occlusion (LVO), hebben vaak ernstige neurologische uitval
en een hoog risico op permanente invaliditeit en overlijden. Er zijn twee soorten acute
behandelingvan LVO's: intraveneuze trombolyse (IVT) en intra-arteriéle trombectomie
(IAT). Beide behandelingen moeten zo snel mogelijk worden gestart, omdat dit de
prognose van patiénten verbetert. IVT kan gegeven worden in alle ziekenhuizen
die acute behandeling van herseninfarcten bieden, maar IAT wordt alleen gedaan
in gespecialiseerde ziekenhuizen (1AT-ziekenhuizen’). Patiénten met verdenking op
een herseninfarct worden vaak eerst naar een regulier ziekenhuis gebracht, waar
diagnostiek gedaan wordt en IVT kan worden gestart, maar geen IAT kan worden
gedaan. Als blijkt dat zij in aanmerking komen voor IAT, dan worden ze vervolgens
naar een IAT-ziekenhuis overgebracht. Dit drip-and-ship model vertraagt het starten
van IAT met 40 tot 106 minuten en verkleint de kans op functionele onafhankelijkheid
met ongeveer 8%. Desalniettemin is het momenteel het meest uitvoerbare model,
gezien het direct naar een IAT-ziekenhuis transporteren van alle patiénten met
verdenking op een herseninfarct deze ziekenhuizen enorm zou belasten. Daarnaast
zou dit behandeling met IVT vertragen voor alle patiénten met een herseninfarct,
hetgeen met name nadelig zou zijn voor degenen die geen LVO hebben.

Om van het drip-and-ship model af te kunnen stappen, is een methode voor
prehospitale detectie van LVO's nodig. Zo'n methode zou ambulanceverpleegkundigen
ertoe in staat stellen om patiénten met een LVO direct naar een IAT-ziekenhuis te
brengen, terwijl alle andere patiénten naar het dichtstbijzijnde reguliere ziekenhuis
worden gebracht. Echter, zo lang het drip-and-ship model nog in gebruik is, moeten
we proberen de workflow binnen dit model zoveel mogelijk te verbeteren. In het eerste
deel van deze thesis focussen we ons op het verbeteren van de huidige workflow. We
geven een overzicht van de huidige pre- en interhospitale tijdsintervallen bij patiénten
die in Nederland worden overgeplaatst voor IAT. Tevens beschrijven we een aantal
methoden waarmee de tijd tot het starten van IAT kan worden verkort binnen het
drip-and-ship model. In het tweede deel van deze thesis bespreken we de noodzaak
tot en de mogelijkheden voor het vinden van een methode voor prehospitale LVO
detectie. Tenslotte dragen we electroencefalografie (EEG) aan als een potentieel
geschikt instrument voor dit doel.
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DEEL I: HUIDIGE WORKFLOW

Hoofdstuk 2: Pre- en interhospitale workflow bij patiénten met
een LVO in Nederland

Voor deze cohort-studie hebben we data gebruikt van de regionale ambulancedienst
en onze eigen IAT-registratie om een overzicht te geven van pre- en interhospitale
tijdsintervallen bij patiénten die voor IAT worden overgeplaatst in Nederland.
Daarnaast hebben we associaties tussen verschillende klinische en logistieke
factoren en behandeltijden geanalyseerd. We hebben 198 patiénten met een LVO
geincludeerd. Mediane tijd tussen het eerste telefonisch contact met de ambulance-
meldkamer en aankomst bij het eerste ziekenhuis was 37 minuten, tijd tussen
aankomst bij het eerste ziekenhuis en vertrek uit dat ziekenhuis was 85 minuten, en
reistijd per ambulance tussen het eerste ziekenhuis en het IAT-ziekenhuis was 28
minuten. In totaal was de mediane tijd tussen het eerste contact met de meldkamer
en aankomst in het IAT-ziekenhuis 162 minuten. We zagen dat als de ambulance voor
de overplaatsing met het hoogste niveau van urgentie was uitgestuurd, hetgeen in
86% van de gevallen gedaan was, dit geassocieerd was met een 28 minuten (95% CI: 4
tot 51 minuten) kortere tijd tot behandeling. Als het eerste contact met de meldkamer
via de huisarts verliep, was dat geassocieerd met een vertraging van 34 minuten
(95% Cl: 7 tot 61 minuten). Dit laatste was echter slechts bij 5% van de patiénten het
geval. Klinische karakteristieken waren niet geassocieerd met tijd tot behandeling.
We concludeerden dat de algemene bevolking geinstrueerd moeten worden om het
lokale noodnummer te bellen als zich symptomen van een herseninfarct voordoen
en dat het standaard uitsturen van ambulances voor IAT-overplaatsingen met het
hoogste niveau van urgentie moet worden geimplementeerd.

Hoofdstuk 3: Overplaatsing versus directe presentatie van
patiénten met een LVO die niet voor intraveneuze trombolyse
in aanmerking komen

Met behulp van data uit een grote, nationale IAT-registratie hebben we onderzocht
of overplaatsing voor IAT van patiénten die niet voor IVT in aanmerking komen,
geassocieerd is met vertraging van de behandeling en slechtere klinische uitkomst.
We hebben patiénten geincludeerd die wel met IAT, maar niet met IVT behandeld
waren, hetgeen het geval was bij 680/3637 (19%) patiénten in de registratie. De
meest voorkomende contra-indicaties voor VT waren gebruik van antistolling
(49%) en presentatie meer dan 4,5 uur na ontstaan van de symptomen (26%). Van
de 680 geincludeerde patiénten waren er 389 (57%) direct in een IAT-ziekenhuis
gepresenteerd en 291 (43%) overgeplaatst vanuit een regulier ziekenhuis. Tijd tussen
aankomst in het eerste ziekenhuis en starten van IAT (eerste-deur-tot-lies-tijd) was
korter voor patiénten die direct gepresenteerd waren (gecorrigeerd tijdsverschil: 51
minuten [95% ClI: 38 tot 64 minuten]). Zelfs wanneer we aanvullend corrigeerden
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voor ambulance-reistijd bleef de eerste-deur-tot-lies-tijd substantieel korter voor
direct gepresenteerde patiénten, met een gecorrigeerd tijdsverschil van 28 minuten
(95% CI: 15 tot 41 minuten). Klinische uitkomst was ook iets beter, hoewel dit verschil
niet statistisch significant was. We hebben gesuggereerd dat, gezien er geen evident
nadeel is van directe presentatie in een IAT-ziekenhuis voor deze populatie, directe
presentatie van patiénten met verdenking op een herseninfarct en een contra-
indicatie voor IVT kan worden overwogen indien dit logistiek haalbaar is.

Hoofdstuk 4: De relatie tussen het volume van het verwijzende
ziekenhuis en tijd tot behandeling met intra-arteriéle
trombectomie

De hypothese van deze studie was dat het volume van patiénten met een LVO die
jaarlijks worden doorverwezen vanuit reguliere ziekenhuizen de tijd tot behandeling
met IAT zou kunnen beinvioeden, gezien dit volume geassocieerd zou kunnen zijn
met een meer gestroomlijnde workflow, meer ervaren werknemers en/of betere
faciliteiten voor acute beeldvorming in het verwijzende ziekenhuis. We hebben
onderzocht of het verwijs-volume van ziekenhuizen voor IAT geassocieerd is
met tijd tot behandeling en klinische uitkomst. Hiervoor gebruikten we multilevel
regressieanalyse. We includeerden 1541 patiénten, die vanuit 65 verschillende
ziekenhuizen waren verwezen voor IAT. Verwijs-volume bleek niet geassocieerd met
tijd tussen aankomtin het verwijzende ziekenhuis en het startenvan IAT (gecorrigeerde
coéfficient: -0,49 minuten/jaarlijkse verwijzing, 95% Cl: -1,27 tot 0,29 minuten) of
andere behandeltijden. We vonden ook geen associatie tussen verwijs-volume en
klinische uitkomst. Op basis van onze data lijkt het erop dat, in een zorgsysteem als
dat in Nederland, het vergroten van het volume van ziekenhuizen die patiénten voor
IAT verwijzen zich niet zou vertalen in snellere IAT-gerelateerde behandeltijden of
betere klinische uitkomsten.

Hoofdstuk 5: De waarde van herhaalde beeldvorming bij
patiénten die overgeplaatst worden voor intra-arteriéle
trombectomie

Patiénten met een herseninfarct die voor IAT worden overgeplaatst, ondergaan
vaak voorafgaand aan IAT herhaalde beeldvorming van de hersenen bij aankomst
in het IAT-ziekenhuis. In dit hoofdstuk hebben we de diagnostische waarde van deze
herhaalde beeldvorming onderzocht, evenals het effect van herhaalde beeldvorming
op de tijd tot behandeling. We hebben patiénten geincludeerd die naar ons ziekenhuis
waren verwezen voor |IAT en patiénten geéxcludeerd die herhaalde beeldvorming
ondergingen omdat de beeldvorming uit het verwijzende ziekenhuis niet beschikbaar,
incompleet of van onvoldoende kwaliteit was. Van de 5571 geincludeerde patiénten
ondergingen er 165 (30%) herhaalde beeldvorming, meestal omdat er sprake was
van klinische verbetering (86/165 [52%)]) of klinische achteruitgang (40/165 [24%)]).



DUTCH SUMMARY

Bij patiénten met herhaalde beeldvorming was de tijd tussen aankomst in het
IAT-ziekenhuis en starten van IAT langer dan bij patiénten zonder herhaalde
beeldvorming (gecorrigeerd tijdsverschil: 20 minuten, 95% ClI: 15 tot 25 minuten).
Patiénten die herhaalde beeldvorming ondergingen vanwege klinische verbetering
hadden in 50/86 (58%) gevallen geen LVO meer. Bij patiénten die herhaalde
beeldvorming ondergingen in verband met klinische achteruitgang leidde herhaalde
beeldvorming in 3/40 (8%) gevallen tot het besluit geen IAT te verrichten. Er werden
geen symptomatische hersenbloedingen gezien op de herhaalde beeldvorming. We
concludeerden dat het herhalen van beeldvorming van de hersenen niet zinvol lijkt
bij patiénten met klinische achteruitgang, maar wel erg nuttig is bij patiénten met
klinische verbetering, gezien het in die populatie in meer dan de helft van de gevallen
een zinloze diagnostische angiografie voorkomt.

DEEL II: TOEKOMSTIGE WORKFLOW

Hoofdstuk 6: LVO detectie in de prehospitale setting:
electroencefalografie als potentieel triage-instrument

In dit hoofdstuk hebben we onze visie op de criteria voor een effectieve methode
voor prehospitale LVO detectie beschreven. Deze criteria zijn hoge diagnostische
accuratesse, snelle toepassing en interpretatie, gebruiksvriendelijkheid, compactheid
en lage kosten. We bepleitten dat bestaande methoden voor prehospitale LVO
detectie, waaronder klinische schalen, ‘Mobile Stroke Units’ en transcraniéle Doppler,
niet voldoen aan de genoemde criteria. In plaats van deze methoden droegen we
het EEG aan als een potentieel geschikt instrument voor dit doel. Eerdere studies
hebben laten zien dat EEG de door zuurstoftekort veroorzaakte veranderingen in
de elektrische activiteit van de hersenen kan detecteren bij patiénten met een LVO,
met vrij goede diagnostische accuratesse. Hoewel het verrichten van EEG-metingen
in de prehospitale setting uitdagingen met zich meebrengt, zijn er methoden voor
snelle en simpele toepassing voorhanden. Momenteel worden de haalbaarheid en
diagnostische accuratesse van het EEG voor LVO detectie in de prehospitale setting
onderzocht in klinische studies.

Hoofdstuk 7: LVO detectie met electroencefalografie op de
spoedeisende hulp: eerste resultaten van de ELECTRA-STROKE
studie

ELECTRA-STROKE (NCT03699397) onderzoekt de diagnostische accuratesse van EEG
met droge electroden voor LVO detectie in de prehospitale setting. Om te kunnen
bepalen welke EEG-karakteristieken het meest bruikbaar zijn voor dit doel en om
datakwaliteit van de EEG's te analyseren, worden binnen ELECTRA-STROKE ook EEG's
op de spoedeisende hulp (SEH) verricht. In dit hoofdstuk beschreven we de resultaten
van de eerste 100 patiénten die op de SEH zijn geincludeerd. Patiénten die op de
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DUTCH SUMMARY

SEH werden gepresenteerd met een verdenking op een herseninfarct of een reeds
elders vastgestelde LVO ondergingen een EEG voorafgaand aan IAT. We evalueerden
de diagnostische accuratesse van verschillende EEG-karakteristieken. EEG-data
waren van voldoende kwaliteit voor analyse in 65/100 geincludeerde patiénten. Van
deze patiénten hadden 35/65 (54%) een herseninfarct, van wie er 9 (14% van de 65
geanalyseerde patiénten) een LVO hadden. Mediane tijd tussen ontstaan van de
symptomen en verrichten van het EEG was 266 minuten (IQR: 121 tot 655 minuten)
en mediane EEG-duur was 3 minuten (IQR 3-5 minuten). Het EEG-karakteristiek met de
hoogste diagnostische accuratesse voor LVO detectie was de theta-alfa ratio (AUC 0,83;
sensitiviteit 75%; specificiteit 81%). Gecombineerd presteerden de weighted phase lag
index en de relatieve theta het beste, met een sensitiviteit van 100% bij een specificiteit
van 84%. We concludeerden dat EEG met droge electroden een veelbelovend
instrument voor prehospitale LVO detectie is, maar dat de kwaliteit van de EEG-data
moet worden verbeterd en dat validatie in de prehospitale setting nodig is.

CONCLUSIE

Het huidige drip-and-ship model voor transport van patiénten die voor IAT
in aanmerking komen, zou substantieel kunnen worden verbeterd door het
implementeren van een aantal relatief simpele maatregelen. Het standaard uitsturen
van ambulances voor IAT-overplaatsingen met het hoogste niveau van urgentie en
het afzien van herhalen van beeldvorming bij aankomst in het IAT-ziekenhuis bij
patiénten met neurologische achteruitgang kunnen tijd tot behandeling verkorten
met 28 en 20 minuten, respectievelijk.

Misschien wel nog belangrijker is het vinden van een methode voor prehospitale LVO
detectie. Zo'n methode zou het mogelijk maken om patiénten direct naar het juiste
ziekenhuis te vervoeren en af te stappen van het huidige drip-and-ship model. De
eerste resultaten van onze diagnostische studie wijzen erop dat het EEG mogelijk
een geschikt instrument is voor dit doel. Echter, kwaliteit van de EEG-data moet eerst
verbeterd worden en validatie in de prehospitale setting is nodig.
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