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Abstract: Contradicting evidence exists regarding the role of lipids in outcomes following intra-
venous (IV) thrombolysis with tissue plasminogen activator (tPA). Restricted cubic spline curves and
adjusted logistic regression were used to evaluate associations of low-density lipoprotein cholesterol
(LDL-C), non-high-density lipoprotein cholesterol (non-HDL-C), total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C) and LDL-C/HDL-C ratio with poor functional outcome, symp-
tomatic intracranial hemorrhage (SICH) and 90-day mortality, among 1004 acute ischemic stroke
(AIS) patients who received IV tPA in a comprehensive stroke center. Quartile (Q) 1, Q2 and Q3 of
HDL-C were associated with increased odds of poor functional outcome (adjusted odds ratio (adjOR)
1.66, 95% CI 1.06–2.60, p = 0.028, adjOR 1.63, 95% CI 1.05–2.53, p = 0.027, adjOR 1.56, 95% CI 1.01–2.44,
p = 0.048) compared to Q4. Q2 and Q4 of non-HDL-C were associated with increased odds of SICH
(adjOR 4.28, 95% CI 1.36–18.90, p = 0.025, adjOR 5.17, 95% CI 1.64–22.81, p = 0.011) compared to Q3.
Q1 and Q2 of LDL-C was associated with increased odds of mortality (adjOR 2.57, 95% CI 1.27–5.57,
p = 0.011 and adjOR 2.28, 95% CI 1.10–5.02, p = 0.032) compared to Q3. In AIS patients who received
IV tPA, low LDL-C was associated with increased odds of mortality while HDL-C may be protective
against poor functional outcome.

Keywords: ischemic stroke; intravenous thrombolysis; tissue plasminogen activator; low-density
lipoprotein cholesterol; high-density lipoprotein cholesterol; symptomatic intracranial hemorrhage

1. Introduction

Stroke incidence and stroke-related mortality increased substantially from 1990 to
2019, and the stroke burden will continue to increase globally, especially in underdeveloped
countries [1]. In Singapore, a study reported an increased prevalence of stroke risk factors
and the increased crude incidence rate of stroke among those younger than 65 [2]. There has
been conflicting evidence on how lipid parameters affect post-thrombolysis outcomes [3,4],
with non-traditional lipid parameters like non-HDL-C suggested to have similar functions
as LDL-C in predicting hemorrhagic transformation (HT) [5]. Pre-stroke statin use was
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also shown to influence ischemic stroke outcomes [6].Hence, we aimed to explore the
general associations of selected traditional and non-traditional lipid parameters with post-
thrombolysis outcomes, to compare their clinical utility in prognostication. One significance
of this study is to facilitate determination of cholesterol target levels in achieving optimal
post-stroke recovery. Lastly, there are varied results on the relationship between lipid
parameters and large artery atherosclerosis (LAA) stroke subtype. Bang et al. found that
higher non-HDL-C and TG, but not LDL-C, was associated with LAA. Several studies have
also shown that LDL-C may not best predict atherosclerotic vascular risk [7]. However,
Hindy et al. suggested LDL-C lowering likely reduces LAA risk [8]. These should be further
assessed to evaluate the utility of targeting lipid parameters for LAA stroke prevention.

2. Materials and Methods

2.1. Study Design

In this study, we included consecutive patients who received IV tPA from September
2006 to June 2018. All these patients had no contraindications to IV tPA use. The study
obtained ethics approval from the National Healthcare Group-Domain Specific Review
Board (NHG DSRB Ref: 2010/00509). Patients were assessed by a neurologist for eligibility
to receive intravenous thrombolysis according to institutional protocol and American Heart
Association/American Stroke Association guidelines at a standard dose of 0.9 mg/kg
body weight [9]. All thrombolysed stroke patients underwent standard non-contrast head
computed tomography and computed tomography brain and neck angiography. Patients
who were deemed as unsuitable for IV-tPA, or who underwent endovascular thrombectomy
were excluded from the study. Patients that were included had valid lipid parameters of
TC, HDL-C and TG collected in fasting conditions, in mmol/litre, that were taken within
24 h of their AIS admission as per our institution protocol (Figure 1).

 
Figure 1. Flow Diagram Illustrating Only Patients with Valid Lipid Parameters were Analysed.

LDL-C was calculated by the Friedewald equation (TC-HDL-C-TG/5) [10], while
some had LDL-C collected directly. Non-HDL-C levels were calculated by subtracting
HDL-C levels from TC. LDL-C/HDL-C ratio was calculated by dividing LDL-C by HDL-
C. Other baseline demographics, clinical parameters and ischemic stroke characteristics
were collected and tabulated within 24 h of AIS admission. Diabetes mellitus (DM) was
defined as pre-existing diagnosis of diabetes mellitus or an admitting fasting blood glucose
level greater than or equal to 7.0 mmol/L or an HbA1c greater than or equal to 6.5% [11].
The severity of stroke at presentation was assessed using the National Institute of Health
Stroke Scale (NIHSS) [12]. This assessment was made by credentialed nurses as part of the
acute stroke response team. The presence of Large Vessel Occlusion (LVO) was defined as
occlusions of the first and second segment of the middle cerebral artery (MCA), M1 and M2,
the Internal Carotid Artery (ICA) and as well as its terminus, tandem occlusions involving
ICA-MCA, or occlusion of the basilar artery. The Trial of ORG 10172 in Acute Stroke
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Treatment (TOAST) criteria was used by the treating stroke neurologist to classify stroke
subtypes [13]. Investigations to evaluate the TOAST mechanism included: vessel imaging
with either computed tomography angiography (CTA), magnetic resonance angiography
(MRA), transcranial doppler (TCD), carotid duplex or a combination of these, as well as
Holter monitoring and transthoracic echocardiography.

The primary outcome measured was poor functional outcome (90-day modified
Rankin Scale (mRS) of 3–6). Secondary outcomes measured were symptomatic intracranial
hemorrhage (SICH) and 90-day all-cause mortality. SICH was based on the European
Cooperative Acute Stroke Study (ECASS) II definition [14]. The 90-day mRS was evalu-
ated during follow-up visit to the stroke clinic. If not, mRS was evaluated via telephone
call instead.

2.2. Data Analysis

Analyses were performed using SPSS for Windows version 27.0 (SPSS Inc, Chicago, IL, USA)
and R version 4.0.5. Restricted cubic splines with 5 knots were plotted to visually assess
the univariate associations between the lipid parameters and the three outcomes. These
served qualitative and descriptive purposes only. Since non-linear (U-shaped/inverse
U-shaped/J-shaped/reverse tick) associations were found, lipid parameters were divided
into quartiles for analysis. Descriptive statistics for continuous variables were presented
as mean (SD) when normality and homogeneity assumptions were satisfied, otherwise
as median (interquartile range) (IQR), and n (%) for categorical variables. Differences in
continuous variables were assessed using 2 sample t-test when normality and homogeneity
assumptions were satisfied; otherwise, Mann-Whitney U test was used where data was
not distributed normally. Chi-square or Fisher’s exact test was used for categorical vari-
ables. Covariates that were selected a priori for variable adjustment were gender, age,
hypertension, atrial fibrillation, large vessel occlusion, diabetes mellitus, admitting NIHSS
and admitting SBP. Logistic regression assessed the associations between lipid levels and
outcomes, and with LAA. Results were presented as adjusted odds ratio (adjOR) with 95%
confidence interval (CI). Statistical significance was set at two-sided p < 0.05.

3. Results

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Baseline Characteristics and Associations of Lipid Parameters with LAA

1265 consecutive patients with ischemic stroke treated with IV tPA were analyzed
and 1004 patients with valid lipid assessments were included in this study. Of 1004 pa-
tients, 589/986 (59.7%) were male, 586/883 (66.4%) were of Chinese ethnicity, 596/916
(65.1%) experienced a LVO and 190/1004 (18.9%) had AF. There were 657/1004 (65.4%)
patients with history of with hypertension, 526/1004 (52.4%) with hyperlipidemia, and
306/1004 (30.5%) with diabetes mellitus. Median age was 66 (IQR 56–77) years while
median admitting NIHSS was 15 (IQR 8–21). Median LDL-C, non-HDL-C, TC, HDL-C and
LDL-C/HDL-C were 2.86 (IQR 2.18–3.50) mmol/L, 3.43 (IQR 2.70–4.19) mmol/L, 4.62 (IQR
3.86–5.36) mmol/L, 1.12 (IQR 0.95–1.32) mmol/L and 2.49 (IQR 1.84–3.30) respectively.
In accordance with the TOAST classification, 322/975 (33.0%) had LAA stroke, 341/975
(35.0%) had cardioembolic (CE) stroke, 168/975 (17.2%) had small vessel occlusion (SVO),
10/975 (1.0%) had stroke of other determined etiology and 134/975 (13.7%) had cryptogenic
stroke (Table 1).
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Table 1. Baseline Characteristics of Study Population.

Total (n = 1004)

Age (years) 66 [56,77]
Gender (male) 589/986 (59.7)

Race
Chinese
Malay
Indian
Others

586/883 (66.4)
188/883 (21.3)

62/883 (7.0)
47/883 (5.3)

Lipid parameters
LDL-C (mmol/L) 2.86 [2.18, 3.50]

Non-HDL-C (mmol/L) 3.43 [2.70, 4.19]
HDL-C (mmol/L) 1.12 [0.95, 1.32]

TC (mmol/L) 4.62 [3.86, 5.36]
LDL-C/HDL-C Ratio 2.49 [1.84, 3.30]

Stroke parameters
Admitting NIHSS 15 [8,21]

Admitting SBP (mmHg) 152 [136,168]
Admitting DBP (mmHg) 82 [72,92]

Large vessel occlusion 596/916 (65.1)
Comorbidities

Smoker 148 (14.7)
Hypertension 657 (65.4)

Hyperlipidemia 526 (52.4)
Diabetes mellitus 306 (30.5)
Atrial fibrillation 190 (18.9)

Stroke Subtype (TOAST)
LAA
CE

SVO
Stroke of other determined etiology

Cryptogenic

322/975 (33.0)
341/975 (35.0)
168/975 (17.2)

10/975 (1.0)
134/975 (13.7)

Glucose level
Fasting glucose (mmol/L) 5.90 [5.20, 7.30]

HbA1C (%) 6.00 [5.60, 6.90]
Values are median [IQR] for numerical variables and n/total (%) or n (%) for categorical variables. Abbreviations:
mRS modified Rankin Scale, LDL-C high-density lipoprotein cholesterol, non-HDL-C non-high-density lipoprotein
cholesterol, TC total cholesterol, HDL-C high-density lipoprotein cholesterol, NIHSS National Institutes of Health
Stroke Scale, SBP systolic blood pressure, DBP diastolic blood pressure, TOAST Trial of ORG 10172 in Acute
Stroke Treatment, LAA large-artery atherosclerosis, CE cardioembolic, SVO stroke of other determined etiology,
HbA1c Hemoglobin A1c.

Comparing LAA and non-LAA groups, median LDL-C, non-HDL-C, LDL-C/HDL-C
ratio, as well as white blood cell (WBC) count, neutrophils, platelets, admitting NIHSS
and presence of LVO were significantly higher in the LAA compared to non-LAA group
(Table S1). Regarding lipid parameters and associations with LAA, after adjustment for
gender, age, hypertension, atrial fibrillation, large vessel occlusion, diabetes mellitus,
admitting NIHSS and admitting SBP, the following results were obtained. Q4 of LDL-C
was associated with increased odds of LAA (adjusted odds ratio (adjOR) 1.69, 95% CI
1.07–2.69, p = 0.024) compared to Q1. Q2 and Q4 of non-HDL-C was significantly associated
with increased odds of LAA (adjOR 1.64, 95% CI 1.04–2.60, p = 0.035 and adjOR 1.75, 95%
CI 1.10–2.80, p = 0.018 respectively) compared to Q1. Q3 of HDL-C was associated with
increased odds of LAA (adjOR 1.84, 95% CI 1.16–2.95, p = 0.010) compared to Q4. Lastly, Q3
and Q4 of LDL-C/HDL-C were associated with increased odds of LAA (adjOR 1.88, 95%
CI 1.18–3.00, p = 0.008 and adjOR 1.71, 95% CI 1.07–2.77, p = 0.027 respectively) compared
to Q1 (Table 2).
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Table 2. Lipid Parameters and Associations with LAA.

LAA

Univariate Analysis Multivariate Analysis
OR (95% CI) p-Value OR (95% CI) p-Value

LDL-C:
Q1
Q2
Q3
Q4

1.0
1.28 (0.87–1.88)
1.03 (0.69–1.51)
1.64 (1.13–2.40)

-
0.209
0.898
0.010

1.0
1.42 (0.90–2.25)
1.27 (0.79–2.05)
1.69 (1.07–2.69)

-
0.130
0.323
0.024

Non-HDL-C:
Q1
Q2
Q3
Q4

1.0
1.39 (0.95–2.04)
1.09 (0.74–1.62)
1.62 (1.11–2.37)

-
0.093
0.657
0.013

1.0
1.64 (1.04–2.60)
1.25 (0.78–2.01)
1.75 (1.10–2.80)

-
0.035
0.355
0.018

TC:
Q1
Q2
Q3
Q4

1.03 (0.70–1.52)
1.0

1.11 (0.76–1.62)
1.30 (0.89–1.90)

0.874
-

0.603
0.170

0.93 (0.59–1.47)
1.0

1.11 (0.71–1.74)
1.28 (0.82–1.99)

0.767
-

0.645
0.277

HDL-C
Q1
Q2
Q3
Q4

1.44 (0.98–2.13)
1.30 (0.88–1.93)
1.76 (1.19–2.60)

1.0

0.067
0.183
0.005

-

1.27 (0.79–2.04)
1.30 (0.81–2.08)
1.84 (1.16–2.95)

1.0

0.320
0.276
0.010

-
LDL-C/HDL-C:
Q1
Q2
Q3
Q4

1.0
1.10 (0.74–1.63)
1.67 (1.14–2.46)
1.69 (1.16–2.49)

-
0.646
0.009
0.007

1.0
1.26 (0.79–2.02)
1.88 (1.18–3.00)
1.71 (1.07–2.77)

-
0.333
0.008
0.027

Abbreviations: OR: Odds Ratio, 95% CI 95% Confidence Interval, Q1 first quartile, Q2 s quartile, Q3 third quartile,
Q4 fourth quartile, LAA large-artery atherosclerosis, LDL-C high-density lipoprotein cholesterol, non-HDL-C non-
high-density lipoprotein cholesterol, TC total cholesterol, HDL-C high-density lipoprotein cholesterol. Variables
adjusted for in multivariate analysis include gender, age, hypertension, atrial fibrillation, large vessel occlusion, di-
abetes mellitus, admitting NIHSS and admitting SBP. The quartiles for non-HDL-C were Q1: ≤2.7mmol/L,
Q2: >2.7–3.43 mmol/L, Q3: >3.43–4.19 mmol/L, Q4: >4.19mmol/L. The quartiles for LDL-C were
Q1: ≤2.18 mmol/L; Q2: >2.18–2.86 mmol/L, Q3: >2.86–3.50 mmol/L, Q4: >3.50 mmol/L. The quartiles for TC
were Q1: ≤3.85 mmol/L, Q2: >3.85–4.63 mmol/L, Q3: >4.63–5.36 mmol/L, Q4: >5.36 mmol/L. The quartiles
for HDL-C were Q1: ≤0.95 mmol/L, Q2: >0.95–1.12 mmol/L, Q3: >1.12–1.32 mmol/L, Q4: >1.32 mmol/L. The
quartiles for LDL/HDL ratio were Q1: ≤1.84, Q2: >1.84–2.49, Q3: >2.49–3.30, Q4: ≥3.30.

3.2. Stroke Outcomes

Of 1004 patients, 479/995 (48.1%) experienced poor functional outcomes (mRS 3–6),
48/1003 (4.8%) suffered SICH and 117/990 (11.8%) died. (Table 3) There was no statistically
significant difference in prevalence of these three outcomes between the LAA and non-LAA
group (Table S2).

Table 3. Stroke Outcomes.

Stroke Outcomes Total (n = 1004)

Poor functional outcome (90-day mRS 3–6) 479/995 (48.1)
SICH 48/1003 (4.8)

90-day mortality 117/990 (11.8)
Values are n/total (%). Abbreviations: mRS modified Rankin Scale, SICH symptomatic intracranial hemorrhage.

3.3. Associations of Lipid Parameters with Poor Functional Outcome, SICH and Mortality

When evaluating the following relationships between lipid parameters and outcomes
measured, variables adjusted for in the multivariate model include gender, age, hyper-
tension, atrial fibrillation, large vessel occlusion, diabetes mellitus, admitting NIHSS and
admitting SBP.
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3.3.1. Poor Functional Outcome

Restricted cubic spline curves showed a ‘reverse tick’ relationship between LDL-C,
non-HDL-C and TC with poor functional outcome (Figure 2).

 
(A) (B) 

Figure 2. (A) Restricted Cubic Spline Curves relating Lipid Parameters with Poor Functional Outcome
(B) Restricted Cubic Spline Curves relating Lipid Parameters with SICH (C) Restricted Cubic Spline
Curves relating Lipid Parameters with Mortality.Abbreviations: LDL low-density lipoprotein choles-
terol, HDL high-density lipoprotein cholesterol, LDL/HDL low-density lipoprotein cholesterol/high-
density lipoprotein cholesterol ratio, SICH symptomatic intracranial hemorrhage.
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In multivariate analysis, Q1, Q2 and Q3 of HDL-C were significantly associated with
increased odds of poor functional outcome (adjOR 1.66, 95% CI 1.06–2.60, p = 0.028, adjOR
1.63, 95% CI 1.05–2.53, p = 0.027 and OR 1.56, 95% CI 1.01–2.44, p = 0.048 respectively) when
compared to Q4. Q2 and Q4 of LDL-C/HDL-C ratio were associated increased odds of poor
functional outcome (adjOR 1.56, 95% CI 1.02–2.41, p = 0.043, OR: 1.78, 95% CI 1.16–2.76,
p = 0.009 respectively) when compared to Q3 (Table 4).

Table 4. Association of Lipid Parameters with Poor Functional Outcome, SICH and Mortality.

Poor Functional Outcome (mRS 3–6)

Univariate Analysis Multivariate Analysis
OR 95% CI p-Value OR 95% CI p-Value

LDL-C:
Q1
Q2
Q3
Q4

2.18
1.19
1.00
1.0

1.52–3.12
0.83–1.70
0.70–1.43

-

<0.001
0.339
0.997

-

1.33
1.0
1.11
1.12

0.87–2.03
-

0.72–1.70
0.73–1.71

0.196
-

0.647
0.607

Non-HDL-C:
Q1
Q2
Q3
Q4

2.56
1.51
1.0

1.16

1.79–3.68
1.06–2.15

-
0.81–1.66

<0.001
0.024

-
0.421

1.30
1.05
1.0

1.19

0.84–2.03
0.69–1.62

-
0.78–1.83

0.241
0.809

-
0.416

TC:
Q1
Q2
Q3
Q4

2.38
1.37
1.0

1.08

1.66–3.42
0.96–1.95

-
0.76–1.54

<0.001
0.082

-
0.672

1.38
1.05
1.0

1.10

0.90–2.14
0.69–1.62

-
0.72–1.68

0.141
0.810

-
0.651

HDL-C:
Q1
Q2
Q3
Q4

1.09
1.09
1.0

1.04

0.77–1.56
0.76–1.54

-
0.72–1.49

0.626
0.646

-
0.839

1.66
1.63
1.56
1.0

1.06–2.60
1.05–2.53
1.01–2.44

-

0.028
0.027
0.048

-

LDL-C/HDL-C
Ratio:
Q1
Q2
Q3
Q4

2.31
2.00
1.0

1.39

1.61–3.32
1.40–2.87

-
0.98–2.00

<0.001
<0.001

-
0.069

1.27
1.56
1.0

1.78

0.81–1.97
1.02–2.41

-
1.16–2.76

0.294
0.043

-
0.009

Symptomatic Intracranial Hemorrhage (SICH)

Univariate Analysis Multivariate Analysis
OR 95% CI p-value OR 95% CI p-value

LDL-C:
Q1
Q2
Q3
Q4

2.37
1.62
1.0
2.10

0.99–6.27
0.63–4.48

-
0.86–5.63

0.062
0.324

-
0.115

1.84
1.41
1.0
2.22

0.71–5.37
0.52–4.21

-
0.85–6.47

0.227
0.514

-
0.117

Non-HDL-C:
Q1
Q2
Q3
Q4

3.59
3.88
1.0
3.93

1.27–12.80
1.38–13.75

-
1.40–13.93

0.026
0.017

-
0.016

3.19
4.28
1.0
5.17

0.99–14.30
1.36–18.90

-
1.64–22.81

0.078
0.025

-
0.011
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Table 4. Cont.

TC:
Q1
Q2
Q3
Q4

4.92
5.28
1.0
5.68

1.58–21.55
1.71–22.98

-
1.86–24.62

0.013
0.009

-
0.006

3.58
4.46
1.0
5.29

1.12–15.96
1.43–19.59

-
1.69–23.33

0.052
0.021

-
0.010

HDL-C:
Q1
Q2
Q3
Q4

1.0
2.82
1.82
2.68

-
1.15–7.93
0.67–5.43
1.07–7.63

-
0.032
0.253
0.045

1.0
3.07
2.08
2.26

-
1.23–8.75
0.74–6.34
0.85–6.74

-
0.022
0.173
0.116

LDL-C/HDL-C
Ratio:
Q1
Q2
Q3
Q4

2.23
1.40
1.0

1.54

0.97–5.54
0.56–3.67

-
0.62–3.99

0.068
0.479

-
0.355

1.49
1.07
1.0
1.55

0.63–3.83
0.41–2.89

-
0.61–4.14

0.378
0.897

-
0.367

Mortality

Univariate Analysis Multivariate Analysis
OR 95% CI p-value OR 95% CI p-value

LDL-C:
Q1
Q2
Q3
Q4

3.43
2.19
1.0

1.46

1.93–6.42
1.18–4.19

-
0.75–2.89

<0.001
0.015

-
0.272

2.57
2.28
1.0
1.96

1.27–5.57
1.10–5.02

-
0.89–4.49

0.011
0.032

-
0.101

Non-HDL-C:
Q1
Q2
Q3
Q4

2.25
1.94
1.0

1.01

1.29–4.03
1.10–3.51

-
0.53–1.94

0.005
0.025

-
0.968

1.06
1.55
1.0

1.10

0.54–2.14
0.79–3.14

-
0.53–2.34

0.669
0.204

-
0.744

TC:
Q1
Q2
Q3
Q4

2.60
1.65
1.0

1.08

1.50–4.63
0.92–3.02

-
0.57–2.05

<0.001
0.097

-
0.818

1.44
1.16
1.0

1.04

0.77–2.76
0.60–2.30

-
0.51–2.15

0.266
0.657

-
0.904

HDL-C:
Q1
Q2
Q3
Q4

1.19
1.36
1.0

1.16

0.67–2.11
0.78–2.38

-
0.65–2.07

0.553
0.280

-
0.623

1.16
1.38
1.10
1.0

0.62–2.21
0.75–2.55
0.57–2.10

-

0.639
0.296
0.784

-
LDL-C/HDL-C
Ratio:
Q1
Q2
Q3
Q4

2.28
2.27
1.0

1.06

1.29–4.15
1.29–4.13

-
0.55–2.06

0.005
0.006

-
0.857

1.55
2.51
1.0

1.46

0.80–3.14
1.30–5.05

-
0.68–3.17

0.204
0.008

-
0.338

Abbreviations: OR odds ratio, 95% CI 95% confidence interval, SICH symptomatic intracranial hemorrhage, mRS
modified Rankin Scale, Q1: first quartile, Q2: second quartile, Q3: third quartile and Q4: fourth quartile. LDL-C high-
density lipoprotein cholesterol, non-HDL-C non-high-density lipoprotein cholesterol, TC total cholesterol, HDL-C
high-density lipoprotein cholesterol. Variables adjusted for in multivariate analysis include gender, hypertension,
atrial fibrillation, large vessel occlusion, diabetes mellitus, age, admitting NIHSS and admitting SBP. The quartiles for
non-HDL-C were Q1: ≤2.7mmol/L, Q2: >2.7–3.43 mmol/L, Q3: >3.43–4.19mmol/L, Q4: >4.19mmol/L. The quar-
tiles for LDL-C were Q1: ≤2.18mmol/L; Q2: >2.18–2.86 mmol/L, Q3: >2.86–3.50 mmol/L, Q4: >3.50 mmol/L. The
quartiles for TC were Q1: ≤3.85mmol/L, Q2: >3.85–4.63mmol/L, Q3: >4.63–5.36mmol/L, Q4: >5.36mmol/L. The
quartiles for HDL-C were Q1: ≤0.95 mmol/L, Q2: >0.95–1.12 mmol/L, Q3: >1.12–1.32 mmol/L, Q4: >1.32 mmol/L.
The quartiles for LDL/HDL ratio were Q1: ≤1.84, Q2: >1.84–2.49, Q3: >2.49–3.30, Q4: ≥3.30.
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3.3.2. SICH

Restricted cubic spline curve showed a U-shaped association between non-HDL-C
and LDL-C with SICH. (Figure 2) The lipid parameters that had significant non-linear
relationships with SICH were non-HDL-C and TC. In multivariate analysis, Q2 and Q4
of non-HDL-C were significantly associated with SICH (adjOR 4.28, 95% CI 1.36–18.90,
p = 0.025 and adjOR 5.17, 95% CI 1.64–22.81, p = 0.011 respectively) when compared to Q3.
Similarly, Q2 and Q4 of TC were significantly associated with increased odds SICH (adjOR
4.46, 95% CI 1.43–19.59, p = 0.021 and adjOR 5.29, 95% CI 1.69–23.33, p = 0.010 respectively)
when compared to Q3. Q2 of HDL-C remained significantly associated with increased odds
of SICH (adjOR 3.07, 95% CI 1.23–8.75, p = 0.022) when compared to Q1 (Table 4).

3.3.3. 90-Day Mortality

Restricted cubic spline curves showed a ‘reverse tick’ relationship of LDL-C, non-HDL-
C and TC with mortality. (Figure 2) In multivariate analysis, Q1 and Q2 of LDL-C were
significantly associated with increased odds of mortality (adjOR 2.57, 95% CI 1.27–5.57,
p = 0.011 and adjOR 2.28, 95% CI 1.10–5.02, p = 0.032) when compared to Q3. Q2 of LDL-
C/HDL-C was associated with increased odds of mortality (adjOR 2.51, 95% CI 1.30–5.05,
p = 0.008) when compared to Q3. No significant associations were found to relate non-
HDL-C, TC and HDL-C with mortality on multivariate analysis (Table 4). Results of logistic
regressions that adjusted for age and gender only, and age, gender, admitting NIHSS and
LVO, are illustrated in the Supplementary Material (Tables S4 and S5).

4. Discussion

It was found that firstly, low HDL-C was associated with poor functional outcome,
and secondly, a U-shaped relationship was found between non-HDL-C and SICH. Finally,
low LDL-C was also found to be associated with increased mortality.

4.1. Lipid Parameters and Functional Neurological Outcome

We found that high HDL-C tended to be protective against poor functional outcome.
This corroborates with a past Japanese study that found higher HDL-C and increased odds
of favourable functional outcome after tPA thrombolysis [15]. This can be explained by
how HDL reduces neuronal injury after ischemic stroke, possibly through anti-oxidative or
anti-inflammatory pathways [16]. By suppressing inflammatory responses, HDL-C could
promote neurological recovery because inflammatory cells and responses like neutrophils
and neutrophil accumulation have been shown to cause poorer neurological outcome [17].
Next, our study found that the relationship between LDL-C/HDL-C and functional out-
come may be non-linear, expanding on a previous Chinese study of 763 AIS patients treated
with tPA, that demonstrated a LDL-C/HDL-C ratio cut-off of <2.71 was associated with
higher risk of poor outcome [18]. Higher LDL-C/HDL-C was also found to be protective
against mRS >2 at 3 months [19]. However, the relationship between LDL-C/HDL-C and
functional outcome after ischemic stroke thrombolysis continues to be inconclusive.

4.2. Lipid Parameters and SICH

When investigating relationships with SICH, we found a U-shaped and non-linear rela-
tionship of non-HDL-C and TC with SICH respectively. Previously, a Chinese study found
that lower non-HDL-C resulted in greater risk of hemorrhagic transformation [5], but other
studies were unable to validate this association [3,20]. Conclusions on associations between
TC and SICH were also varied [21,22]. Our finding of a U-shaped relationship between
non-HDL-C and SICH where increased risk of SICH occurs at either moderately low or high
non-HDL concentrations could explain the discrepancy in prior studies’ results. Postulated
mechanisms include how low cholesterol reflects poor general health and undernourish-
ment that predisposes individuals to hemorrhagic transformation unrelated to cholesterol
pathways [23]. High non-HDL-C could increase risk of SICH through the development of
arterial stiffness, which independently increases the risk of hemorrhagic transformation in
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thrombolysis-treated stroke patients [24]. Next, some studies have suggested a correlation
between lower LDL-C and increased SICH risk [25,26]. In our study, non-HDL-C, but
not LDL-C, was significantly associated with SICH. This is a surprising finding because
LDL-C is a major component of non-HDL-C. However, other lipoproteins which contribute
to non-HDL-C, such as very-low-density lipoproteins, intermediate-density lipoproteins
and lipoprotein(a) could affect SICH occurrence. For instance, lipoprotein(a) was found to
reduce bleeding risk in the brain due to its hemostatic properties [27]. Past studies have
also demonstrated significant differences in the predictive ability of non-HDL-C and LDL-C
on major adverse cardiac events (MACE) [28], reinstating the different roles of non-HDL-C
and LDL-C in cardiovascular and cerebrovascular events.

4.3. LDL-C and Mortality

Our study found low LDL-C was significantly associated with increased odds of 90-day
all-cause mortality after multivariate adjustment. This association has also been previously
suggested outside of stroke—in a systematic review involving 68094 elderly patients, an
inverse association between LDL-C and all-cause mortality was found, hypothesized by
how low LDL-C increased vulnerability to fatal illnesses [29]. In our study, patients with low
LDL-C had more comorbidities, (Table S3) which likely increased mortality predisposition.
Hence, it was proposed that low LDL-C is an indirect indicator of severe illness rather than
the cause of increased mortality [30]. Another explanation, although speculative, is the
interaction between low LDL-C with dysbiosis and changes to bile acid metabolism that
eventually leads to mortality [31]. The finding of low LDL-C increasing mortality may
also be attributed to AIS patients without prior statin use, supported by Cheng et al. who
found that low LDL-C was associated with higher mortality rates in statin-naïve acute
ischemic stroke [32]. This finding is therefore generalized without comparison between
statin, non-statin or proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitor use.

4.4. Analysis of Lipid Parameters with LAA Subtype

This study also found that LDL-C, non-HDL-C, HDL-C and LDL-C/HDL-C were
significantly associated with LAA after multivariate adjustment. Previous studies found
elevated LDL-C a risk factor for atherothrombotic infarct, and LDL-C higher in LAA than
other stroke subtypes [33,34]. Our finding of high LDL-C and increased odds of LAA can
be explained by LDL-C’s association with intracranial and extracranial stenosis [35]. Next,
our study found that higher HDL-C may be more desirable than moderate HDL-C levels
in protection against LAA, reasoned by how HDL-C increases LDL-C reverse transport,
delivers antioxidants to LDL-C and decreases susceptibility of LDL-C to oxidation in
endothelium, slowing the process of atherosclerosis [36]. Lastly, our finding of high
LDL-C/HDL-C ratio and association with increased odds of LAA can be explained by
the atherogenicity of LDL-C and atheroprotection by HDL-C, supporting the previous
finding of LDL-C/HDL-C ratio and its association with increased intima-media thickness,
a measure of subclinical atherosclerosis [37]. Thus, high LDL-C/HDL-C ratio may be a
useful indicator of atherosclerosis to help identify patients at higher risk of LAA stroke.

5. Strengths and Limitations

Our study is a comprehensive report detailing associations of selected lipid parameters
with post-thrombolysis outcomes, representing a relatively large cohort size (1004 patients
analysed) compared to previous thrombolysis studies. However, this study was a single
institution retrospective cohort study that solely evaluated intravenous thrombolysis pa-
tients. This may limit the generalisability of results to other cohorts, warranting more
prospective studies on lipid parameters and ischemic stroke outcomes. We would like to
acknowledge the possibility of Type I error in the multivariate analyses in which significant
associations may no longer hold true after Bonferroni correction. Excessive correction
of statistical level of significance may also increase the likelihood of Type II error as a
trade-off to reduce Type I error, which may increase false negatives. The multivariate
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relationship between HDL-C and poor functional outcome is to be interpreted with caution
as no significant relationship was found on univariate analysis, in which the possible
reasons can be explained statistically by Lo et al. and Wang et al. [38,39]. Hence further
studies in this area are required to confirm this association. Our study did not distinguish
statin and non-statin users or evaluated use of other lipid-lowering agents, nor compare
antithrombotic drug use which could theoretically affect SICH risk. Comorbidities like
chronic kidney disease could be a confounder that should be explored in future studies.
We would suggest future studies compare ischemic stroke outcomes between intravenous
thrombolysis, intra-arterial thrombolysis and mechanical thrombectomy cohorts, and eval-
uate the role of other non-traditional lipid measures like TG/HDL-C and TC/HDL-C ratio
in these treatment options.

6. Conclusions

In AIS patients who received IV tPA, low LDL-C was associated with increased odds
of mortality while HDL-C may be protective against poor functional outcome.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11237148/s1: Table S1: Baseline Characteristics of LAA vs.
non-LAA Stroke Mechanisms; Table S2: Stroke Outcomes of LAA vs. non-LAA Mechanisms; Table S3:
Baseline Characteristics of Study Population by LDL-C Quartiles; Table S4: Association of Lipid
Parameters with Poor Functional Outcome, SICH and Mortality (Adjustment for Age and Gender
only); Table S5: Association of Lipid Parameters with Poor Functional Outcome, SICH and Mortality
(Adjustment for Age, Gender, Admitting NIHSS and Large Vessel Occlusion).
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Abstract: Upper extremity dysfunction after stroke affects quality of life. Focusing on the shoulder
joint, we investigated the safety and effectiveness of rehabilitation using a shoulder joint hybrid
assistive limb (HAL). Eight patients with chronic stroke and upper extremity functional disability
were enrolled and used a shoulder joint HAL, which assisted shoulder movement based on the user’s
intention, through myoelectric activation of the shoulder flexor. Ten training sessions of 30–40 min
each were performed to assist voluntary movement of upper limb elevation on the affected side
through triggering the deltoid muscle. All patients completed the interventions without shoulder
pain. Surface electromyography evaluation indicated post-intervention improvement in coordinated
movement of the affected upper extremity. Significant improvements in voluntary and passive
shoulder joint range of motion were obtained after the intervention, suggesting improvement in
shoulder muscle strength. A significant decrease in the modified Ashworth scale and improvements
in functional scores in the upper limb were also observed. Along with safe use for our study patients,
the shoulder HAL provided appropriate motor learning benefits. Improvements in shoulder joint
function and whole upper limb function were observed, suggesting that HAL could be an optimal
treatment method.

Keywords: hybrid assistive limb (HAL); shoulder; rehabilitation; robotic rehabilitation; stroke; upper
limb impairment

1. Introduction

Upper extremity dysfunction due to stroke significantly affects activities of daily living,
influencing quality of life [1]. It has been reported that approximately 50% of patients
with stroke continue to experience upper limb dysfunction six months after stroke onset,
and approximately 60% of those with severe or complete paralysis are unable to perform
any movement with their affected limbs [2–4]. Recent advances in imaging examinations,
such as functional magnetic resonance imaging and near-infrared spectroscopy, have
shown that brain plasticity or reorganization can be expected after stroke. Recently, robotic
rehabilitation has emerged as a training method to improve patients’ limb dysfunction
post-stroke [5,6]. The hybrid assistive limb (HAL) is an exoskeletal robot that controls and
assists movements based on bioelectrical activity generated through voluntary movements.
By means of generating feedback to the central nervous system, it has been hypothesized
that this device stimulates functional recovery through inducing plasticity in the impaired
central nervous system [7]. There are four types of HAL, namely, lower limb, single joint
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(for elbow and knee joints), and lumbar types. One study that used a single joint HAL for
the elbows reported improvements in upper limb motor function in patients with stroke [8].
Focusing on shoulder dysfunction after stroke, we previously conducted training using a
shoulder joint HAL developed by our research group in patients with stroke. Furthermore,
we published a case report showing that this training could be performed safely, while
improving shoulder joint function and coordinated movements of the upper limb on
the affected side [9]. Rehabilitation therapy focusing on the shoulder joint is extremely
important, as improving shoulder joint function not only improves activities of daily living,
such as changing clothes, but also ameliorates distal control of the upper extremity and
prevents shoulder pain [10–12]. In this study, we aimed to determine the utility of shoulder
joint HAL training applied in eight patients with chronic stroke and moderate-to-severe
upper limb dysfunction.

2. Materials and Methods

2.1. Patients

Eight patients (six males, two females) were enrolled in this study. Patients’ clinical
data are shown in Table 1. The mean patient age (± standard deviation) was
68.4 ± 8.38 (range, 53–84) years. The mean time from stroke onset was 5.86 ± 6.40 (range,
0.93–19.7) years. All patients showed moderate-to-severe hemiplegia with a shoulder
flexion manual muscle test (MMT) score of ≤2. Their grip power was <50% on the affected
side compared with the unaffected upper limb and three patients were unable to complete
grip dynamometer measurements. In Patient 8, bilateral grip power measurements could
not be measured as the unaffected upper limb had been amputated at the hand level due
to trauma in childhood. This study was conducted in accordance with the Declaration of
Helsinki, with approval from the Ethics Committee of the Tsukuba University Faculty of
Medicine (approval no.: TCRB18-38). All patients provided written informed consent for
participation and publication, including the use of any accompanying images.

Table 1. Patient characteristics.

Number Age Sex Disease Side
From Onset
(Year)

Shoulder MMT Grip Strength (kg)

Affected
Side

Unaffected
Side

Affected
Side

Unaffected
Side

1 53 Female SAH Rt 1.98 2 5 0 17.8
2 84 Male ICH Rt 8.24 2 5 8.1 31.3
3 67 Male CI Lt 0.93 2 5 9.7 26.3
4 68 Male ICH Rt 8.65 2 5 0 33.4
5 71 Male CI Lt 1.60 2 5 6.7 30.3
6 68 Male CI Lt 4.57 2 5 15.7 35.1
7 67 Male ICH Lt 1.20 2 5 11 27.5
8 69 Female CI Lt 19.7 2 5 0 -

CI, cerebral infarction; ICH, intracranial hemorrhage; Lt, left; MMT, manual muscle testing; Rt, right; SAH,
subarachnoid hemorrhage.

2.2. HAL Intervention

We set up the single-joint HAL in accordance with previous studies [5,6]. In brief,
the proximal section of the HAL was fixed to a tripod using an attachment, and the distal
section was fitted to the patient’s upper arm with a belt for the elbow joint, which was
attached to the HAL (Figure 1a). The elbow was extended to its full range of motion (ROM);
the forearm was placed in a slightly externally rotated position to prevent external rotation
of the humerus and was immobilized near the wrist joint using a splint and bandage
(Figure 1b). Flexion electrodes were placed on the skin of the anterior deltoid fibers and
triggered for upper limb elevation. Instead of using the electrodes as triggers, relaxation of
the shoulder flexor muscle and gravity functioned to trigger extension. The ground was
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placed on the bone touching the site where the bone was palpable, without interfering with
the surface electromyography device.

(a) (b)

Figure 1. Images of the shoulder joint HAL device. (a) Single-joint HAL fixed to a tripod with
attachments, (b) shoulder joint HAL fixed with splints and an elastic bandage. HAL, hybrid
assistive limb.

The upper limb raising angle during training was measured prior to fitting the HAL,
and the shoulder joint ROM was initiated at approximately 20◦ less than the ROM at
the shoulder joint and then gradually increased while observing the training condition.
Two methods were used to adjust the actual angle: (i) adjustment of the HAL, and
(ii) adjustment using a tripod attachment. The HAL angle could be adjusted from 0◦
to 120◦, and was used for adjustment. When the HAL assist angle of 120◦ was considered to
be insufficient, a further increase in the angle of elevation was obtained through changing
the tilt of the HAL itself using a tripod attachment.

All eight patients who participated in the study underwent a total of 10 HAL train-
ing sessions, with each session lasting 30–40 min, with at least one week between each
intervention. The actual training time for upper extremity raising was approximately
20–30 min, including breaks, after approximately 5–20 min for electrode preparation and
HAL placement and removal.

During training, a therapist stabilized the medial side of the patients’ forearms to
avoid excessive internal rotation or flexion of the upper limbs during the raising of the
upper limbs. The direction of upper limb elevation was evaluated while observing the
raising of the scapular plane, which needs to be considered to prevent excessive interference
between the humerus and scapula (Figure 2). The pace of each exercise was set so that
patients could fully extend their arms one at a time to avoid vigorous raising and then
repeat raising the upper arm.

Figure 2. Images showing scapular elevation.
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Upper extremity elevation at a 30–45◦ angle between the line connecting the bilateral
acromion and the line connecting the acromion to the elbow joint is optimal to avoid
interference between the scapula and humerus.

2.3. Assessments
2.3.1. Safety

Medical interviews and situational examinations were conducted to assess all partic-
ipants for adverse symptoms, such as shoulder pain, occurrence of additional physical
dysfunction, and the presence of serious adverse events. Serious adverse events were
defined as any undesirable medical event that occurred while wearing the HAL or during
the training period, or when at home, which required hospitalization for treatment or
resulted in permanent or significant disability or dysfunction.

2.3.2. Efficacy

Evaluations were conducted one week prior to the start of training and one week
following the end of training.

Shoulder Joint Function

Shoulder joint ROM during voluntary and passive shoulder flexion was assessed to
evaluate the shoulder joint function on the affected side, and a manual muscle test (MMT)
was performed to evaluate muscle strength during shoulder flexion.

Surface Electromyography

Wireless surface electromyography devices were placed on the trapezius, deltoid,
infraspinatus, pectoralis major, biceps brachii, and triceps brachii muscles of the impaired
side, and the Trigo™ Lab wireless surface electromyography system (Delsys Inc., Boston,
MA, USA) was used to evaluate muscle activity before and during HAL training, while
raising the upper limb of the affected side. The obtained values were band-pass filtered
(30–400 Hz), rectified and integrated over a 50 ms local time window, and divided into
cycles of repeated upper limb raising exercises, after which the average activity pattern
per cycle without and with HAL was obtained. We subsequently compared the activity
patterns of each muscle with and without HAL at the first and tenth intervention sessions
according to the peak of the averaged patterns, respectively.

Motion Analysis

An optical three-dimensional motion analyzer (MX System, Vicon Motion Systems
Ltd., Oxford, UK) was used to analyze motion during elevation of the upper limb on the
affected side. Surface markers were placed on the spinous processes of C7 and T10, at the
shoulder peak and the lateral epicondyle of the humerus. The trunk axis was defined as
the line from C7 to T10, and the humeral axis was defined as the line from the shoulder
peak to the lateral epicondyle of the humerus. The angle between these axes was calculated
and detected as the angular velocity based on the time from the drooped position to the
point of maximum reach.

Upper Limb Function and Activity

The upper limb function on the affected side was evaluated using the sum of modified
Ashworth scale (MAS) scores in the affected upper limb (range, 0–28; shoulder flexion,
elbow flexion, extension forearm rotation and extraversion, and wrist flexion and extension),
and Fugl Meyer assessment—upper extremity (FMA-UE), action research arm test (ARAT),
and box and block test (BBT) scores. Grip strength in the sitting position was measured
to indicate hand function. A digital measuring device capable of measuring at ≥5 kg was
used and, if measurement was not possible, the evaluation was performed at 0 kg.
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2.4. Statistical Analysis

All data are presented as mean ± standard deviation. A Wilcoxon signed rank test was
applied to examine shoulder joint ROM, MAS scores, upper limb function scores (FMA-
UE, ARAT, BBT), and surface electromyography (EMG) data in each muscle. Statistical
significance was set at 5%. JMP ver. 17.0.0 software was used for all statistical analyses.

3. Results

3.1. Safety

All patients performed the 10 shoulder HAL training interventions without any
apparent adverse events, including shoulder pain. The mean duration of the 10 motion
training sessions was 112 ± 33.7 days (77–168 days). The average time of shoulder joint
elevation per training session was 156.1 ± 31.4 min; the average time of the first training
session was 93.1 ± 34.4 min, and the average time of the tenth training session was
196.3 ± 40.3 min.

3.2. Efficacy
3.2.1. Shoulder Joint Function

The results for shoulder joint ROM pre- and post-intervention are shown in Figure 3.
Pre-intervention, voluntary shoulder joint ROM measurements were: flexion,
60.0◦ ± 11.6◦; abduction, 64.4◦ ± 13.2◦; and 69.4◦ ± 14.5◦ of scapular plane movement, and
passive ROM measurements were: flexion, 106.3◦ ± 18.7◦; abduction, 93.8◦ ± 12.5◦, and
108.8◦ ± 16.2◦ of scapular plane movement. Post-intervention, voluntary shoulder joint
ROM measurements were: flexion, 85.6◦ ± 15.0◦ (p = 0.008); abduction, 77.5◦ ± 12.5◦
(p = 0.008); and 87.5◦ ± 12.5◦ of scapular plane movement (p = 0.047). Passive shoulder joint
ROM measurements were: flexion, 118.1◦ ± 14.9◦ (p = 0.008); abduction, 105.0◦ ± 18.1◦
(p = 0.031); and 118.8◦ ± 13.4◦ (p = 0.047) of scapular plane movement. All parameters
showed significant improvement compared with pre-intervention measurements.

(a) (b)

Figure 3. Shoulder joint ROM pre- and post-intervention. (a) Voluntary shoulder joint range of
motion pre- and post-intervention, (b) passive shoulder joint ROM pre- and post-intervention.
* Indicates p < 0.05. ROM, range of motion.

Pre-intervention, all eight patients had an MMT score of 2 for both flexion movements.
Post-intervention, two patients showed improvement, with flexion scores improving to 4
in Patients 1 and 5.

3.2.2. Surface Electromyography

The results of surface EMG before and during the initial training with and without
HAL are shown in Figure 4. We compared surface EMG findings during initial upper
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extremity raising of the affected side with and without HAL. These showed a significant
decrease in mean activity in the deltoid muscle from 8.77 × 10−5 ± 4.04 × 10−5 without
HAL to 6.34 × 10−5 ± 3.75 × 10−5 when wearing HAL. No significant changes were
observed in the other muscles.

Figure 4. Comparison of surface EMG activity during upper limb raising before and after HAL
application in the first training intervention. * p < 0.05. HAL, hybrid assistive limb.

The surface EMG findings before and during HAL application at the tenth training
session are shown in Figure 5. We compared surface EMG findings during raising the
affected upper limb with and without HAL at the tenth session. These showed that mean
activity significantly decreased from 8.98 × 10−5 ± 3.79 × 10−5 without HAL in the deltoid
muscle to 4.88 × 10−5 ± 2.45 × 10−5 when wearing HAL (p = 0.016). Furthermore, a
significant decrease from 2.21 × 10−4 ± 2.31 × 10−4 to 1.37 × 10−4 ± 1.56 × 10−4 was
observed in the trapezius muscle (p = 0.008) and a decrease from 3.62 × 10−5 ± 2.29 × 10−5

to 2.29 × 10−5 ± 1.70 × 10−5 in the infraspinatus muscle (p = 0.039) when wearing HAL
compared with not wearing HAL, respectively.

Figure 5. Comparison of surface EMG activity during upper limb raising before and after HAL
application in the tenth training intervention session. * p < 0.05. HAL, hybrid assistive limb.

A significant decrease was observed in the deltoid muscle activity when wearing the
HAL compared with prior to wearing the HAL, with no significant change observed in
other muscles.

There was a significant decrease in the deltoid, trapezius, and infraspinatus muscle ac-
tivity when wearing the HAL compared with prior to wearing the HAL, with no significant
change noted in the other muscles.
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3.2.3. Motion Analysis

The maximum angular velocity during upper extremity elevation pre- and post-
intervention showed a significant improvement in angle degree per second from
102.2 ± 41.6 to 140.7 ± 46.8 (p = 0.039) in flexion and from 104.9 ± 50.5 to 140.5 ± 45.3
(p = 0.023) in the scapular plane (Figure 6). We showed upper extremity elevation in
Movies S1 and S2.

Figure 6. Motion analysis of raising the affected side of the upper limb in the standing position
without HAL. * p < 0.05. HAL, hybrid assistive limb.

The maximum angular velocity during flexion and scapular elevation was significantly
improved post-intervention compared with pre-intervention.

3.2.4. Upper Limb Function and Activity

The total MAS score in the upper limb showed a significant decrease from 9.1 ± 2.3
pre-intervention to 5.4 ± 2.9 post-intervention (p = 0.008). The results of FMA-UE test pre-
and post-intervention are shown in Figure 7. The pre-intervention FMA-UE score was
29.9 ± 11.1, which significantly improved to 35.5 ± 12.1 post-intervention (p = 0.016).

(a) (b)

Figure 7. Comparison of MAS (a) and FMA-UE (b) scores pre- and post-intervention. * p > 0.05.
FMA-UE, Fugl Meyer assessment upper extreme; MAS, modified Ashworth scale. Both MAS and
FMA-UE scores significantly improved post-intervention.
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The results of ARAT and BBT scores pre- and post-intervention are shown in
Figure 8. Pre-intervention, the ARAT score was 11.5 ± 12.7, which significantly improved to
16.25 ± 14.6 post-intervention (p = 0.016). Pre-intervention, the BBT score was 7.8 ± 14.9, which
improved to 9.9 ± 14.2 post-intervention but without statistical significance
(p = 0.125). Three of eight patients had hand function difficulties, and their BBT scores were
0 both pre- and post-intervention.

(a) (b)

Figure 8. Comparison of ARAT (a) and BBT (b) scores pre- and post-intervention. * p < 0.05. ARAT,
action research arm test; BBT, box and block test.

Post-intervention grip strength did not improve significantly; however, two of the
three patients who had pre-intervention difficulty achieving a measurement could achieve
a post-intervention measurement, with Patient 1 improving grip strength to 7.4 kg and
Patient 4 improving grip strength to 9 kg.

4. Discussion

In this study, we aimed to test the safety and effectiveness of a shoulder joint HAL
through using HAL to treat patients with stroke and moderate-to-severe upper limb
dysfunction. In all eight patients, we observed shoulder joint contracture and muscle
weakness on the affected side but training the upper limb to rise using the shoulder joint
HAL could be performed safely without shoulder pain. Due to its instability, the shoulder
joint is prone to shoulder pain when an upper limb is affected and, once hemiplegic shoulder
joint pain develops, it is challenging to resolve and can significantly affect patient’s quality
of life [2,13]. Therefore, in conventional training, avoiding shoulder flexion beyond 90◦
is recommended to prevent shoulder pain [14,15]. Our study findings indicate that this
technique can be safely performed if the shoulder MMT score is maintained at a muscle
strength of at least 2, even if a relatively severe limitation in shoulder joint ROM is observed.

Limb dysfunction after stroke is problematic, not only in terms of muscle weakness,
but also in terms of coordinated muscle movements. HAL treatment has the possibility of
improving coordination through motor learning [16]. We have also used HAL for elbow
extension training for patients with spastic cerebral palsy, with a focus on achieving elbow
flexor and extensor movement separately. Coactivity between biceps and triceps brachii
decreased following HAL sessions and active elbow extension improved [17]. Previously,
we published reports showing improved coordinated movement in a patient with chronic
stroke and in patients after C5 palsy [9,18,19].

In this study concerning evaluation of shoulder joint ROM, surface EMG played a cen-
tral role in motion analysis. The shoulder joint has a high degree of freedom, accompanied
with various types of muscle movement. Previous studies have utilized different methods
to analyze shoulder movements. Tigrini et al. evaluated motion intention through pattern
recognition methods in relation to upper limb surface EMG [20,21]. Rivela et al. evaluated
the surface EMG of trunk muscles other than upper limb muscles [22,23]. Additionally,
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several studies examined patients with shoulder disarticulation, focusing on the shoulder
joint itself [23–25]. In our study, we selected the trunk muscles, including the trapezius,
deltoid, infraspinatus, and pectoralis major muscles as well as upper limb muscles, such as
biceps brachii and triceps brachii muscles, to evaluate surface EMG with and without HAL,
based on previous studies [17,18,26].

Surface EMG findings showed co-activation of the trapezius, infraspinatus, and deltoid
muscles when the upper limb was raised without the HAL in both the first and tenth
sessions. In contrast, during the initial upper limb raising with HAL, only the deltoid
muscles showed a decrease in activation. However, during the tenth training session, a
significant decrease in activation was observed in the trapezius and infraspinatus muscles
compared with upper limb raising without HAL, suggesting reduced co-activation of
these muscles during upper limb raising with HAL. In a previous report [26], in which
healthy participants performed upper limb raising with HAL, there was more contraction
of the deltoid, trapezius, and infraspinatus muscles with HAL than without. These results
suggest that HAL treatment for the shoulder joint in the present study improved muscle
coordination during upper limb raising, and that treatment using the shoulder HAL for
patients with chronic stroke and upper limb dysfunction may have the same motor learning
effect as shown in previous reports [9,16–19]. Post-intervention, our study patients also
showed improvement in muscle tone of the entire upper extremity, which we consider also
contributed to improvement in coordinated movement.

To evaluate efficacy, patients in the chronic phase six months after stroke onset were
included to exclude recovery of function and movement due to natural progression after
stroke [27]. After shoulder HAL intervention, both voluntary and passive shoulder joint
ROM significantly improved, and motion analysis showed that the patients were able to
raise the affected upper extremity higher and more quickly, suggesting improved peri-
shoulder muscle strength. The MMT is only a reference evaluation, as it is affected by
automatic ROM as well as by muscle strength; however, two of eight patients showed
improvement (from 2 to 4), which suggested an improvement in muscle strength. Tests
to assess upper extremity function and movement, namely, the FMA and ARAT, also
showed significant score improvement post-intervention, which indicates that there was
improvement in the upper limb as a whole, along with improved shoulder joint function.
Moreover, two of eight patients showed improvements in grip strength, which they had
been unable to perform pre-intervention, indicating an improvement in hand function.
Overall, our results show that shoulder HAL is a safe and effective treatment for patients
with chronic stroke and moderate-to-severe upper limb dysfunction.

Limitations

The limitations of this study are as follows. First, to be cautious and to closely monitor
the development of shoulder pain, this intervention was performed 10 times with at least
one week between each intervention. Therefore, the 10 interventions were completed in an
average of 112 days, resulting in a low intervention frequency. Second, the intervention
targeted patients in the chronic phase to remove the influence of spontaneous recovery after
stroke and an average of 5.86 years had passed from stroke onset to intervention. Third, the
study environment was not conducive to effective rehabilitation for patients with stroke, as
rehabilitation after stroke is more effective when undertaken at a shorter time from stroke
onset and the amount of rehabilitation is more effective when performed 5–7 days per
week [28]. Therefore, it is necessary to consider when and how to perform shoulder HAL
treatment in future, as training may be more effective if intervention studies are conducted
earlier and more frequently. Finally, when selecting our study patients, we focused on
shoulder joint function only. As such, pre-intervention grip strength measurements could
not be achieved in three of eight patients and hand function was often sub-optimal in
the other patients. Upper limb movement is effective only when the patient can perform
“grip and release” and “pinch and release” hand movements, in addition to reaching
movements of the shoulder and elbow joints, and ARAT and BBT evaluations are based on
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this assumption [29,30]. Upper limb dysfunction after stroke varies from patient to patient,
and it is important to decide which training should be administered to which patients [31].
Our study results suggest that HAL can improve shoulder joint function and also improve
upper limb function and movement.

5. Conclusions

We used shoulder joint elevation training using a single-joint HAL in eight patients
with chronic stroke and moderate-to-severe upper limb dysfunction. Shoulder joint ROM
improved, suggesting an increase in muscle output of the peri-articular muscles of the
shoulder joint. In addition, improvements in muscle tone of the entire upper limb were
observed, and significant improvements in FMA-UE and ARAT scores were also obtained,
indicating improvements in function and movement of the affected upper limb. These
findings suggest that the shoulder HAL may be an effective rehabilitation strategy for
upper limb dysfunction after stroke.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm12031215/s1. Movie S1. Elevation of the affected side of the upper
limb with shoulder flexion pre-intervention in Patient 5. Movie S2. Elevation of the affected side of
the upper limb with shoulder flexion post-intervention in Patient 5.
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Abstract: Background: There remains uncertainty regarding optimal definitive management for
malignant posterior circulation infarcts (MPCI). While guidelines recommend neurosurgery for
malignant cerebellar infarcts that are refractory to medical therapy, concerns exist about the functional
outcome and quality of life after decompressive surgery. Objective: This study aims to evaluate the
outcomes of surgical intervention compared to medical therapy in MPCI. Methods: In this systematic
review, MEDLINE, Embase and Cochrane databases were searched from inception until 2 April
2021. Studies were included if they involved posterior circulation strokes treated with neurosurgical
intervention and reported mortality and functional outcome data. Data were collected according
to PRISMA guidelines. Results: The search yielded 6677 studies, of which 31 studies (comprising
723 patients) were included for analysis. From the included studies, we found that surgical therapy
led to significant differences in mortality and functional outcomes in patients with severe disease.
Neurological decline and radiological criteria were often used to decide the timing for surgical
intervention, as there is currently limited evidence for preventative neurosurgery. There is also
limited evidence for the superiority of one surgical modality over another. Conclusion: For patients
with MPCI who are clinically stable at the time of presentation, in terms of mortality and functional
outcome, surgical therapy appears to be equivocal to medical therapy. Reliable evidence is lacking,
and further prospective studies are rendered.

Keywords: stroke; posterior circulation; neurosurgery; medical therapy

1. Introduction

Stroke has become increasingly prevalent, with the mean global lifetime risk of stroke
increasing from 22.8% in 1990 to 24.9% in 2016 [1]. Ischemic strokes account for approxi-
mately 80% of all strokes, 20% of which are posterior circulation strokes that involve the
vertebral arteries, basilar artery, posterior cerebral arteries and their branches [2,3].

Posterior circulation strokes tend to have a worse prognosis than their anterior cir-
culation counterparts, and this is partly due to the important structures located there
and partly due to the difficulty in diagnosis that results in longer onset-to-door time [4].
The presentation is oftentimes non-specific, with dizziness, vertigo and vomiting as the
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only symptoms [5]. In addition, as compared to the anterior cranial fossa, the smaller
confines of the posterior fossa rapidly lead to mass effect, brainstem compression and
increased mortality.

In extensive posterior circulation infarcts, mass effect with brainstem and fourth
ventricle compression, hydrocephalus and brainstem herniation can occur [3]. Medical
management for this includes osmotic therapy and other ancillary measures, such as
elevating the head of the bed, hypothermia, barbiturates and corticosteroids [5]. However,
these are typically temporising measures until the resolution of the mass effect occurs or
there is definitive decompressive surgical treatment [5]. Neurosurgical therapy for MPCI
includes extraventricular drainage (EVD), suboccipital decompressive craniectomy (SDC),
SDC with necrosectomy and SDC with EVD.

There is evidence for early decompressive surgery in anterior circulation malignant
middle cerebral artery infarcts [6,7]; however, evidence in MPCI is limited and warrants
further review. While the American Heart Association/American Stroke Association
guidelines recommend craniectomy in those with MPCI that are refractory to medical
therapy [5], the evidence for this is sparse [8], as there are no randomized controlled trials
on posterior circulation strokes and existing meta-analysis on this topic does not include the
latest published data [9–11]. To date, effective and sustaining conservative treatments for
malignant posterior infarcts are widely in practice. Surgery is currently the mainstay for the
rapid decompression of the posterior fossa such that any viable brain cells can be preserved
timely, especially for patients with MPCI who are unstable. However, there is another
group of MPCI patients who are relatively more stable but with the risk of deterioration
that can be managed conservatively.

This paper aims to provide a narrative review of the surgical interventions against
medical therapy for the treatment of MPCI in patients who are relatively stable and to
investigate the optimal type and timing of neurosurgical interventions for MPCI.

2. Methods

The conduct and reporting of this study adhere to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [12]. The study proto-
col has been published in the International Prospective Register of Systematic Reviews
(PROSPERO, CRD42021247737).

2.1. Search Strategy

The following databases, MEDLINE, EMBASE and the Cochrane Library, were searched
from inception until 2 April 2021 using a search strategy designed in conjunction with a
medical information specialist (Medical Library, National University of Singapore). The
MEDLINE search used keywords synonymous with “ischemic stroke”, “cerebellar infarc-
tion”, “posterior cerebral infarction”, “vertebral infarction”, “basilar infarction”, “occipital
infarction”, “cerebral infarction”, “craniotomy”, “craniectomy”, “surgical decompression”,
“ventriculostomy” and “ventriculoperitoneal shunt”. The detailed search strategy is avail-
able in Supplementary Table S1. References of included studies and grey literature sources,
such as Google Scholar, were also hand-searched.

2.2. Inclusion and Exclusion Criteria

Studies were included if they involved patients with acute ischemic stroke involving
the posterior circulation who later underwent neurosurgical intervention. Neurosurgical
intervention was defined as any combination of ventriculostomy, cerebral shunting, ven-
tricular drains, craniotomy or craniectomy, with or without necrosectomy. Randomized
controlled trials, observational studies and case series with sufficient death and functional
outcome data were included.

The following study designs were excluded: non-English studies without an accompa-
nying English translation, conference abstracts, review articles, pre-clinical studies, studies
involving paediatric populations, studies involving participants who only suffered from
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haemorrhagic stroke and studies where the indication for neurosurgery was only after
medical therapy had failed.

2.3. Study Selection

Screening was conducted through Covidence (Melbourne, VIC, Australia), an online
systematic review tool recommended by Cochrane. The studies were reviewed indepen-
dently by two authors (N.A. Lim and H.Y. Lin) through two rounds of screening using
their titles/abstracts and full texts. Disagreements were resolved through consensus.

2.4. Data Extraction

The following information was independently extracted from each article: author-
ship, year of publication, journal, country, hospital, study design, study period and aims.
The following patient demographical data were extracted: number of participants, sex
and age. Data on the following comorbidities were extracted: hypertension, hyperlipi-
demia, atrial fibrillation and cardiac data (myocardial infarction, coronary artery disease,
congestive heart failure, ischemic heart disease and coronary disease). Pre-intervention
parameters were collected, namely bilateral stroke, hydrocephalus, time from symptom
onset to neurosurgical intervention and Glasgow Coma Scale (GCS) at admission and
pre-operatively.

Post-intervention findings such as the following were also collected: GCS, Glasgow
Outcome Scale (GOS), mRS and number of deaths. Death was defined as 1 and 6 on the
GOS and mRS, respectively, or extracted from the text. Deaths at all reported time points
were included, which ranged from time of discharge to 57.6 months [13]. Good functional
outcome was defined as mRS 0–2, GOS 4–5 and Barthel Index 91–100 or extracted from text
(Table 1A,B).

2.5. Risk of Bias Assessment

Risk of bias of the studies were independently assessed by two authors (N.A. Lim
and H.Y. Lin) using the Newcastle–Ottawa Scale [14]; the Joanna Briggs Institute (JBI)
Critical Appraisal Checklist for analytical case-control study [15]; and the JBI Critical
Appraisal Checklist for Case Series [16] for observational studies, case-control studies and
case series, respectively.

2.6. Reporting Bias Assessment

The relevant authors were contacted if there was missing data that was essential for
our analysis.
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3. Results

Our search yielded 6673 studies after deduplication. Following the title/abstract and
full-text screen, 31 articles [10,13,17–45] were included for analysis. (Figure 1).

Figure 1. PRISMA flow diagram of included studies.

The main characteristics of the studies are summarized in Table 1A,B. Of the 31 studies
included, 8 studies were observational studies that compared neurosurgery and medical
therapy. The focus of this review will be on 419 patients included in these 8 dual-arm
studies. Among these patients, 184 of them were treated with neurosurgery and 235
were treated with medical therapy. A total of 20 neurosurgical patients and 29 medically
managed patients died. Further information containing the biodata, GCS on admission and
outcome measures of the patients in the dual-arm and single-arm studies are summarized
in Tables 2 and 3, respectively. Information about the age, pre-operative GCS, comorbidities
and outcome measures of all patients who underwent neurosurgery in all the studies are
summarized in Table 4.
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3.1. Medical versus Surgical Treatment
3.1.1. Choice of Surgical Treatment vs. Medical Treatment

Generally, most patients receiving exclusively conservative, or medical, treatment
tended to be younger [20] or have better Glasgow Coma Scale levels [20,23] than those
patients for surgical intervention. However, patients presenting initially in deep comas
tended to be the exception to this rule, with some institutions [20,22] opting for conservative
treatment given these patients’ poor prognosis.

The treatment algorithms guiding the timing and choice of surgical treatment differed
between institutions and was often left up to the discretion of individual physicians [19].
For the majority of institutions [18], the decision for surgical intervention was made based
on the decline in neurological examination in conjunction with radiological criteria, such as
fourth ventricular compression [13] or hydrocephalus [13,24,29]. Jauss et al. [18] found that
surgery was universally performed among comatose patients, whereas treatment regimens
were more diverse among patients with somnolence or stupor.

Some studies then investigated whether these clinical features used in decision making
were significant predictors for surgery. Taylor et al. [24] also found that clinical features of
documented brainstem compression and hydrocephalus were significant predictors. This
was concordant with the findings of Koh et al. [21], who also noted an association with
basal cistern compression.

3.1.2. Comparing Functional Outcomes between Medical and Surgical Treatment

Studies largely agreed [18,24] that there was no significant difference in admission or
discharge neurologic examination or functional status between surviving patients going
through either neurosurgical or conservative management. One study by Hornig et al. [19]
found that there was only a difference in functional outcome in the group of patients who
were stuporous, comatose or had cardiorespiratory compromise, and surgery for this group
of patients provided better functional outcomes compared to those who did not undergo
surgery. This distinction between severe and limited disease was echoed by a small study
by Mostofi et al. [23], which found that patients with massive ischemic cerebellar infarct,
defined as ischemic volume above 5 cm3 and/or when there was hydrocephalus or brain
stem compression, showed improvements in GCS when operated on (GCS at zero and four
weeks for operated patients: 9.4 to 12.68) versus a decline when not operated on (GCS at
zero and four weeks for non-operated patients: 11.36 to 10.92).

This was contradicted by a small case series of 15 patients by Taneda et al. [17], where 9
of 10 surgically operated patients survived, with the last patient dying of a perforated duo-
denal ulcer unrelated to the neurological insult. In that series, all five of the conservatively
treated patients died.

3.1.3. Comparing Mortality Rates between Medical and Surgical Treatment

For the pooled data of 419 patients from eight studies, patients treated by neurosurgery
had 3% higher odds of dying at all recorded time points as compared to patients treated
by medical therapy (OR = 1.03, [95% CI: 0.31–3.43], p = 0.96). However, this result was not
statistically significant, and there was also substantial heterogeneity among the studies
(I2 = 54%) (Figure 2).

With neurosurgical intervention for patients with large infarcts [23] with neurologic
deterioration [28] or mass effect [23,28], mortality rates dropped from 66% [23] to approxi-
mately 20% [19,23,28]. However, as noted by Jauss et al. [18], for patients who were awake
or drowsy and somnolent or experiencing stupor in consciousness, there was no significant
difference after 3 months in outcomes between craniotomies, ventricular drainage and
medical treatment. Similar findings were reported by Hornig et al. [19] in patients with
early or intermediate clinical stages as well.
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Figure 2. Forest plot with odds ratio (OR) and the corresponding 95% confidence interval (CI) for
death in patients undergoing neurosurgical vs. medical therapy [17–20,22–24,28]. Events: death.

3.2. Surgical Treatment
3.2.1. Timing of Surgical Treatment

While most authors opted for surgical deterioration after clinical [18] or radiological
deterioration [13,24,29], Kim et al. [39] opted for preventative craniectomies in patients
with large infarcts, which was defined as a cerebellar infarction volume ratio between 0.25
and 0.33 on initial or routine follow-up radiographic findings. This was to account for
patients who appeared clinically stable during the initial 72 h but would have a higher risk
of delayed edema and deterioration later on. In this retrospective-matched case-control
study involving 28 patients [39], preventative suboccipital decompressive craniectomy
was found to have significantly better outcomes at discharge and at 12 months, and fewer
deaths at 12 months.

Mattar et al. [45] also found that a short time from the onset of symptoms to surgery
was significantly associated with better functional outcomes at 3 months. However, these
findings were not adjusted for other variables, such as premorbid function, and this was a
retrospective study without controls.

In contrast, in a retrospective study of 57 and 23 patients, respectively, Pfefferkorn et al. [32]
and Lindeskog et al. [42] found that there was no significant association between time
interval to surgery and outcomes.

Therefore, until there are prospective controlled studies on this topic, there remains lit-
tle evidence for early or preventative craniectomies in the absence of clinical or radiological
signs of deterioration.

3.2.2. Choice of Surgical Intervention

Studies that were included used various combinations of EVD, SDC, SDC with necro-
sectomy, endoscopic third ventriculostomy (ETV), ventriculo–arterial shunts and ventriculo–
peritoneal shunts. Authors [22,28] often opted for a pathophysiology-directed approach
and opted for external ventricular drainage in patients with hydrocephalus. In one in-
stitution [29] with neuroendoscopic experience, endoscopic third ventriculostomy was
sometimes used instead.

Juttler et al. [33] found that there was no significant difference in long-term survival
and survival time in those who died between patients who were treated by SDC only,
EVD only and SDC with EVD. Evidence for which treatment provided better functional
outcomes was mixed, with patients treated by SDC with EVD showing better outcomes at
discharge as compared to those treated by EVD alone, but long-term outcomes favouring
SDC as compared to EVD alone.

When compared with pooled results from a meta-analysis [11] on SDC in cerebellar
infarcts, Hernández-Durán et al. [44] found that there was no significant difference in
outcomes or deaths between patients undergoing necrosectomy via osteoplastic craniotomy
and patients undergoing SDC.
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There is currently limited evidence for which type of neurosurgical intervention results
in better outcomes. Further research should be conducted on this topic.

3.3. Assessment of Publication Bias

The risk of bias assessments were also assessed and summarized. Of the eight cohort
studies, four were found to have poor overall quality using the Newcastle–Ottawa Scale.
The remaining 24 case series and one case-control study were rated according to the Joanna
Briggs Institute (JBI) Critical Appraisal Checklist (Supplementary Table S2a–c).

4. Discussion

Surgical therapy for malignant posterior circulation infarcts appears to have limited
impact on functional outcomes and reducing mortality, except in patients with severe
disease who are at a high risk of deterioration from raised intracranial pressure. Patients
with posterior circulation strokes are at risk of rapid deterioration and damage to the
autonomic nervous system due to the tight anatomical space in the posterior fossa and
the close proximity to the brainstem. Interestingly, there are also recent studies suggesting
that hypertension and diabetes are more strongly associated with posterior as compared to
anterior circulation strokes. Patients with posterior circulation strokes are postulated to
be more vulnerable to the atherosclerosis in metabolic diseases as the posterior circulation
has finer and shorter perforating branching vessels [46–48]. Nonetheless, more studies
are still required to explore the differences in the mechanisms and risk factors of anterior
and posterior circulation strokes. Control of any existing metabolic diseases is a priority in
managing patients with posterior circulation strokes.

Most authors advocate for neurosurgical intervention with the onset of symptoms, as
opposed to preventative or early neurosurgical intervention. To identify severely ill patients
who may benefit from neurosurgical intervention, we recommend the close monitoring of
the level of arousal and for the presence of new brainstem signs, in accordance with guide-
lines from the American Heart Association [5]. Certain radiological criteria, such as fourth
ventricular compression [13], hydrocephalus [13,24,29] or basal cistern compression [21],
may also indicate a need for neurosurgical intervention.

American guidelines recommend decompressive craniectomy for patients with MPCI
that have evidence of raised intracranial pressure and are imminently deteriorating. Tem-
porizing medical therapies can also be considered. However, the overall evidence for the
surgical vs. medical treatment for patients with MPCI who are still clinically stable is still
weak [5]. Recent European guidelines have suggested that it should only be considered and
not recommended, as there still remains uncertainty about whether such surgery improves
outcomes [49]. This study aggregates preliminary evidence that surgical therapy may
reduce mortality as compared to medical therapy in patients with MPCI who are clinically
stable at the time of presentation, but its impact on functional outcomes is generally not sig-
nificant, except in severe disease. Nonetheless, high quality trials will need to be performed
to validate these findings. Moreover, there is a need to evaluate which type of neurosurgical
intervention leads to better outcomes, which is beyond the scope of this study.

Limitations

Study heterogeneity was significant, due to limited consensus on the threshold or
protocol for neurosurgical treatment and different baseline characteristics of the patients.
Outcome measures were variably reported, with differing times for follow-up, differing
time-points when death was reported and varying definitions of good functional outcome.
Further research is required to address these gaps.

There was also limited high quality data, as no large-scale randomized controlled
trials were conducted on this topic. Therefore, the studies were mainly retrospective
observational papers, with only one prospective study [18]. The sample sizes of the studies
were also small, with the largest study involving 86 patients [24].
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5. Conclusions

For patients with malignant posterior circulation stroke, in terms of mortality and
functional outcome, surgical therapy appears to be equivocal to medical therapy. For
patients with severe disease, surgery could be superior to medical therapy. There is a lack
of quality data, and more randomized control trials are rendered following this review.
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Abstract: Background: The Los Angeles Motor Scale (LAMS) is a rapid pre-hospital scale used
to predict stroke severity which has also been shown to accurately predict large vessel occlusions
(LVOs). However, to date there is no study exploring whether LAMS correlates with the computed
tomography perfusion (CTP) parameters in LVOs. Methods: Patients with LVO between September
2019 and October 2021 were retrospectively reviewed and included if the CTP data and admission
neurologic exams were available. The LAMS was documented based on emergency personnel exams
or scored retrospectively using an admission neurologic exam. The CTP data was processed by
RAPID (IschemaView, Menlo Park, CA, USA) with an ischemic core volume (relative cerebral blood
flow [rCBF] < 30%), time-to-maximum (Tmax) volume (Tmax > 6 s delay), hypoperfusion index (HI),
and cerebral blood volume (CBV) index. Spearman’s correlations were performed between the LAMS
and CTP parameters. Results: A total of 85 patients were included, of which there were 9 intracranial
internal carotid artery (ICA), 53 proximal M1 branch middle cerebral artery M1, and 23 proximal
M2 branch occlusions. Overall, 26 patients had LAMS 0–3, and 59 had LAMS 4–5. In total, LAMS
positively correlated with CBF < 30% (Correlation Coefficient (CC): 0.32, p < 0.01), Tmax > 6 s (CC:0.23,
p < 0.04), HI (CC:0.27, p < 0.01), and negatively correlated with the CBV index (CC:−0.24, p < 0.05).
The relationships between LAMS and CBF were < 30% and the HI was more pronounced in M1
occlusions (CC:0.42, p < 0.01; 0.34, p < 0.01 respectively) and proximal M2 occlusions (CC:0.53, p < 0.01;
0.48, p < 0.03 respectively). The LAMS also correlated with a Tmax > 6 s in M1 occlusions (CC:0.42,
p < 0.01), and negatively correlated with the CBV index in M2 occlusions (CC:−0.69, p < 0.01). There
were no significant correlations between the LAMS and intracranial ICA occlusions. Conclusions: The
results of our preliminary study indicate that the LAMS is positively correlated with the estimated
ischemic core, perfusion deficit, and HI, and negatively correlated with the CBV index in patients
with anterior circulation LVO, with stronger relationships in the M1 and M2 occlusions. This is
the first study showing that the LAMS may be correlated with the collateral status and estimated
ischemic core in patients with LVO.

Keywords: ischemic stroke; perfusion imaging; diagnosis; collateral status

1. Introduction

Stroke is one of the leading causes of death and disability, with ischemic stroke
being the most common [1]. Of those, ischemic strokes, due to large vessel occlusion
(LVO), contribute disproportionally to post-stroke dependence and death [2]. Mechanical
thrombectomy (MT) has proven to improve functional outcomes in patients with LVO [3],
and earlier reperfusion has been associated with better outcomes [4]. Therefore, the ability
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to quickly recognize patients with LVO in the field would be beneficial and allow those
patients to be taken directly to comprehensive stroke centers, decreasing the time to reper-
fusion, and improving outcomes [5,6]. Several rapid pre-hospital stroke scales, used by
emergency personnel, have been shown to predict LVOs [7].

The Los Angeles Motor Scale (LAMS) is one such rapid pre-hospital scale that was
developed to predict stroke severity [8] and is useful when considering whether patients
should be diverted to comprehensive stroke centers. Studies have shown that the LAMS
has a strong correlation with admission National Institutes of Health Stroke Scale (NIHSS)
and is comparable, if not superior, to other utilized pre-hospital stroke scales [9]. Moreover,
the LAMS has good accuracy in predicting LVOs [10]. An increased LAMS severity with a
score of 4–5 double the likelihood of LVOs compared to a LAMS score of 0–3 [9].

A comprehensive baseline computed tomography (CT) imaging–comprised of non-
contrast CT (NCCT), CT angiography (CTA), and CT perfusion (CTP)–is widely utilized
for triaging patients presenting with acute ischemic stroke (AIS) secondary to anterior
circulation LVO for MT. The addition of CTP to comprehensive baseline imaging increases
the sensitivity for detecting ischemic core compared to NCCT only [11] while offering
additional data in evaluating a patient’s collateral status (CS) and eligibility for MT [12].
Poor CS is associated with an increased risk of post-MT complication and overall worse
functional outcomes [13,14]. The hypoperfusion index (HI) and cerebral blood volume
(CBV) index are parameters obtained from CTP that correlate with the collateral status and
infarct growth, and guide decisions for MT [15–19]. There are no current studies exploring
the relationship between pre-hospital stroke scales and CTP parameters.

Our preliminary study aimed to explore the relationship between the LAMS score and
baseline CTP parameters. Such a relationship may suggest a biological correlation between
the LAMS and collateral status and ischemic core.

2. Methods

2.1. Population

The data for the study population was collected through the Johns Hopkins Hospital
Comprehensive Stroke Center Database. This study was approved through the Johns Hop-
kins School of Medicine institutional review board (JHU-IRB00269637). In this retrospective
multicenter analysis, we identified consecutive patients from 1 September 2019 to 1 April
2021 who underwent NCCT, CTA, and CTP with confirmed anterior circulation LVO on
CTA (defined as distal intracranial internal carotid artery (ICA), M1, and proximal M2
segments of the middle cerebral artery (MCA). Patients were excluded from the analysis if
CTP was obtained >24 h after admission or after a mechanical thrombectomy procedure or
if patients were incorrectly classified as having LVO (e.g., internal carotid artery stenosis).

2.2. Data Collection

Patients were included in the study if they had an LVO, CTP with available post-
processed parameters, and a documented neurologic exam before the time of imaging. The
baseline and clinical data collected for each patient included demographics, risk factors for
AIS (including coronary artery disease, hypertension, hyperlipidemia, diabetes mellitus,
atrial fibrillation, prior stroke, smoking status, and body mass index (BMI), a baseline
LAMS score, and a site of occlusion. When the LAMS score or admission NIHSS data was
unavailable, the scores were estimated based on admission neurologic exam and history [8].
The LAMS score ranged from 0 to 5 based on the addition of the following components:
0 or 1 for facial strength (normal or droop); 0, 1, or 2 for arm strength (normal, drifts
down, falls rapidly), and 0, 1, or 2 for grip strength (normal, weak, no grip). Patients were
stratified into the LAMS 0–3 versus 4–5 for the primary analysis [20]. The vessel-based
subgroup analysis was also performed for distal intracranial ICA, M1, and proximal M2
segments respectively.
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2.3. Imaging

The NCCT was acquired on the Siemens Flash and/or Drive (Siemens Healthineers,
Erlangen, Germany) with the following parameters: The helical mode at a 5 mm slice
thickness (ST) (120 kVp, 365 mAs, rotation time 1 s, acquisition time 6–8 s, collimation
128 × 0.6 mm, pitch value 0.55, scan direction CC).

The CT ASPECTS score was obtained from documented experienced neuroimaging
interpreters. If ASPECTS was unavailable, CT imaging was reviewed independently by a
board-certified neuroradiologist to determine the ASPECTS score (VY, 6 years of experience).

The CTP was performed on a Siemens Flash and/or Drive (Siemens Healthineers,
Erlangen, Germany) with the following parameters: The injection of 50 mL non-ionic
iodinated contrast with 30 mL saline flush at 5–6 mL/s with a coverage of 70–100 mm at
5 mm slice thickness, 70 kVP, 200 effective mAs, rotation time 0.25 s, average acquisition
time 60 s, collimation 48 × 1.2 mm, pitch value 0.7, 4D range 114 mm × 1.5 s. The CTP
images are then post-processed using RAPID commercial software (IschemaView, Menlo
Park, CA, USA) for generating Tmax maps. HI is then automatically calculated as a ratio
of the calculated Tmax > 10 s delay volume divided by a Tmax > 6 s delay volume in mL
(Tmax > 6 s) in the affected hemisphere. The ischemic core on the CTP is quantitatively
estimated by the relative cerebral blood volume (rCBF) < 30% volume in mL (rCBF < 30%).
Tissue at risk is defined as a Tmax > 6 s. Mismatch volume is defined as the difference
between the Tmax > 6 s and the rCBF < 30%. The mismatch ratio is calculated as the
Tmax > 6 s divided by the rCBF < 30%. The CBV index is automatically calculated by
RAPID as the ratio of mean rCBV values within the Tmax >6 s region with the mean CBV
in normal brain regions. The target mismatch profile for CTP is defined based on the prior
study by Lansberg et al. [12].

2.4. Statistical Analysis

The collected data were coded, tabulated, and statistically analyzed using IBM SPSS
statistics (Statistical Package for Social Sciences) software version 28.0, IBM Corp., Chicago,
IL, USA, 2021. The quantitative data was described as mean ± SD (standard deviation)
and then compared using an independent t-test after being tested for normality using
the Shapiro-Wilk test. The qualitative data were described as numbers and percentages
and compared using the Chi-squared test and Fisher’s Exact test for variables with small,
expected numbers. The correlation coefficients (CC) of the LAMS with the CTP parameters
were calculated using the Spearman correlation test. The level of significance was taken at
p-value ≤ 0.05, otherwise was non-significant.

3. Results

Eighty-five patients were included. Twenty-eight (32.9%) were scored with a LAMS
0–3 with 57 (67.1%) in the LAMS 4–5 category.

Eighty-five patients had LAMS, ASPECTS, and CTP parameters available for anal-
ysis (Figure 1). Patients with mismatch ratios of infinity were excluded from the LAMS
mismatch ratio correlation, resulting in 46 out of 85 (54.1%) available for analysis of this
parameter. In total, 84 out of 85 patients (98.8%) with a Tmax > 6 s and HI, and 66 out of
85 (77.6%) with CBV indices were available for review. Table 1 compares patients with
a LAMS score of 0–3 to those with a score of 4–5. The groups were comparable demo-
graphically except for age, with patients scoring 4–5 being older (LAMS 0–3, 63.1 ± 14.23
years old versus LAMS 4–5, 71.02 ± 14.4 years old, p = 0.02). Please refer to Table 1 for
additional details.
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Figure 1. Flow chart of retrospective chart review to identify patients with LVO, admission neurologic
exam, and perfusion data. LVO = large vessel occlusion; ICA = internal carotid artery; M1 = M1
branch of middle cerebral artery (MCA), M2 = M2 branch of MCA.
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Table 1. Descriptive statistics among the studied cases and comparison according to LAMS score.

Variables
All Cases
(N = 85)

LAMS Score

p-Value0–3
(N = 28)

4–5
(N = 57)

Age (years), Mean ± SD 68.6 ± 14.7 63.1 ± 14.23 71.02 ± 14.4 0.02 *

Sex
(n, %)

Male 40 (47.1%) 13 (50%) 27 (45.7%)
# 0.97

Female 45 (52.9%) 13 (50%) 32 (54.23%)

Race
(n, %)

African 44 (51.8%) 14 (53.8%) 30 (50.84%)

§ 0.89White/Caucasian 36 (42.4%) 10 (38.4%) 26 (44.06%)

Others 5 (5.9%) 2 (7.6%) 3 (5.08%)

Atrial Fibrillation, (n, %) 28 (32.9%) 6 (23.1%) 22 (37.3%) # 0.86

Diabetes, (n, %) 25 (29.4%) 6 (23.1%) 19 (32.2%) # 0.87

Dyslipidemia, (n, %) 30 (35.3%) 10 (38.5%) 20 (33.9%) # 0.12

HTN, (n, %) 60 (70.6%) 14 (53.8%) 46 (78.0%) # 0.14

Prior CVA, (n, %) 17 (20.0%) 4 (15.4%) 13 (22.0%) § 0.92

CKD, (n, %) 8 (9.4%) 4 (15.4%) 4 (6.8%) § 0.13

Smoking history, (n, %) 16 (18.8%) 4 (15.4%) 12 (20.3%) § 0.74

CAD, (n, %) 16 (18.8%) 6 (23.1%) 10 (16.9%) § 0.83

ASPECTS, Mean ± SD 7.4 ± 2.5 7.8 ± 2.4 7.3 ± 2.6 0.41

Time parameters,
minutes Median (IQR)

Last known well to door 230 (70, 642) 148 (74, 736) 262 (70, 592) ˆ 0.98

Door to CT 29 (18, 44) 28 (18, 37) 30 (21, 45) ˆ 0.35

Last known well to CT 274.5 (98, 683) 198 (87, 796) 302 (112, 635) ˆ 0.88

§ Fishers Exact test. # Chi square test. Independent t-test. ˆ Mann-Whitney U test. * Significant (0.050).
LAMS = Los Angeles Motor Scale; HTN = hypertension; CVA = cerebrovascular accident; CKD = chronic kidney
disease, CAD = coronary artery disease; CT = computed tomography; IQR = interquartile range.

The 85 patients included in the study were comprised of nine distal intracranial ICA
(9/85, 10.5%); 53 M1 (62.3%); and 23 proximal M2 (23/85, 27.1%) occlusions.

There were significant small to moderate positive correlations between the LAMS
score and CBF <30% (mL) (CC 0.32, p < 0.01), Tmax > 6 s (CC:0.23, p < 0.04), and HI
(CC:0.27, p < 0.01), and small negative correlation with the CBV index (CC:−0.24, p < 0.05)
with the CBV index based on a post-processed analysis from a widely used commercial
software platform (Table 2). There was no significant correlation between the LAMS score
and imaging parameters when the intracranial ICA occlusions were isolated (Table 3).

Table 2. Correlation between LAMS score with imaging parameters for all cases.

Total Cases
(n = 85)

Descriptive (n) p Value Correlation Coefficient

CBF < 30% (mL) 24.94 ± 42.6(85) 0.01 * 0.32

Tmax > 6 s (mL) 113.61 ± 83.4(84) 0.04 * 0.23

Mismatch Volume (mL) 88.67 ± 77.7(84) 0.36 0.10

Mismatch ratio 6.34 ± 7.03(46) 0.98 −0.01

Hypoperfusion Index 0.375 ± 0.25(84) 0.01 * 0.27

ASPECTS 7.45 ± 2.57(85) 0.38 −0.10

CBV Index (rCBV Tmax > 6 s) 0.70 ± 0.19(66) 0.05 * −0.24

LAMS score 3.85 ± 1.5(85) 0 1
* Significant (0.050). CBF = cerebral blood flow, CBV = cerebral blood volume.
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Table 3. Correlation between LAMS with imaging parameters for intracranial ICA occlusions.

Intracranial ICA Only
(n = 9)

Descriptive (n) p Value Correlation Coefficient

CBF < 30% (mL) 62.63 ± 82.66 (11) 0.81 0.08

Tmax > 6 s (mL) 200.81 ± 137.16 (11) 0.43 0.27

Mismatch Volume (mL) 138.18 ± 144.6 (11) 0.65 0.15

Mismatch ratio 4.43 ± 4.07 (8) 0.95 0.03

Hypoperfusion Index 0.55 ± 0.22 (11) 0.86 0.06

ASPECTS 5.18 ± 3.45 (11) 0.40 0.29

CBV Index (rCBV Tmax > 6 s) 0.655 ± 2.87 (9) 0.56 −0.23

LAMS score 3 ± 1.67 (11) 0 1
* Significant (0.050).

3.1. M1 Segmental Subgroup Analysis

In patients with M1 occlusions, the LAMS score was moderate to positively correlated
with a CBF < 30% (CC:0.42, p < 0.01), Tmax > 6 s (CC:0.42, p < 0.01), and HI (0.34, p < 0.01),
and negatively correlated with ASPECTS (CC:−0.30, p < 0.03) (Table 4).

Table 4. Correlation between LAMS with imaging parameters for M1 occlusions.

M1
(n = 53)

Descriptive (n) p Value Correlation Coefficient

CBF < 30% (mL) 19.8 ± 31.4 (52) 0.01 * 0.42

Tmax > 6 s (mL) 113 ± 66.2 (52) 0.01 * 0.42

Mismatch Volume (mL) 93.8 ± 61.3 (52) 0.28 0.24

Mismatch ratio 7.98 ± 8.42 (27) 0.57 −0.12

Hypoperfusion Index 0.33 ± 0.25 (52) 0.01 * 0.34

ASPECTS 7.69 + 2.39 (52) 0.03 * −0.30

CBV Index (rCBV Tmax > 6 s) 0.73 ± 0.14 (40) 0.39 −0.14

LAMS score 4.06 ± 1.29 (52) 0 1
* Significant (0.050).

3.2. Proximal M2 Segment Subgroup Analysis

In patients with proximal M2 occlusions, the LAMS score was moderate to strongly
positively correlated with a CBF < 30% and HI (CC:0.53, p < 0.01; 0.48, p < 0.03 re-
spectively). The LAMS score was strongly negatively correlated with the CBV index
(CC:−0.69, p < 0.01) (Table 5). There was no correlation between the LAMS and ASPECTS
scores in the M2 occlusions.

In summary, in patients with M1 or proximal M2 occlusions, the LAMS score is
positively correlated with a CBF < 30% and HI. In patients with M2 occlusions, the LAMS
score is further positively correlated with a Tmax > 6 s, and in patients with M1 occlusions,
the LAMS is further negatively correlated with the ASPECTS score. In patients with
intracranial ICA occlusions, no significant correlation between the LAMS score and the
perfusion imaging parameters were demonstrated.

54



J. Clin. Med. 2023, 12, 3374

Table 5. Correlation between LAMS score with imaging parameters for proximal M2 occlusion.

Proximal M2
(n = 23)

Descriptive (n) p Value Correlation Coefficient

CBF < 30% (mL) 17.7 ± 26.8 (21) 0.01 * 0.53

Tmax > 6 s (mL) 67.6 ± 43.9 (21) 0.69 0.09

Mismatch Volume (mL) 49.9 ± 45.1 (21) 0.21 −0.29

Mismatch ratio 3.72 ± 2.92 (11) 0.57 −0.20

Hypoperfusion Index 0.37 ± 0.25 (21) 0.03 * 0.48

ASPECTS 8.05 ± 1.88 (22) 0.53 −0.14

CBV Index (rCBV in Tmax > 6 s) 0.68 ± 0.23 (17) 0.01 * −0.69

LAMS score 3.77 ± 1.77 (22) 0 1
* Significant (0.050).

4. Discussion

We demonstrate that the LAMS score showed weak to moderate significant positive
correlations with an rCBF < 30, a Tmax > 6 s, and HI in all patients with LVOs, though when
affected vessels were analyzed separately, there were no correlations in patients with ICA
occlusions. The results indicate that a rapid pre-hospital stroke scale may help determine
which patients within the anterior circulation LVO subset also have a larger ischemic core
and poor CS, an important biological correlation. After stratifying by the LVO segment
(intracranial ICA, M1, and proximal M2), the results show that these relationships are most
pronounced in MCA occlusions. There is no significant correlation between the LAMS
score and the CTP imaging parameters in distal intracranial ICA occlusions, however, the
sample size of patients with intracranial ICA occlusions was small. Future research should
include a larger sample of patients with intracranial ICA occlusions to assess for a possible
relationship. The positive correlation between the LAMS and HI index and the negative
correlation of the CBV index specifically support the potential relationship between the
LAMS and CS.

Poor CS has been shown to be associated with a larger core infarct size on
admission [21] and larger 24-h infarct volumes [22]. Further, poor CS is associated with a
higher ischemic core growth rate, meaning that patients with poor CS have less time to save
salvageable tissue [23]. Previous research has shown that patients with poor CS are more
likely to have high admission NIHSS scores [13]. Our results are in line with the correlation
between the admission NIHSS and the admission LAMS score [8]. The LAMS, however,
can be completed more rapidly than the NIHSS by emergency personnel. Therefore, being
able to use the LAMS score to potentially predict CS is important for the rapid triaging
of patients to stroke centers where treatment can be offered. This may help to prioritize
transport to a comprehensive stroke center rather than the nearest hospital due to the faster
ischemic core growth rate in patients with poor CS [23].

The moderate to strong correlations between the LAMS and a CBF < 30% indicate that
the LAMS may also predict an ischemic core. In addition, the admission NIHSS has been
associated with an ischemic core volume, with a lower NIHSS correlating with a smaller
ischemic core [24]. Our results are in line with the correlation between the admission
NIHSS and the admission LAMS score [8]. Interestingly, there was no correlation between
the LAMS and ASPECTS. Prior research has shown that a CT ASPECTS score does not
predict functional outcomes, while the CTP ASPECTS using a threshold of CBF < 30%
for the core is predictive of functional outcomes [25]. A simple stroke scale, which may
predict a CBF < 30% and collateral status, may therefore provide more information than
an ASPECTS score as to which patients will benefit from thrombectomy. This is further
supported by research showing that patients, even with a low CT ASPECTS, benefit from
thrombectomy [26,27].
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There are several limitations to this preliminary study. First, the LAMS scores, when
unavailable from EMS personnel, were obtained retrospectively based on admission exams.
These exams were usually performed by the consulting neurologist as opposed to EMS
personnel. However, the entry LAMS score has been shown to have good convergent valid-
ity with the admission NIHSS and admission physical exam when retroactively scored [8].
Patients with a LAMS score of 4–5 were older than patients with a LAMS score of 0–3, and
studies have shown that age correlates with poor CS [28]. Therefore we may expect older
patients to have a higher LAMS based on our results. A further limitation of this study was
the small sample size and the restriction of the sample of stroke patients with LVO. This
study is predicated on the accuracy of the LAMS predicting LVOs, but we cannot know
with certainty at the time of the LAMS if the patient in fact has an LVO. Future studies
should compare the accuracy of the LAMS in predicting LVOs and CS in all suspected
stroke patients. Nevertheless, our study shows a good correlation with surrogates for CS
in this population and, therefore, may suggest that the LAMS has a biological correlation
with CS, especially in MCA occlusions. The data more robustly supports the practice of
using the LAMS to detect LVO in the field, which is especially important when considering
triage to a comprehensive stroke center [29]. This information would be further useful
in patients presenting within 6 h of treatment onset, as it may be reasonable to bypass
advanced imaging and go directly to the angiography suite in patients with a higher LAMS,
given the risk of poor CS and early ischemia. This approach has been shown to decrease
transfer times [30,31] and higher rates of clinical improvement at 24 h [31]. Finally, given
the relationship between poor CS with worse outcomes in patients with LVOs [14,32–35],
future research should explore the utility of the LAMS in predicting recanalization and
overall clinical outcomes with a larger prospective study.

In summary, this is the first study exploring the relationship between a rapid pre-
hospital stroke scale and cerebral perfusion parameters. The results show that the LAMS
may be correlated with CS and the ischemic core in patients with LVO. More research
needs to be performed to validate these results. Nevertheless, these results suggest that
a simple pre-hospital scale such as the LAMS may have value beyond LVO detection by
providing information on the ischemic core and CS at the time of presentation. Poor CS
specifically is associated with higher rates of infarct growth [23], and patients with poor
CS should be transported to a comprehensive stroke center quickly to improve functional
outcomes by decreasing the time to reperfusion [5]. The ability of a rapid scale, such as the
LAMS to predict CS, is therefore extremely useful in selecting patients in which primary
stroke centers should be bypassed. Future studies should build on these results to assess
the utility of the LAMS in triaging stroke patients in the field for the timely transfer to a
comprehensive stroke center for appropriate intervention.
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Abstract: Background: The triglyceride-glucose (TyG) index is a novel biomarker of insulin resistance
which might plausibly influence endogenous fibrinolysis and thus early neurological outcomes in
patients with acute ischemic stroke (AIS) treated with intravenous thrombolysis using recombi-
nant tissue-plasminogen activator. Methods: We included consecutive AIS patients within 4.5 h of
symptom onset undergoing intravenous thrombolysis between January 2015 and June 2022 in this
multi-center retrospective observational study. Our primary outcome was early neurological deterio-
ration (END), defined as ≥2 (END2) or ≥ 4 (END4) National Institutes of Health Stroke Scale (NIHSS)
score worsening compared to the initial NIHSS score within 24 h of intravenous thrombolysis. Our
secondary outcome was early neurological improvement (ENI), defined as a lower NIHSS score at
discharge. TyG index was calculated using the log scale of fasting triglyceride (mg/dL) × fasting
glucose (mg/dL)/2. We evaluated the association of END and ENI with TyG index using a logistic
regression model. Results: A total of 676 patients with AIS were evaluated. The median age was
68 (Interquartile range, IQR (60–76) years old), and 432 (63.9%) were males. A total of 89 (13.2%)
patients developed END2, 61 (9.0%) patients developed END4, and 492 (72.7%) experienced ENI.
In multivariable logistic regression analysis, after adjustment for confounding factors, TyG index
was significantly associated with increased risks of END2 (categorical variable, vs. lowest tertile,
medium tertile odds ratio [OR] 1.05, 95% confidence interval, CI 0.54–2.02, highest tertile OR 2.94,
95%CI 1.64–5.27, overall p < 0.001) and END4 (categorical variable, vs. lowest tertile, medium tertile
OR 1.21, 95%CI 0.54–2.74, highest tertile OR 3.80, 95%CI 1.85–7.79, overall p < 0.001), and a lower
probability of ENI (categorical variable, vs. lowest tertile, medium tertile OR 1.00, 95%CI 0.63–1.58,
highest tertile OR 0.59, 95%CI 0.38–0.93, overall p = 0.022). Conclusions: Increasing TyG index was
associated with a higher risk of END and a lower probability of ENI in patients with acute ischemic
stroke treated with intravenous thrombolysis.

Keywords: acute ischemic stroke; early neurological deterioration; early neurological improvement;
intravenous thrombolysis; triglyceride-glucose index
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1. Introduction

Intravenous thrombolysis treatment remains a first-line approach for acute ischemic
stroke (AIS) [1,2]. Despite the beneficial effects of intravenous thrombolysis using re-
combinant tissue-plasminogen activator for AIS patients, about one-third may experience
unfavorable early neurological outcomes [3,4]; 13.8% (95% confidence interval, [CI] 10.0%
to 17.7%) of patients experienced early neurological deterioration (END) [5], and 20.9%
had failure of early neurological improvement (ENI) [6]. Previous studies showed that
END was related to unfavorable stroke outcomes, while ENI was associated with favorable
prognosis [6–8]. Therefore, identifying factors for early neurological outcomes including
END and ENI in the AIS population could provide important prognostic information with
relevance for stroke management.

Insulin resistance is considered a main pathophysiological mediator of metabolic
syndrome [9]. Despite the established importance of insulin resistance in cardiovascular
and cerebrovascular disease [10], evidence of the link between insulin resistance and acute
ischemic stroke outcomes is scarce [11]. Insulin resistance might be relevant to acute
recanalization therapy through its associations with thrombosis and inflammation, with
abnormal endogenous fibrinolysis and increased platelet activation. The hyperinsulinemic-
euglycemic clamp test is the gold standard for evaluating insulin resistance. However,
this labor-intensive and time-consuming procedure is not routinely measured in clinical
practice [12]. Recently, the triglyceride-glucose (TyG) index, which is calculated using
serum triglyceride and fast blood glucose levels, has been used as a reliable and novel
biomarker of insulin resistance [13]. Aggravating data showed that the TyG index is related
to arterial stiffness [14], a higher risk of the cardiocerebrovascular diseases and unfavorable
outcomes in patients with cardiocerebrovascular disease [15,16]. Previous studies showed
that elevated triglyceride and blood glucose levels were related to the incidence of END
and adversely associated with ENI in ischemic stroke population [5,17,18]. Moreover, data
from the UK Biobank cohort involving 273,368 individuals showed that the TyG index
was superior to blood glucose and triglycerides alone in predicting stroke occurrence,
suggesting that the TyG index may potentially be a good biomarker of insulin resistance
to predict stroke outcomes [19]. We hypothesized that a higher baseline TyG index is
associated with an increased risk of END and a lower probability of ENI in AIS patients
who received intravenous thrombolysis. Therefore, we investigated the association of TyG
index with the risk of END and ENI after intravenous thrombolysis in a retrospective
observational study.

2. Methods

2.1. Study Design and Participants

We included consecutive adult AIS patients undergoing intravenous thrombolysis
within 4.5 h at three certified stroke centers of Fujian Medical University between January
2015 and June 2022 in this multi-center retrospective cohort study. The exclusion criteria
were as follows: (1) discharged within 24 h; (2) receiving arterial thrombolytic treatment;
(3) interrupted intravenous thrombolysis due to prompt neurological function improvement
or serious side effects.

2.2. Data Acquisition

Two authors extracted data regarding baseline demographic characteristics, vascular
risk factors (smoking, drinking, history of stroke, hypertension, diabetes mellitus, dyslipi-
demia, atrial fibrillation, and coronary artery disease), pre-stroke medication-use history
(antiplatelet, anticoagulation, statin, antihypertensive, and hypoglycemic agents), clinical
features (admission stroke onset severity, admission systolic blood pressure and diastolic
blood pressure, onset to treatment time, stroke subtypes), and laboratory findings. Stroke
severity (presenting deficit severity) was assessed using the National Institutes of Health
Stroke Scale (NIHSS) score. Stroke subtypes were classified into atherosclerosis (A), small
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vessel disease (S), cardioembolic (C), and others (O) [20]. Patients with missing data
regarding the component of the TyG index and outcomes were excluded.

2.3. Triglyceride Glucose (TyG) Index Evaluation

Blood samples were collected after fasting for 8 to 12 h. Serum triglyceride and glucose
levels were assessed with an automatic biochemical analyzer (Cobas c-system, Roche,
Switzerland), and expressed in milligrams per deciliter (mg/dL). The TyG index was
calculated using the log scale of fasting triglyceride (mg/dL) × fasting glucose (mg/dL)/2,
as previously described [21].

2.4. Outcomes

Trained clinicians assessed the neurological deficit using the NIHSS score before
and after intravenous thrombolysis. Our primary outcome was END. We applied two
well-validated (available) definitions: (i) ≥2 NIHSS-point worsening (END2); and (ii) ≥4
NIHSS-point worsening (END4) compared to the initial NIHSS score within 24 h after
intravenous thrombolysis [22,23]. Our secondary outcome was ENI, defined as a lower
NIHSS score at discharge [6].

2.5. Statistical Analysis

Categorical variables were expressed as absolute counts with percentages. Continuous
variables were expressed as means (standard deviation, SD) if normally distributed, or
medians (interquartile range, IQR) if not normally distributed. TyG index was treated as
both a three-level group (lowest as reference) and a continuous variable. A general linear
model and chi-squared test were used to calculate the p for trend between variables for
continuous and categorical TyG index data, respectively. To summarize the differences in
baseline characteristics in patients with and without END or ENI, continuous variables
were compared using the Student’s t-test, the Mann–Whitney U-test, analysis of variance
or the Kruskal–Wallis test, as appropriate, and categorical variables were compared using
the chi-squared test or Fisher’s exact test. We calculated the absolute risks and absolute
risk differences between different TyG index tertile groups for early neurological outcomes.
Five conventional multivariate adjusted logistic regression models were applied to assess
the association of END or ENI with TyG index. Model 1: by incorporating those with
p < 0.1 for END or ENI in the univariable analysis in addition to age and sex. Model 2: by
incorporating the identified suitable minimally sufficient adjustment sets using a directed
acyclic graph (DAG) [24] to minimize potential bias from intermediate variables when
assessing the effect of the TyG index on END or ENI. Model 3: by incorporating those
with p < 0.1 in different TyG index tertile groups in addition to age and sex. Model 4: by
incorporating baseline NIHSS score and prespecified vascular risk factors (hypertension,
atrial fibrillation, and coronary artery disease) that were shown to be related to the odds
of END or ENI in addition to age and sex [5,25,26]. Model 5: by incorporating those
variables that are associated with both exposure and outcome variables with p < 0.1 in
the univariable analysis into the multivariable analysis. Considering the components of
the TyG index, the fasting blood glucose, history of diabetes dyslipidemia, and previous
hypoglycemic use were not simultaneously introduced along with the TyG index into the
multivariable analysis. To test whether the effect of TyG index on END or ENI occurrence
varied between age group (<65 vs. ≥65 years), sex (male vs. female), diabetes (yes vs. no),
and stroke onset severity (baseline NIHSS <6 vs. ≥6), the interaction terms TyG-by-age,
TyG-by-sex, TyG-by-NIHSS, and TyG-by-diabetes history were used as covariates. A priori
p-value < 0.05 was considered significant for interactions. We conducted subgroup analyses,
including age (<65 vs. ≥65 years), sex (male vs. female), baseline NIHSS (<6 vs. ≥6), and
diabetes (yes vs. no). We conducted a sensitivity analysis limited to patients not receiving
thrombectomy treatment after intravenous thrombolysis. Previous studies showed that
symptomatic intracerebral hemorrhage (sICH) was a predictor for END, and END after
thrombolysis treatment may be caused by sICH occurrence [6,27]. We further conducted a
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sensitivity analysis by defining END separately from sICH. We also conducted a separate
analysis, investigating the relationship between continuous TyG index and continuous
delta NIHSS (24 h NIHSS score-baseline NIHSS score). All variables with a p-value < 0.05
were considered statistically significant in this study. All statistical analyses were conducted
using SPSS version 26.0 (IBM Corp., Armonk, NY, USA).

3. Results

3.1. Baseline Characteristics

From January 2015 through June 2022, a total of 765 adult AIS patients underwent
intravenous thrombolysis at three stroke centers (Figure 1). We excluded 89 patients based
on the following criteria: eight were discharged within 24 h, five underwent intra-arterial
thrombolytic therapy, and three experienced interrupted intravenous thrombolysis; in
addition, data of fast glucose and triglyceride to calculate the TyG index were missing in
73 patients. Thus, 676 patients who met the inclusion criteria were included in the final
analysis. The median age was 68 [IQR 60–76] years old, and 432 (63.9%) were males. There
were no significant differences in median age (68 [IQR 60–76] vs. 65 [IQR 56–76] years)
and sex (male: 63.9% vs. 64.8%) between those included and excluded. In those included,
stroke onset severity was generally mild to moderate, with a median initial NIHSS score
of 6 (IQR 3–12). The median time from symptom onset to thrombolysis treatment was
180 (IQR 120–210) min. The mean value of the TyG index was 8.62 ([SD] 0.70). A total of
28 (4.1%) sICH based on the European Cooperative Acute Stroke Study (ECASS III) defini-
tion occurred. A total of 89 (13.2%) patients developed END2, 61 (9.0%) developed END4,
and 492 (72.7%) experienced ENI at discharge (Table 1). The baseline characteristics of
different TyG index groups are summarized in Table 1. Patients with a higher TyG index
were more likely to be younger (vs. lowest tertile 70 (62–77), medium tertile 68 (59–75),
highest tertile 67 (59–74) years old, overall p = 0.064;) and regular alcohol users (vs. lowest
tertile 12 (5.3%), medium tertile 24 (10.6%), highest tertile 26 (11.7%), overall p = 0.034),
and had higher proportions of diabetes mellitus [(vs. lowest tertile 31 (13.7%), medium
tertile 48 (21.1%), highest tertile 63 (28.3%), overall p < 0.001)] and dyslipidemia [(vs. lowest
tertile 42 (18.6%), medium tertile 55 (24.2%), highest tertile 110 (49.3%), overall p < 0.001)].
Laboratory findings including fasting blood glucose, triglyceride, total cholesterol, and
low-density lipoprotein were significantly higher in patients with a higher TyG index
(overall p < 0.05).

Figure 1. Flow chart. Abbreviations: TyG = Triglyceride-glucose.
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Table 1. Baseline characteristics of different TyG index groups.

Variable Total (n = 676)
Tertile I (Lowest)

(n = 226)
Tertile II (Medium)

(n = 227)
Tertile III (Highest)

(n = 223)
p for Trend

Demographic characteristics
Age, y, median (IQR) 68 (60–76) 70 (62–77) 68 (59–75) 67 (59–74) 0.064

Sex, n (%) 0.118
Male, n (%) 432 (63.9) 89 (39.4) 83 (36.6) 72 (32.3)

Female, n (%) 244 (36.1) 137 (60.6) 144 (63.4) 151 (67.7)

Vascular risk factors
Current smoker, n (%) 198 (29.3) 61 (27.0) 64 (28.2) 73 (32.7) 0.153

Regular alcohol user, n (%) 62 (9.2) 12 (5.3) 24 (10.6) 26 (11.7) 0.034
Previous stroke, n (%) 102 (15.1) 41 (18.1) 33 (14.5) 28 (12.6) 0.098
Hypertension, n (%) 448 (66.3) 143 (63.3) 156 (68.7) 149 (66.8) 0.426

Diabetes, n (%) 142 (21.0) 31 (13.7) 48 (21.1) 63 (28.3) <0.001
Dyslipidemia, n (%) 207 (30.6) 42 (18.6) 55 (24.2) 110 (49.3) <0.001

Atrial fibrillation, n (%) 210 (31.1) 78 (34.5) 68 (30.0) 64 (28.7) 0.183
Coronary artery disease, n (%) 81 (12.0) 20 (8.8) 30 (13.2) 31 (13.9) 0.099

Medication use history
Previous antiplatelet, n (%) 75 (11.1) 29 (12.8) 27 (11.9) 19 (8.5) 0.147

Previous anticoagulants, n (%) 14 (2.1) 1 (0.4) 10 (4.4) 3 (1.3) 0.495
Previous statin, n (%) 50 (7.4) 24 (10.6) 15 (6.6) 11 (4.9) 0.021

Previous antihypertension, n (%) 264 (39.1) 85(37.6) 99 (43.6) 80 (35.9) 0.711
Previous hypoglycemic

agents, n (%) 81 (12.0) 20 (8.8) 25 (11.0) 36 (16.1) 0.018

Clinical assessment
Initial NIHSS score, median (IQR) 6 (3–12) 7 (3–12) 6 (4–12) 6 (3–12) 0.527

Discharge NIHSS score,
median (IQR) 3 (1–7) 3 (1–6) 3 (1–7) 2 (0–7) 0.221

SBP, mmHg, mean ± SD 149 ± 23 150 ± 25 148 ± 22 149 ± 22 0.726
DBP, mmHg, median (IQR) 89 (80–98) 90 (80–98) 87 (80–98) 90 (80–99) 0.285
OTT, minute, median (IQR) 180 (120–210) 180 (120–210) 180 (120–211) 180 (120–210) 0.928

Thrombectomy treatment, n (%) 93 (13.8) 30 (13.3) 33 (14.5) 30 (13.5) 1.000
24 h sICH, n (%) 28 (4.1) 9 (4.0) 4 (1.8) 15 (6.7) 0.147
Any ICH, n (%) 127(18.9) 45 (19.9) 39 (17.2) 43 (19.3) 0.862

ASCO Stroke subtype 0.454
Atherosclerosis, n (%) 250 (37.0) 72(31.9) 92 (40.5) 86 (38.6)
Cardioembolic, n (%) 211 (31.2) 78 (34.5) 70 (30.8) 63 (28.3)

Small vessel disease, n (%) 70 (10.4) 25 (11.1) 20 (8.8) 25 (11.2)
Other causes, n (%) 145 (21.4) 51 (22.6) 45 (19.8) 49 (22.0)

Laboratory data

FBG, mg/dL, median (IQR) 102.9
(88.6–124.3) 93.2 (84.2–107.6) 101.7 (88.7–115.5) 119.3 (100.1–164.8) <0.001

TG, mg/dL, median (IQR) 99.2 (69.1–144.4) 60.3 (46.0–73.5) 105.4 (88.6–121.3) 174.4 (133.2–231.2) <0.001

TC, mg/dL, median (IQR) 173.3
(144.4–200.7) 165.4 (132.7–191.0) 168.4 (142.9–195.1) 186.5 (159.4–214.8) <0.001

LDL, mg/dL, median (IQR) 114.1
(87.1–139.2) 106.2 (78.1–125.7) 114.1 (89.4–136.7) 130.3 (98.1–150.2) <0.001

Early Neurological Outcome
END2 89 (13.2) 21 (9.3) 21 (9.3) 47 (21.1) <0.001
END4 61 (9.0) 13 (5.8) 14 (6.2) 34 (15.2) <0.001
ENI 492 (72.7) 171 (75.7) 171 (75.3) 150 (67.3) 0.046

Abbreviations: TyG = Triglyceride-glucose; IQR = Interquartile range; NIHSS = National Institute of Health Stroke
Scale; SBP = systolic blood pressure; SD = Standard deviation; DBP = diastolic blood pressure; OTT = onset to
treatment time; sICH = symptomatic intracerebral hemorrhage; ICH = intracerebral hemorrhage; FBG = fasting
blood glucose; TG = triglyceride; TC = total cholesterol; LDL = low-density lipoprotein; END = early neurological
deterioration; ENI = early neurological improvement.

3.2. TyG Index and END

Table 2 summarizes the differences in baseline characteristics in patients with and
without END. Patients with END2 were older (70 [IQR 62–76] vs. 68 [IQR 59–75], p = 0.048),
more likely to have atrial fibrillation (49 [55.1%] vs. 161 [27.4%], p < 0.001), coronary artery
disease (17 [19.1%] vs. 64 [10.9%], p = 0.026), and diabetes (27 [30.3%] vs. 115 [19.6%],
p = 0.020). Pre-stroke hypoglycemic agents (18 [20.2%] vs. 63 [10.7%], p = 0.010) were
more frequently used in patients with END2 compared to those without. Patients with
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END2 more frequently underwent bridging thrombectomy treatment than those without
(28 [31.5%] vs. 65 [11.1%], p < 0.001). Patients with END2 had a higher initial NIHSS score
(8 [IQR 4–12] vs. 6 [IQR 3–12], p = 0.102), and a higher fast blood glucose level [mg/dl]
(121.9 [IQR 95.2–177.7] vs. 101.3 [IQR 87.9–119.2], p < 0.001). Stroke subtypes in patients
with and without END are significantly different (p < 0.001). Similar findings were detected
in patients with and without END4 (Table 2).

Table 2. Differences in baseline characteristics in patients with and without END.

Variable
Without END2

(n = 587)
With END2

(n = 89)
p Value

Without END4

(n = 615)
With END4

(n = 61)
p Value

Demographic characteristics
Age, y, median (IQR) 68 (59–75) 70 (62–76) 0.048 68 (59–76) 70 (67–76) 0.019

Sex, n (%) 0.790 0.784
Male, n (%) 374 (63.7) 58 (65.2) 394 (64.1) 38 (62.3)

Female, n (%) 213 (36.3) 31 (34.8) 221 (35.9) 23 (37.7)

Vascular risk factors
Current smoker, n (%) 170 (29.0) 28 (31.5) 0.629 181 (29.4) 17 (27.9) 0.798

Regular alcohol user, n (%) 54 (9.2) 8 (9.0) 0.949 59 (9.6) 3 (4.9) 0.228
Previous stroke, n (%) 94 (16.0) 8 (9.0) 0.084 95 (15.4) 7 (11.5) 0.408
Hypertension, n (%) 383 (65.2) 65 (73.0) 0.148 406 (66.0) 42 (68.9) 0.655

Diabetes, n (%) 115 (19.6) 27 (30.3) 0.020 120 (19.5) 22 (36.1) 0.002
Dyslipidemia, n (%) 179 (30.5) 28 (31.5) 0.854 193 (31.4) 14 (23.0) 0.173

Atrial fibrillation, n (%) 161 (27.4) 49 (55.1) <0.001 168 (27.3) 42 (68.9) <0.001
Coronary artery disease, n (%) 64 (10.9) 17 (19.1) 0.026 67 (10.9) 14 (23.0) 0.006

Medication use history
Previous antiplatelet, n (%) 63 (10.7) 12 (13.5) 0.441 66 (10.7) 9 (14.8) 0.340

Previous anticoagulants, n (%) 13 (2.2) 1 (1.1) 0.784 13 (2.1) 1 (1.6) 0.804
Previous statin, n (%) 45 (7.7) 5 (5.6) 0.491 46 (7.5) 4 (6.6) 0.793

Previous antihypertension, n (%) 228 (38.8) 36 (40.4) 0.772 239 (38.9) 25 (41.0) 0.746
Previous hypoglycemic agents, n (%) 63 (10.7) 18 (20.2) 0.010 66 (10.7) 15 (24.6) <0.001

Clinical assessment
Initial NIHSS score, median (IQR) 6 (3–12) 8 (4–12) 0.102 6 (3–12) 12 (7–15) <0.001

Discharge NIHSS score,
median (IQR) 4 (2–9) 16 (8–24) <0.001 4 (2–9) 18 (15–29) <0.001

SBP, mmHg, mean ± SD 149 ± 22 151 ± 26 0.621 149 ± 22 151 ± 28 0.476
DBP, mmHg, median (IQR) 89 (80–98) 90 (80–90) 0.533 89 (80–98) 87 (78–99) 0.922
OTT, minute, median (IQR) 180 (120–210) 169 (120–228) 0.513 180 (120–210) 160 (120–220) 0.206

Thrombectomy treatment, n (%) 65 (11.1) 28 (31.5) <0.001 68 (11.1) 25 (41.0) <0.001
24 h sICH, n (%) 0 (0.0) 28 (31.5) <0.001 0 (0.0) 28 (45.9) <0.001
Any ICH, n (%) 87 (14.8) 40 (44.9) <0.001 92 (15.0) 45 (57.4) <0.001

ASCO Stroke subtype <0.001 <0.001
Atherosclerosis, n (%) 222 (37.9) 28 (32.5) 232 (37.7) 18 (29.5)
Cardioembolic, n (%) 167 (27.3) 44 (50.6) 172 (28.0) 39 (63.9)

Small vessel disease, n (%) 60 (8.5) 10 (9.6) 67 (10.9) 3 (4.9)
Other causes, n (%) 138 (26.3) 7 (7.2) 144 (23.4) 1 (1.6)

Laboratory data

FBG, mg/dL, median (IQR) 101.3 (87.9–119.2) 121.9 (95.2–177.7) <0.001 100.8 (87.8–119.2) 136.5
(110.3–201.6) <0.001

TG, mg/dL, median (IQR) 97.5 (69.1–144.4) 103.6 (77.9–143.4) 0.305 99.2 (69.1–147.0) 98.3 (77.0–129.3) 0.712

TC, mg/dL, median (IQR) 173.2
(144.2–200.0)

175.3
(145.4–207.3) 0.643 173.4

(144.7–200.7)
168.6

(138.1–199.9) 0.649

LDL, mg/dL, median (IQR) 113.3 (86.4–138.7) 120.3 (95.1–141.9) 0.178 113.7 (87.0–139.4) 118.3 (92.8–139.2) 0.757
TyG index, mean ± SD 8.58 ± 0.69 8.87 ± 0.68 <0.001 8.59 ± 0.69 8.90 ± 0.68 <0.001

TyG tertiles <0.001 <0.001
Lowest, n (%) 205 (34.9) 21 (23.6) 213 (34.6) 13 (21.3)

Medium, n (%) 206 (35.1) 21 (23.6) 213 (34.6) 14 (23.0)
Highest, n (%) 176 (30.0) 47 (52.8) 189 (30.7) 34 (55.7)

Abbreviations: END = early neurological deterioration; IQR = interquartile range; NIHSS = National Institute
of Health Stroke Scale; SBP = systolic blood pressure; SD = standard deviation; DBP = diastolic blood pressure;
OTT = onset to treatment time; sICH = symptomatic intracerebral hemorrhage; ICH = intracerebral hemor-
rhage; FBG = fasting blood glucose; TG = triglyceride; TC = total cholesterol; LDL = low-density lipoprotein;
TyG = Triglyceride-glucose.
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Patients who developed END2 included 21 (23.6%) in the lowest tertile (range
6.78–8.30), 21 (23.6%) in the medium tertile (range 8.31–8.86), and 47 (52.8%) in the highest
tertile (range 8.89–11.64), compared to 205 (34.9%), 206 (35.1%) and 176 (30.0%), respectively,
in those without END2 (overall p < 0.001). The risk of END2 increases with increasing TyG
index (continuous variable [per unit increase]; odds ratios: OR 1.77, 95%, CI 1.30–2.42,
p < 0.001). The absolute risks for END2 in the lowest, medium, and highest tertile groups
were 9.3%, 9.3%, and 21.1%, respectively. The absolute risk difference for END2 (highest vs.
lowest) was 11.8% (95% CI, 5.2–18.3%). Similarly, the absolute risks for END4 increased
with increasing TyG index, while decreasing with increasing TyG index for ENI (Table S1).
In the multivariable model 1, adjustment for age, sex, atrial fibrillation, coronary artery
disease, initial NIHSS score, ASCO subtypes, and previous stroke use did not change the
association between TyG index and the END2 risk (categorical variable, vs. lowest tertile,
medium tertile OR 1.05, 95% CI 0.54–2.02, highest tertile OR 2.94, 95%CI 1.64–5.27, overall
p < 0.001; continuous variable [per unit increase], OR 1.91, 95% CI 1.38–2.66, p < 0.001).
The DAG algorithm identified a minimal set of confounders: age, sex, current smoker, and
regular alcohol user (Figure 2). Adjustment for this set did not alter the association between
a higher TyG index and an increased risk of END2 (Table 3). This association remained in
models 3,4, and 5 (Table S2). We performed a post hoc analysis by combining the lowest
and medium groups due to the similar probabilities of END2 in these two groups (both
23.6%). The results show that a TyG index in the highest tertile was associated with a
higher risk of END2 when compared to the lowest and medium groups (adjusted OR 2.87,
95%CI 1.78–4.62, p < 0.001, Table 3). Similar findings regarding the association between
TyG index and END4 risk are shown in Tables 4 and S3.

Figure 2. Directed acyclic graph for selection of minimal set of confounders. Abbreviations:
TyG = Triglyceride-glucose.
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Table 3. Association between TyG index and END2.

Unadjusted Model 1 Model 2
OR (95% CI) p Value OR (95% CI) p Value OR (95% CI) p Value

TyG index 1.77 (1.30–2.42) <0.001 1.91 (1.38–2.66) <0.001 1.88 (1.37–2.58) <0.001
TyG tertiles <0.001 <0.001 <0.001

Lowest Ref Ref Ref
Medium 1.00 (0.53–1.88) 1.05 (0.54–2.02) 1.06 (0.56–2.02)
Highest 2.61 (1.50–4.53) 2.94 (1.64–5.27) 2.82 (1.61–4.95)

TyG binary classification
Lowest to medium Ref Ref Ref

Highest 2.61 (1.66–4.11) <0.001 2.87 (1.78–4.62) <0.001 2.74 (1.73–4.33) <0.001

Model 1 = adjusted for age, sex, atrial fibrillation, coronary artery disease, initial NIHSS score, ASCO sub-
types, and previous stroke; Model 2 = adjusted for the minimally sufficient adjustment sets using a directed
acyclic graph: age, sex, current smoker, regular alcohol user. Abbreviations: TyG = The triglyceride-glucose;
END = early neurological deterioration; OR = odds ratios; CI = confidence interval; sICH = symptomatic intrac-
erebral hemorrhage; NIHSS = National Institute of Health Stroke Scale. ASCO: A (atherosclerosis) S (small vessel
disease) C (cardioembolic) O (other causes).

Table 4. Association between TyG index and END4.

Unadjusted Model 1 Model 2
OR (95% CI) p Value OR (95% CI) p Value OR (95% CI) p Value

TyG index 1.80 (1.26–2.57) 0.001 2.07 (1.40–3.07) <0.001 1.99 (1.37–2.87) <0.001
TyG tertiles <0.001 <0.001 <0.001

Lowest Ref Ref Ref
Medium 1.08 (0.49–2.35) 1.21 (0.54–2.74) 1.20 (0.55–2.62)
Highest 2.95 (1.51–5.75) 3.80 (1.85–7.79) 3.37 (1.71–6.65)

TyG binary classification
Lowest to medium Ref Ref Ref

Highest 2.84 (1.67–4.84) <0.001 3.45 (1.94–6.12) <0.001 3.08 (1.79–5.30) <0.001

Model 1 = adjusted for age, sex, atrial fibrillation, coronary artery disease, initial NIHSS score, ASCO sub-
types; Model 2 = adjusted for the minimally sufficient adjustment sets using a directed acyclic graph: age,
sex, current smoker, regular alcohol user. Abbreviations: TyG = Triglyceride-glucose; END = early neurologi-
cal deterioration; OR = odds ratios; CI = confidence interval; sICH = symptomatic intracerebral hemorrhage;
NIHSS = National Institute of Health Stroke Scale; ASCO: A (atherosclerosis) S (small vessel disease) C (cardioem-
bolic) O (other causes).

A sensitivity analysis limited to patients without endovascular thrombectomy treat-
ment showed that TyG index was associated with both END2 (continuous variable [per
unit increase], multivariable adjusted OR 1.74, 95%CI 1.19–2.55, p = 0.004) (Table S4) and
END4 risk (continuous variable [per unit increase], multivariable-adjusted OR 1.78, 95%CI
1.10–2.88, p = 0.019) (Table S5). However, it was no longer significant when treating TyG
index as a categorical variable for the risk of END4 (Table S5). Another sensitivity analysis
by defining END separately from sICH yielded similar results to those derived from the
main analysis (Tables S6 and S7). Subgroup analyses showed that there were no significant
interactions between TyG index and variables including age (<65 vs. ≥65 years), diabetes
(yes vs. no), and stroke onset severity (baseline NIHSS <6 vs. ≥6) for the risk of END2 and
END4 (all p for interaction > 0.05). There was a significant interaction between TyG index
and sex (male vs. female) for the risk of END2 and END4 (Figure S1A,B).

3.3. TyG Index and ENI

Differences in baseline characteristics in patients with and without ENI were shown
in Table S8. Patients who had ENI included 171 (34.8%) in the lowest tertile, 171 (34.8%)
in the medium tertile, and 150 (30.5%) in the highest tertile, compared to 55 (29.9%),
56 (30.4%), and 73 (39.7%), respectively, in those without ENI (overall p = 0.077). The odds
of ENI decrease with increasing TyG index (continuous variable [per unit increase], OR
0.78, 95% CI 0.61–0.99, p = 0.04). In the multivariable model 1, TyG index showed a trend
for a lower probability of ENI (categorical variable, vs. lowest tertile, medium tertile OR

66



J. Clin. Med. 2023, 12, 3471

1.00, 95%CI 0.63–1.58, highest tertile OR 0.59, 95%CI 0.38–0.92, overall p = 0.022; continuous
variable [per unit increase], OR 0.73, 95% CI 0.56–0.94, p = 0.015). This association remained
in other multivariable models (Table S9), but was lost when limited to patients who did not
receive endovascular thrombectomy treatment (Table S10). Subgroup analysis showed that
there were no significant interactions between the TyG index and variables including age
(<65 vs. ≥65 years), sex (male vs. female), diabetes (yes vs. no), and stroke onset severity
(baseline NIHSS <6 vs. ≥6) for the odds of ENI (all p for interaction > 0.05, Figure S1C).

3.4. TyG Index and NIHSS Score Change

Regarding the relationship between continuous TyG index and continuous delta
NIHSS (24h NIHSS score-baseline NIHSS score), our data showed that the TyG index was
associated with delta NIHSS (unadjusted Beta 0.116, p = 0.003, adjusted for the minimal
sufficient adjustment set including age, sex, current smoker, and regular alcohol user,
adjusted Beta 0.123, p = 0.001).

4. Discussion

The current study showed that a higher TyG index, a novel biomarker of insulin
resistance, is associated with an increased probability of END and decreased odds of ENI
in AIS patients who received intravenous thrombolysis; this suggests a role for insulin
resistance in the unfavorable early neurological outcome in this population.

The potential role of the TyG index in AIS prognosis has been noted. A multi-center
observational study showed that a higher TyG index was associated with 90-day unfa-
vorable functional outcomes in AIS patients who received intravenous thrombolysis [28].
Moreover, TyG index was associated with a higher risk of in-hospital mortality in critically-
ill stroke [29], and early stroke recurrence [30]. To our knowledge, whether TyG index is
related to unfavorable early neurological functional outcomes is poorly understood. Our
data showed that a higher TyG index (particularly being at the top tertile) was associated
with a higher probability of developing END and lower odds of achieving ENI at discharge
in AIS patients who received intravenous thrombolysis. In line with our finding, a previ-
ous study showed that TyG index was associated with END occurrence in patients with
single subcortical infarctions [30]. However, that study included AIS patients within 72h of
symptom onset applying only one END definition; therefore, the actual frequency of END
might be underestimated [30]. Our study adds to previous studies by showing that the
association between TyG index and END was consistent when applying two well-validated
definitions for END. Moreover, when defining END separately from sICH, the association
of END with TyG index remained in our cohort (Tables S6 and S7), since patients who had
sICH were older, more likely to have vascular risk factors, higher blood glucose, and a
more severe onset (Table S11). Another retrospective cohort study showed that TyG index
was inversely associated with ENI (adjusted OR 0.68, 95% CI 0.52–0.89, p = 0.004) in AIS
patients who received intravenous alteplase thrombolysis [31], which might also support
our findings. The aforementioned findings may indicate that the TyG index is probably a
biomarker for unfavorable early neurological functional outcomes. It is worth noting that
the abovementioned studies were heterogeneous in study population and design; further
large-sample size prospective studies are needed to validate the relationship between the
TyG index and END risk.

There are several possible explanations for the relationship between TyG index and
unfavorable early neurological outcomes after intravenous thrombolysis. First, patients
with higher insulin resistance have elevated blood levels of fibrinolysis inhibitors, such
as plasminogen activator inhibitors, which may reflect an impairment of endogenous
fibrinolytic capacity [32]. Second, insulin resistance is also known to correlate with the
worsening response to intravenous thrombolysis [33,34]. Insulin resistance may affect
the structure of the offending clot itself, rendering it denser and more resistant to lysis in
patients with AIS who received reperfusion treatments [35].

67



J. Clin. Med. 2023, 12, 3471

Our findings suggested a sex difference in the association between TyG index and
END risk. Possible explanations might include sex disparities in glucose metabolism.
For example, impaired glucose tolerance might be more prevalent in women [36]. More-
over, experimental data showed that endogenous estrogen may play a role in higher
insulin sensitivity in a female rodent model [37]. Clinical evidence also demonstrated
that menopausal hormone therapy may improve insulin sensitivity for postmenopausal
women [38]. The above mentioned studies may highlight the need for a sex-specific risk
management strategy.

The strengths of our study include using different models to validate the association
between TyG index and END risk in a multicenter sample with two-well validated defini-
tions of END. This study has some limitations. First, this is a retrospective observational
study with a moderate sample size, inevitably introducing selection bias. Second, this study
only included Chinese stroke patients; our findings may therefore not be generalizable to
other populations. Third, because of practical limitations derived from our clinical setting,
no direct measure to assess insulin resistance was used in our cohort. However, previous
studies have shown that the TyG index has high sensitivity and specificity for assessing
insulin resistance, suggesting that TyG index could be useful as a surrogate to identify
insulin resistance [39]. Lastly, the early measurement may overestimate the prevalence of
insulin resistance, since insulin resistance measurement is time-dependent during the acute
ischemic stroke onset.

5. Conclusions

In conclusion, insulin resistance represented by increased TyG index is associated
with higher odds of END and lower odds of ENI in acute ischemic stroke patients who
received intravenous thrombolysis. Targeting the TyG index could be a potential obtainable
biomarker for risk stratification in this stroke population during routine clinical practice.
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Abstract: Background. Reperfusion treatment (RT) is administered to individuals with posterior
circulation strokes (PCS) later and less frequently. We aimed to study the impact of demographic
and clinical factors on the decision for RT in PCS. Methods. We conducted a retrospective analysis of
the data from 500 subjects admitted to the tertiary stroke centre’s emergency department between
2018 and 2020 due to PCS. Demographic and clinical factors were analysed among three groups: the
RT group, the group with no RT because of absolute contraindications (ACI), and the group with
no RT because of relative contraindications (RCI). Results. Of the patients, 202 (40.3%) were female.
The median NIHSS was four (4), and the subjects’ median age was 69 (18). RT was performed on
120 (24%) subjects. FAST symptoms (OR—5.62, 95% CI [2.90–12.28]) and higher NIHSS (OR—1.13,
95% CI [1.09–1.18]) at presentation, atrial fibrillation (OR—1.56, 95% CI [1.02–2.38]), hypertension
(OR—2.19, 95% CI [1.17–4.53]) and diabetes (OR—1.70, 95% CI [1.06–2.71]) increased the chance
of RT. Late arrival was the most prevalent ACI for 291 (58.2%) patients. FAST-negative subjects
(OR—2.92, 95% CI [1.84–4.77]) and males (OR—1.58, 95% CI [1.11–2.28]) had a higher risk of arriving
late. Because of RCI, 50 (10%) subjects did not receive RT; the majority were above 80 and had
NIHSS ≤ 5. Subjects with RCI who received the RT had a higher NIHSS (4 vs. 3, p < 0.001), higher
hypertension (59 (92.2%) vs. 35 (77.8%), p = 0.032) and heart failure (23 (35.9%) vs. 7 (15.6%), p = 0.018)
prevalence. There was a trend for less RT in females with RCI. Conclusions. Late arrival was the most
common barrier to RT, and the male gender increased this risk. because of relative contraindications,
10% of subjects were not considered for RT. The presence of FAST symptoms, vascular risk factors,
and a higher NIHSS increased the chance of RT.

Keywords: posterior circulation stroke; reperfusion therapy; thrombolysis; thrombectomy; relative
contraindications; late arrival; FAST; BEFAST; stroke recognition; decision-making

1. Introduction

Posterior circulation strokes (PCS) occur in approximately 20% of all ischemic strokes [1].
However, the reported percentage of PCS among the patients treated with reperfusion
therapy (RT) is lower—5–19% [2]. Specific anatomic and hemodynamic properties of
the posterior circulation, such as lower flow velocities, different vessel calibre, and even
different clot structures, result in distinct stroke aetiology and clinical course, compared to
the anterior circulation [3,4].

PCS presents with typical symptoms listed in the FAST stroke recognition tool (face
asymmetry, arm weakness, speech disturbance) less frequently. FAST tends to miss 40% of
PCS, while the BEFAST tool, comprising balance and eye symptoms, is more sensitive [5,6].
PCS manifest with non-typical symptoms, like vomiting and seizures [7], more frequently
compared to anterior circulation strokes (ACS). Patients with PCS are at risk of belated
arrival at the hospital [8], and thrombolysis rates are lower in this group [9]. PCS patients
are managed slower and receive RT later than those with ACS [10,11].
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Not all the PCS symptoms are included in the National Institutes of Health Stroke Scale
(NIHSS), sometimes resulting in a hesitancy to apply RT in PCS. Due to the non-typical
presentation and relatively low NIHSS scores, weighting RT effectiveness and safety is quite
complicated in some cases. Although the risk of symptomatic intracerebral haemorrhage
in PCS is lower than in ACS, the dilemma of RT risk and benefit always exists, especially
when NIHSS scores are low [12,13]. In such cases, decision-making might be guided by
subtle, often subjective factors, not covered by the guidelines.

In light of these findings, it seems reasonable to identify the reasons for the scarcity
of RT in PCS patients and the factors contributing to the decision to withhold RT. In this
study, we aimed to analyse demographic and clinical factors influencing the decision for
RT in PCS.

2. Materials and Methods

This retrospective observational single-centre study was conducted at Vilnius Univer-
sity Hospital Santaros Klinikos—a comprehensive stroke centre with a catchment popula-
tion of 945,000. The research population included 500 subjects admitted due to ischemic
PCS from January 2018 to December 2020. We did not continue further recruitment of
the patients during the COVID-19 pandemic because it could result in longer times for
treatment and arrival. This would make the data inappropriate for use after the pandemic.

The inclusion criteria were the following:

1. Ischemic PCS diagnosis. PCS diagnosis was confirmed in every subject either using
neuroimaging (ischemia on the plain computerized tomography (CT) scan, posterior
circulation vessel occlusion on the CT angiography, hypoperfusion in the posterior
circulation territory on the CT perfusion or diffusion-weighted imaging-positive lesion
in the posterior circulation, all of these needed to correspond to clinical symptoms),
or based on typical clinical symptoms (e.g., alternating brainstem syndrome).

2. Aged 18 years old or older. There was no upper age limit for inclusion.
3. Hospitalised at the same centre.

The exclusion criteria were the following:

1. Transfer to other hospitals after the initial evaluation in the emergency department.
2. Unclear stroke territory.
3. Both ACS and PCS were detected.

We analysed clinical and demographic factors that influenced the suitability for the RT,
including absolute and relative contraindications (ACI and RCI, respectively), according to
the hospital protocol (Table 1).

Table 1. Absolute contraindications for the reperfusion therapy in the study.

Absolute Contraindication Study Label

Suitable for intravenous thrombolysis (IVT) only, treatment
cannot be applied within 4.5 h (6 h in the case of basilar

artery occlusion) Late arrival

Suitable for mechanical thrombectomy (MT) only, treatment
cannot be applied within 24 h

Using warfarin, INR ≥ 1.7

Anticoagulant use

Direct oral anticoagulants used in less than 48 h

Low-molecular-weight heparin used in less than 12 h

Heparin use with APTT two times higher than the upper normal
range limit and impossible to reverse in time

mRS > 2 points mRS > 2
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Table 1. Cont.

Absolute Contraindication Study Label

Established stroke occupying more than 1/3 of the middle
cerebral artery territory on the plain head CT

Established ischemia
Unfavourable penumbra-core ratio according to the ESO-ESMINT

guidelines [14]

Major bleeding within the past 3 weeks Recent major bleeding

Major surgery within the past 3 weeks Recent major surgery

ICH history ICH history
This table represents absolute contraindications according to the hospital protocol and the labels used to
classify them in the study. APTT—activated partial thromboplastin time, CT—computerised tomography,
ESMINT—European Society for Minimally Invasive Neurological Therapy, ESO—European Stroke Organisa-
tion, ICH—intracerebral haemorrhage, INR—international normalised ratio, IVT—intravenous thrombolysis,
mRS—Modified Rankin scale, MT—mechanical thrombectomy.

Subjects treated with intravenous thrombolysis (IVT), mechanical thrombectomy (MT)
or both methods (bridging therapy (BT) were included in the RT group, and subjects who
did not receive any RT were included in the non-RT group. The non-RT group was further
divided into two subgroups: subjects who had ACI according to the hospital reperfusion
treatment protocol (ACI group), and subjects who did not receive RT despite not having
any ACI. This group did not receive RT due to factors that were not established as clear ACI
in the hospital protocol, and the group was labelled as the relative contraindications group
(RCI group). RCI included minor stroke (NIHSS ≤ 5 points), age > 80 years, ischemic stroke
history within the past 3 months, intracranial aneurysm, and presenting with a seizure.
The cases of posterior cerebral artery occlusion were discussed with the interventional
radiologists who performed MT. Some of those cases were reported as “technically risky
interventions”. If MT was not performed due to this, the case was classified as a relative
contraindication. The criteria used for the inclusion of subjects into the particular subgroup
are presented in Table 2.

Table 2. Subgroup classification criteria.

RT Group: Any RT Method Applied
Non-RT Group: No RT Applied

ACI Subgroup RCI Subgroup

Subjects who were treated with:

1. IVT
2. MT
3. IVT + MT (BT)

Subjects who were not treated with RT
due to ACI, according to the hospital
protocol:

1. Arrived too late to be treated
with RT.

2. Any anticoagulant use preventing
the patient from receiving RT.

3. mRS > 2 points.
4. Established stroke occupying more

than 1/3 of the middle cerebral
artery territory on the plain head
CT or unfavourable penumbra-core
ratio according to the ESO-ESMINT
guidelines.

5. Major bleeding or surgery within
the past 3 weeks.

6. History of ICH.

Subjects who were not treated with the
RT in the absence of the ACI, according to
the hospital protocol, such as:

1. NIHSS ≤ 5 points.
2. Age > 80 years.
3. Ischemic stroke history within the

past 3 months.
4. Unruptured intracranial aneurysm.
5. Presenting with a seizure.

If the subject had several ACI, only the most important, determinant contraindication
was registered (e.g., if a subject was late and had established infarct on plain CT, such a
case was classified as belated arrival). In the RCI group, if the subject had several RCIs, all
of them were registered.
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Some subjects who had RCI received RT. We compared the baseline characteristics
and outcomes between the subjects with RCI who received the RT and those who did not.
Outcomes compared were lethal outcome during the hospitalization (labelled as an early
lethal outcome), early ambulatory outcome defined as mRS 0–3 points (able to walk) on
discharge from the stroke centre, and in-patient complications: intracranial or another
major bleeding, recurrent stroke, myocardial infarction, infection, delirium.

Baseline characteristics included demographic data (sex, age), clinical symptoms at
presentation, baseline NIHSS score, medical history (arterial hypertension (AH), congestive
heart failure NYHA B or worse (CHF), history of stroke or transient ischemic attack (TIA),
myocardial infarction (MI), diabetes mellitus (DM), and atrial fibrillation (AF).

All patients were examined by a neurology consultant on admission. The decision
for RT was based on clinical and imaging findings. IVT was performed within 4.5 h after
symptom onset and 6 h in the case of basilar artery occlusion (BAO). For IVT, a 0.9 mg/kg
dose of alteplase was used (a maximum dose of 90 mg), with 10% of the dose given as
a bolus in 1–2 min and the rest given as an intravenous infusion for 1 h. Mechanical
thrombectomy was performed within 6 h of onset and within 24 h in the case of BAO. If the
subject arrived later than the recommended timeframe for the RT, the case was classified as
a late arrival.

Data were analysed using R software version 4.2.1. (R Core Team (2022)). Baseline
characteristics are reported using descriptive statistics. The normality was assessed using
the Shapiro-Wilk test; all qualitative variables were not normally distributed. The chi-
square test was used to compare qualitative variables between groups, and the Wilcoxon
test was used to compare quantitative variables between two groups. The accepted level of
statistical significance was <0.05. Univariate logistic regression was used to analyse the
odds ratios with a 95% confidence interval. The study power was 0.879 (calculated with
G-Power software, version 3.1.9.2.).

The study was approved by the Vilnius Regional Bioethics Committee (approval Nr.
1170, 19 December 2019) and the Lithuania Bioethics Committee (approval Nr. L-14-03/1,
L-14-03/2, L-14-03/3, L-14-03/4, L-14-03/5, L-14-03/6, 18 April 2014).

3. Results

3.1. Baseline Characteristics

The median age was 69 (18) years, the median NIHSS on admission was four (4) points,
and 202 (40.3%) subjects were female. The number of FAST-positive (FAST+) subjects was
372 (74.4%). Other subjects were FAST-negative: 53 (10.6%) presented with ataxia, 23 (4.6%)
with vision disturbance only (visual field deficit or double vision), and 39 (7.8%) presented
with both ataxia and eye symptoms, resulting in 487 (97.4%) BEFAST-positive (BEFAST+)
subjects in total. The most frequent symptom at presentation was ataxia (63.6%), followed
by paresis (54.2%) and speech disturbance (51.8%). The prevalence of all symptoms is listed
in Figure 1.

RT was performed on 120 (24%) subjects: 72 (14.4%) were treated with IVT, 37 (7.4%)
with MT, and 11 (2.2%)—with BT. Subjects in the RT group had higher NIHSS (7 vs. 3,
p < 0.001), and more of them were FAST + (92.6% vs. 68.8%, p < 0.001) and BEFAST+
(100% vs. 96.6%, p = 0.039). In the RT group, there was a higher frequency of AF (42.1% vs.
32.2%, p = 0.045), AH (90.9% vs. 81.8%), and DM (29.8% vs. 19.3%) (Table 3).
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Figure 1. The prevalence of all symptoms on admission is presented in the figure. Eye symptoms in-
clude any visual disturbance: amblyopia, hemianopia, scotoma, diplopia. Decreased GCS—decreased
level of consciousness measured using the Glasgow Coma Scale.

Table 3. Comparison of baseline characteristics in subjects who were and were not treated with
reperfusion therapy.

Factor RT Group Non-RT Group p-Value

Atrial fibrillation 51 (42.1%) 122 (32.2%) 0.045 *

Age 69 (15) 69 (19) 0.528

Hypertension 110 (90.9%) 310 (81.8%) 0.017 *

Anticoagulant use 14 (11.6%) 65 (17.2%) 0.143

Antiplatelet use 19 (15.7%) 70 (18.5%) 0.488

BEFAST+ 120 (100%) 366 (96.6%) 0.039 *

Diabetes 36 (29.8%) 73 (19.3%) 0.015 *

Female sex 49 (40.5%) 153 (40.4%) 0.980

FAST+ 112 (92.6%) 260 (68.6%) <0.001 *

Heart failure 37 (30.6%) 90 (23.7%) 0.133

History of stroke or transient
ischaemic attack 19 (15.7%) 85 (22.4%) 0.113

History of myocardial infarction 24 (19.8%) 78 (20.6%) 0.859

NIHSS 7 (7) 3 (3) <0.001 *

Ongoing malignancy 4 (3.3%) 26 (6.9%) 0.152
Quantitative and numeric ordinal data (age in years and NIHSS in points) are presented as the median and
interquartile range (IQR). Qualitative data are presented as an absolute number (percentage). * Significant
differences are denoted with an asterisk. BEFAST+—at least one of the following symptoms: loss of balance, visual
or eye disturbance, face asymmetry, arm weakness, speech disturbance; FAST+—at least one of the following
symptoms: face asymmetry, arm weakness, speech disturbance; NIHSS—National Institutes of Health Stroke
Scale, RT—reperfusion therapy.
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3.2. Contraindications

330 (66%) subjects had ACI to RT. The most frequent ACI was late arrival: 291 (58.2%)
subjects arrived later than the recommended timeframe for the appropriate RT. In 50 (10%)
subjects, RT was not applied due to RCI only. Age > 80 years and NIHSS ≤ 5 points were
the most frequent reasons to withhold RT. In this group, 15 (30%) subjects had more than
one RCI. Of the subject with RCI, 49 (98%) were BEFAST+. Two (4%) of them did not have a
disabling deficit (only isolated dizziness or isolated mild speech disturbance). The detailed
structure of contraindications is presented in Table 4.

Table 4. Contraindications for RT in PCS subjects.

ACI RCI

Belated arrival 291 (58.2%) NIHSS ≤ 5 points 38 (9.6%)

Anticoagulant use 22 (4.4%) Age > 80 years 19 (4.8%)

mRS > 2 points 9 (1.8%) High subjective risk
of MT 6 (1.2%)

Recent major bleeding 3 (0.6%) Stroke in 3 months 1 (0.2%)

Established infarct on
plain CT 3 (0.6%) Intracranial aneurysm 1 (0.2%)

Recent major surgery 1 (0.2%) Seizure 1 (0.2%)

ICH history 1 (0.2%) More than 1 RCI 15 (3.0%)
Absolute and relative contraindications for reperfusion therapy are listed in the table. The percentage of the
total study population is denoted in round brackets. ACI—absolute contraindications, CT—computerized to-
mography, MT—mechanical thrombectomy; ICH—intracerebral haemorrhage, mRS—Modified Rankin scale,
NIHSS—National Institutes of Health Stroke Scale, PCS—posterior circulation stroke, RCI—relative contraindica-
tions, RT—reperfusion therapy.

Having balance or visual symptoms without FAST symptoms was associated with an
almost three-fold increase in the risk of late arrival (OR—2.92, 95% CI [1.84–4.77]). Male
sex was another significant risk factor (OR—1.58, 95% CI [1.11–2.28]). Factors decreasing
the risk of late arrival were the presence of FAST symptoms (OR—0.31, 95% CI [0.19–0.49]),
a higher NIHSS score (OR—0.88 for each point, 95% CI [0.85–0.92]), AF (OR—0.51, 95% CI
[0.35–0.74]) and heart failure (OR—0.51, 95% CI [0.34–0.76]) (Table 5). The last two may
not have been independent risk factors confounded by the NIHSS, as they were higher in
AF and HF subjects (five in AF and HF subjects vs. three in non-AF and non-HF subjects,
p < 0.001).

Table 5. Association of demographic and clinical factors with the risk of belated arrival.

Factor B Std. Error p-Value OR (Exp B) 95% CI

AF −0.68 0.19 <0.001 * 0.51 0.35–0.74 *

Age ≥ 80 years −0.24 0.21 0.248 0.78 0.51–1.19

AH −0.47 0.26 0.067 0.62 0.37–1.02

Balance or vision disturbance 1.07 0.24 <0.001 * 2.92 1.84–4.77 *

DM −0.16 0.22 0.451 0.85 0.55–1.30

FAST+ −1.16 0.24 <0.001 * 0.31 0.19–0.49 *

HF −0.68 0.21 0.001 * 0.51 0.34–0.76 *

History of stroke or TIA −0.13 0.22 0.572 0.88 0.57–1.37
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Table 5. Cont.

Factor B Std. Error p-Value OR (Exp B) 95% CI

Male sex 0.46 0.18 0.012 * 1.58 1.11–2.28 *

NIHSS (risk reduction for each
additional point) −0.12 0.02 <0.001 * 0.88 0.85–0.92 *

Data are presented as odds ratio and 95% confidence interval. * Significant differences are denoted with an asterisk.
AF—atrial fibrillation, AH—arterial hypertension, CI—confidence interval, DM—diabetes mellitus, FAST+—at
least one of the following symptoms: face asymmetry, arm weakness, speech disturbance; HF—heart failure,
NIHSS—National Institutes of Health Stroke Scale, OR—odds ratio, Std. Error—Standard Error; TIA—transient
ischemic attack.

3.3. Reperfusion Therapy

Being FAST+ was the most significant factor for receiving RT (OR—5.62, 95% CI
[2.90–12.28]). Other factors increasing the chance of receiving RT were higher NIHSS
(OR—1.13 for each point, 95% CI [1.09–1.18]), history of AF (OR—1.56, 95% CI [1.02–2.38]),
AH (OR—2.19, 95% CI [1.17–4.53]) and DM (OR—1.70, 95% CI [1.06–2.71]) (Table 6).

Table 6. Association of demographic and clinical factors with the chance of receiving RT.

Factor B Std. Error p-Value OR (Exp B) 95% CI

AF −0.84 0.61 0.171 1.56 1.02–2.38 *

Age ≥ 80 years −0.22 0.26 0.402 0.81 0.48–1.32

AH 0.79 0.34 0.022 * 2.19 1.17–4.53 *

Balance or vision
disturbance −1.56 0.37 <0.001 * 0.21 0.10–0.41 *

DM 0.53 0.24 0.026 * 1.70 1.06–2.71 *

FAST+ 1.73 0.36 <0.001 * 5.62 2.90–12.28 *

HF 0.36 0.23 0.118 1.44 0.91–2.25

History of stroke or TIA −0.43 0.28 0.126 0.65 0.37–1.11

Male sex −0.02 0.21 0.912 0.98 0.64–1.49

NIHSS (chance increase
for each additional point) 0.12 0.02 <0.001 * 1.13 1.09–1.18 *

Data are presented as odds ratio and 95% confidence interval. * Significant differences are denoted with an asterisk.
AF—atrial fibrillation, AH—arterial hypertension, CI—confidence interval, DM—diabetes mellitus, FAST+—at
least one of the following symptoms: face asymmetry, arm weakness, speech disturbance; HF—heart failure,
MI—myocardial infarction, NIHSS—National Institutes of Health Stroke Scale, OR—odds ratio, RT—reperfusion
therapy, TIA—transient ischemic attack.

Although some subjects did not receive RT due to RCI, such as age and minor stroke,
others with the same RCI were treated with RT. To clarify whether there were any additional
factors influencing the decision, we compared baseline characteristics between RT and RCI
groups, including only the subjects who had the most common RCI, i.e., being 80 years of
age or older and having a minor stroke, defined as NIHSS ≤ 5. There were 64 subjects with
the aforementioned RCI in the RT group. They had significantly higher NIHSS (four vs.
three, p < 0.001) and higher prevalence of AH (92.2% vs. 77.8%, p = 0.032) and HF (35.9%
vs. 15.6%, p = 0.018) than the RCI group. There was a trend for lower female prevalence in
the RT group with RCI (39.1% vs. 57.8%, p = 0.054). None of the outcomes, including early
in-hospital mortality, early ambulatory outcomes, or complication rates, differed between
the groups (Table 7).
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Table 7. Baseline characteristics and outcomes in subjects with relative contraindications, compared
between the RT and RCI groups.

Factor/Outcome RT Group (N = 64) RCI Group (N = 45) p-Value

AF 29 (45.3%) 16 (35.6%) 0.308

AH 59 (92.2%) 35 (77.8%) 0.032 *

Antiplatelet use 13 (20.3%) 12 (26.7%) 0.437

BEFAST+ 64 (100%) 44 (97.8%) 0.231

DM 16 (25%) 8 (17.8%) 0.370

FAST+ 55 (85.9%) 34 (75.6%) 0.168

HF 23 (35.9%) 7 (15.6%) 0.018 *

History of MI 15 (23.4%) 8 (17.8%) 0.476

Ongoing malignancy 3 (4.7%) 1 (2.2%) 0.500

Female sex 25 (39.1%) 26 (57.8%) 0.054 *

History of stroke or TIA 9 (14.1%) 9 (20%) 0.411

Age 76 (19%) 76 (19%) 0.751

NIHSS 4 (3) 3 (3) <0.001 *

Early ambulatory outcome 26 (40.6%) 19 (42.2%) 0.868

Delirium 7 (10.9%) 4 (8.9%) 0.727

Intracranial haemorrhage 0 (0%) 0 (0%) 0.068

Another bleeding 0 (0%) 1 (2.2%) 0.231

Myocardial infarction 2 (3.1%) 1 (2.2%) 0.777

Infection 17 (26.6%) 9 (20%) 0.429

Lethal outcome 3 (4.7%) 0 (0%) 0.141

Recurrent stroke 3 (4.7%) 0 (0%) 0.141
Quantitative and numeric ordinal data are presented as median (IQR). Qualitative data are presented as an
absolute number (percentage). * Significant differences are denoted with an asterisk. AF—atrial fibrillation,
AH—arterial hypertension, BEFAST+—at least one of the following symptoms: loss of balance, visual or eye
disturbance, face asymmetry, arm weakness, speech disturbance; DM—diabetes mellitus, FAST+—at least one of
the following symptoms: face asymmetry, arm weakness, speech disturbance; HF—heart failure, MI—myocardial
infarction, NIHSS—National Institutes of Health Stroke Scale, RCI—relative contraindications, RT—reperfusion
therapy, TIA—transient ischemic attack.

4. Discussion

4.1. Discussion

The most frequent obstacle to receiving RT was belated arrival in more than half of
the subjects. This finding confirms the results of other studies that revealed that PCS is a
risk factor for late arrival and not receiving RT [8]. More PCS subjects arrived in time and
received RT when they were FAST-positive. These findings can reflect two aspects.

First of all, after numerous educational campaigns, stroke symptoms listed in the FAST
test might be better recognized by society and clinicians [15–17]. Nevertheless, about 20% of
PCS subjects did not have FAST symptoms but had balance impairment, vision disturbance,
or both of them. An Austrian study of PCS patients shows that PCS is associated with
significant delays in prehospital and intra-hospital management. These findings show that
there is room for improvement by initiating further educational campaigns, now using the
BEFAST tool.

Furthermore, in those patients who arrived timely, the clinician‘s decision might have
been biased, as ataxia and visual symptoms are sometimes underscored by the NIHSS [18].
Such strokes might be classified as minor strokes, causing doubt and incertitude about
the risks and benefits of RT. Nevertheless, ataxia and vision disturbance are disabling
symptoms, and, ideally, modified NIHSS scores for posterior circulation should be used to
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estimate potential disability [19–21]. Moreover, recent data highlight the effectiveness of
RT even on such subtle outcomes as vision and cognitive functions [22].

Ten percent of subjects were not recognized as suitable for RT with no strict con-
traindications. However, RT happened in a large proportion of subjects with the same RCI,
and, again, the most significant factor that differed between the groups who received RT
and did not was the median NIHSS score (four vs. three). Nevertheless, many so-called
“minor strokes” were present in both groups. One can argue that only the subjects with
non-disabling deficits were not thrombolysed, but only 13 subjects from the whole cohort
were BEFAST-negative, and nobody from the BEFAST-positive cohort presented with iso-
lated facial asymmetry, which means that they all had disabling symptoms. These findings
clearly show the subjective component of the assessment that is always present on top
of guidelines.

Thrombolysis in minor strokes is a constant matter of debate between stroke physicians.
Some authors report that RT does not have a beneficial impact on the outcomes of minor
strokes [23], while others are more optimistic [24], especially when large-vessel occlusion is
present [25]. Unfortunately, the outcomes measured are usually mortality, mRS and NIHSS,
and those are quite crude. To draw a reliable conclusion about minor stroke outcomes,
it would be beneficial to investigate other aspects, including cognitive functions, fatigue,
autonomic dysfunction [26] and other often underestimated stroke symptoms.

We can hypothesise that RCI “age >80” could be a vague description of the subjective
clinician’s impression of the subject’s frailty. It is known that frailty increases the probability
of poor outcomes [27–29], and sometimes it is hard to predict if the frail patient will benefit
from RT. Although RT in the elderly is another questionable concept among clinicians, age
should not be a contraindication for RT per se [30].

Subjects diagnosed with AF, AH, and DM were treated with RT more frequently.
While AF might not be an independent risk factor because of the confounding with the
NIHSS, AH and DM were not associated with higher NIHSS scores. We hypothesise that
the presence of vascular risk factors made subjects and clinicians more vigilant about stroke.
In our opinion, RT could have been withheld in the RCI group because of the uncertainty
about the diagnosis. In such cases, additional cardiovascular risk factors encouraged the
clinician to suspect stroke and make the choice in favour of RT.

Although males were late for RT more frequently, there was a trend to withhold RT in
females with RCI for RT. That finding reconfirms the results of previous studies regarding
sex differences in stroke RT, showing that women are receiving less RT than men, even
after adjusting for confounders [31–33]. It is another illustration of the subjectivity of the
decision-making process.

A study from Portugal identified that social factors such as poverty, lack of stroke
awareness, or difficulties in requesting immediate medical help put patients at higher
risk of late admission for RT [8]. Given this, we should aim to increase awareness of PCS
symptoms by educating society about stroke symptoms with the help of the BEFAST tool.
The data from the tertiary centre in Helsinki revealed that PCS patients have hypertension
history less often and presented with non-typical symptoms, such as seizure, vomiting and
headache more often than the ACS patients [7]. We encourage clinicians to consider the
possibility of stroke even when the patient does not have traditional cardiovascular risk
factors or presents with atypical symptoms. Testing for specific PCS symptoms that are not
represented by classical NIHSS, such as axial ataxia and dysphagia, might be helpful. It is
beneficial to remember that thrombolysis in stroke mimics is safe [34,35] and that IVT is
recommended in minor strokes if the deficit is disabling [30]. In our opinion, it would be
beneficial to analyse the impact of routine use of the BEFAST tool by paramedics and in the
Accident and Emergency Department on large cohorts in future.

4.2. Strengths and Limitations of the Study

Our study is limited by its retrospective design. Moreover, some of the PCS patients
transferred to other centres were not included because the exact diagnosis and follow-up
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would be complicated. However, it does not make our findings less relevant. All transferred
subjects were not suitable for the RT, so the real number of subjects with contraindications
could be even higher. We did not analyse the impact of smoking status and dyslipidaemia
on the chance of receiving RT because data about these factors were lacking. We also did not
stratify our population according to stroke aetiology or type of admission (self-presented
or paramedics). These problems should be investigated in future studies.

The strengths of the study are sufficient sample size and reliable clinical examination;
every subject was examined by a neurology consultant on admission. It is also important
that the majority of subjects had a radiologically confirmed PCS diagnosis.

5. Conclusions

Late arrival was the most common ACI to RT, and the male gender increased this risk.
PCS patients with existing FAST symptoms, vascular risk factors, and higher NIHSS scores
were more likely to be selected for reperfusion therapy. Ataxia or visual symptoms reduced
the chance of receiving RT. Ten percent of subjects did not undergo RT due to relative
contraindications. When only relative ineligibility criteria were present, RT was more often
performed in the presence of higher NIHSS scores and vascular risk factors. There was a
trend towards less frequent RT in female patients with relative contraindications.
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Abstract: Mechanical thrombectomy is the gold-standard treatment for patients that have suffered
large-vessel occlusion (LVO) stroke. Various different stent-retrievers, aspiration catheters, and
techniques have been developed to perform this procedure. We present our initial results regarding
the Stream device. Materials and Methods: We performed a retrospective review of a prospectively
maintained database at our high-volume centre to identify all patients treated with the Stream device
between February 2021 and January 2023. We recorded baseline demographics, NIHSS, ASPECT
scores, eTICI scores, complications, and 90-day mRS. Results: We identified 51 patients, 49.0% of
whom were male (n = 25), with a median age of 73 (range: 51–89) and a median NIHSS score of
17 (range 4–22), and 68.6% received IV tPA. The median ASPECT score was 10 (range 6–10). Hyper-
dense clots were seen in 34 cases (66.7%), with a mean clot length of 12 ± 6.2 mm (range 2–26 mm).
Clots were located in the anterior circulation in 49 patients. The standard Stream device was used in
78.4% of cases, with Stream 17 being used in 19.6% of cases. The FPE was observed in 25.5% of cases
(n = 13), with the mFPE being seen in 31.4% of cases (n = 16). A final eTICI score of ≥2b was achieved
in 90.2% of cases (n = 46), and eTICI 2c/3 was seen in 84.3% of cases (n = 43). Furthermore, 24 h
CT scans showed that the median ASPECT score was 8 (range 0–10). Good functional outcomes at
90 days (mRS ≤ 2) were achieved in 21.6% of cases (n = 11). Conclusions: The Stream device shows
acceptable rates of FPE and mFPE compared to existing devices. Further larger studies are required
alongside an understanding of the optimal technique for this device’s use.

Keywords: stream device; mechanical thrombectomy; ischaemic stroke

1. Introduction

Mechanical thrombectomy (MT) has become the gold-standard treatment for acute
ischaemic stroke (AIS) caused by large-vessel occlusion (LVO), with studies further demon-
strating the efficacy of this procedure in treating patients presenting beyond 6 h [1,2], in
relation to posterior circulation, and, more recently, in treating patients with large-core
strokes (with ASPECT scores of 3–5) [3–5]. A variety of studies assessing the impact of MT
in more distal locations are currently underway, with the expectation that the indications
for MT will continue to expand.

Recent advances in our understanding related to clot pathophysiology and structure,
clot/stent interactions, and clot/vessel wall interactions have improved our knowledge
base regarding ischaemic stroke [6–10]. Over the last decade, there has been a significant
improvement in our understanding of the various clot types [6], the interaction between
stent-retrievers and clots [7–9], and how both stent-retrievers and clots interact with the
vessel wall and in combination during retrieval [10]. This improvement in our understand-
ing has led to the development of stent-retrievers with novel designs [11–15], with the
synchronous development of novel aspiration catheters [16–18] and various techniques for
optimising the MT procedure and first-pass recanalisation.
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Manually controlled, expandable, braided devices have been clinically used for the
treatment of aneurysms [19–23] and, more recently, cerebral vasospasm [24,25]; however,
their development and use in AIS are more recent occurrences. The Stream (Perflow
Medical, Tel Aviv, Israel) device is a novel device with a braided structure that, via an
actuator at the handle, can be expanded or contracted by the operator.

Currently, there are no publications that have examined the safety and efficacy of this
novel device. In this article, we present our initial experience of the use of the Stream device
to treat patients with AIS.

2. Materials and Methods

2.1. The Stream Device

The Stream device is a dynamic neuro-thrombectomy braided net, or an adjustable
stent retriever, which is controlled by a proximal handle (Figure 1). At the distal end of the
device, there is a 10–13 mm (depending on the device model) atraumatic, radiopaque wire
tip. There are 6–8 (depending on the device model) paired wires that form the expandable
Cerebral Net™, and these can be expanded from 0.4 to 6 mm depending on the model of
device chosen. The actuator control handle has two operation modes: auto-lock mode for
stepwise radial expansion and free mode for continuous adjustments that can also provide
tactile feedback. In auto-lock mode, each ‘click’ of the handle results in an incremental
controlled expansion of the device. There are currently three models:

• Stream;
• Stream XL;
• Stream 17.

Figure 1. The Stream device consists of an actuator handle that allows for the precise control of the
Cerebral Net ((A) and magnified image in (B)). At the distal end of the device, there is an atraumatic,
radiopaque wire tip (B).

Stream and Stream XL are compatible with 0.021-inch-inner-diameter microcatheters,
whereas Stream 17 is designed for 0.017-inch-inner-diameter microcatheters. In terms of
length, Stream has a maximum braid length of 33 mm, Stream XL has a maximum braid
length of 38 mm, and Stream 17 has a maximum braid length of 25 mm. The overall
effective length of the Stream is 193 cm.

2.2. Patient Selection

We performed a retrospective review of prospectively maintained databases at a high-
volume centre to identify all patients treated with the Stream device between February
2021 and January 2023. The retrospective nature of this study precluded the requirement of
ethical approval at the participating centre.
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2.3. Study Population

The inclusion criteria included the following:

• Age ≥ 18;
• National Institutes of Health Stroke Scale (NIHSS) score of ≥4;
• ASPECT score ≥ 5;
• LVO on CT angiography;
• Pre-morbid mRS of 0–2;
• Life expectancy of >6 month.

The Stream device was the first device used for treatment of the intracranial occlusion.
Patients were excluded if another device or technique (aspiration) was used as the

initial strategy for the MT procedure or if there was an incomplete dataset (aside from the
90-day mRS).

All patients underwent non-enhanced CT and CT Angiograms from the arch to the
vertex prior to the MT procedure. Patients were eligible for MT if their ASPECT score was
≥5, their baseline mRS was ≤2, and their life expectancy was greater than 6 months (in the
case of a known underlying malignancy), with no upper limit on age. All patients were
given IV tPA if they met the criteria.

2.4. Endovascular Procedure

Patients were treated either with local anaesthesia or general anaesthesia as per local
standard practice.

The exact equipment used varied between the different operators; however, a distal
aspiration catheter, typically a 6 Fr Sofia (Microvention, Aliso Viejo, CA, USA), was used in
all cases and was typically introduced via a standard guide catheter such as a NeuronMax
(Penumbra, Alameda, CA, USA).

Successful reperfusion was defined as eTICI ≥ 2b (67%). In addition, first-pass effect
(FPE) and modified FPE were defined as eTICI ≥ 2c and as eTICI ≥ 2b, respectively, after
the first thrombectomy attempt.

2.5. Post-Procedure

Post procedure, using non-enhanced CT imaging was routinely performed at 24 ± 6 h
unless there was a sudden deterioration in a patient’s consciousness level, prompting an
earlier scan. In cases of intracranial or extracranial stenting, a CTA was also performed.

The 90-day mRS was recorded via telephone interview or clinic review conducted by
a trained stroke physician.

The data recorded included the demographics (age, gender, underlying medical
conditions, admission NIHSS score, etc.), use of IV tPA, radiological findings (including
the ASPECT score prior to MT), clot location, endovascular procedural information, and
relevant timing. The eTICI score was recorded after the first pass of the device and at the
end of the procedure alongside any complications and the 90-day mRS where available.

3. Results

3.1. Baseline Demographics

In total, 51 patients met our inclusion and exclusion criteria. The median age of the
participants was 73 (range 51–89), and 49.0% were male (n = 25). Pre-existing hypertension
was common (n = 40, 78.4%), diabetes mellitus was less common (n = 13, 25.5%), and
atrial fibrillation was noted in just over half of the patients (n = 26, 51%). All patients
were recorded as having a baseline mRS of 0 prior to the MT procedure. The results are
summarised in Table 1.
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Table 1. Baseline demographics and medical data.

Baseline Data n = 51

Demographics

Age Median 73 (range 51–89)
Female 51% (n = 26)

Co-Morbidities

Smoking 20 (39.2%)
Hypertension 40 (78.4%)

Diabetes Mellitus 13 (25.5%)
Atrial Fibrillation 26 (51%)

Pre-Morbid mRS

0 51 (100%)

3.2. Clinical and Angiographic Results

The median NIHSS score at presentation was 17 (range 4–22), and 68.6% received
IV tPA prior to MT. The most common suspected cause of a stroke was thought to be
cardioembolic (52.9%). Right-sided LVOs were more frequently seen (56.9%), and eight
cases involved tandem lesions (15.7%). The median ASPECT score upon conducting a plain
CT scan was 10 (range 6–10). Hyperdense clots were seen in 34 cases (66.7%), with a mean
clot length of 12 ± 6.2 mm (range 2–26 mm). The vast majority of clots were located in the
anterior circulation, with only two posterior basilar occlusions (3.9%).

The results are summarized in Table 2.

Table 2. Baseline clinical and imaging data, including suspected cause of stroke, NIHSS score, clot
location, and ASPECT score.

Stroke Data

NIHSS Median 17 (range 4–22)
IV tPA 35 (68.6%)

Suspected Cause

Cardioembolic 27 (52.9%)
Large-artery Atherosclerosis 6 (11.8%)

Mixed 5 (9.8%)
ESUS (Embolic Stroke of Undetermined Source) 13 (25.5%)

Imaging Findings

Side
R 29 (56.9%)
L 20 (39.2%)

Mid 2 (3.9%)

Tandem Lesion

Y 8 (15.7%)

Clot Location

ICA 16 (31.4%)
M1 29 (56.9%)
M2 4 (7.8%)
BA 2 (3.9%)

Hyperdense Clot 34 (66.7%)
Clot Length 12 ± 6.2 mm (range: 2–26 mm)

ASPECT Score Median 10 (range: 6–10)
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3.3. Procedural Outcomes

The vast majority of patients were operated on under local anaesthesia (n = 49, 96.1%).
The standard Stream device was used as the first-line device in the majority of procedures
(n = 40, 78.4%), with the smaller Stream 17 used in 19.6% of cases (n = 10). The first-pass
effect (FPE) was seen in 25.5% of cases (n = 13), with a modified FPE seen in 31.4% (n = 16)
(Figures 2 and 3). Distal embolisation was seen in 5.9% (n = 3) of cases, and an embolus in
new territory was not seen in any cases.

 
Figure 2. A male patient with 2 h history of acute left-sided weakness and an NIHSS score of 17.
Non-contrast CT scan (A) revealed some subtle loss of grey–white matter differentiation involving
the lentiform nucleus (ASPECT score 9), and CT angiography confirmed a right terminal ICA and M1
occlusion (B).

 
Figure 3. Angiography confirmed the terminal right ICA and M1 occlusion (A). The thrombus
was crossed using a Headway 21 microcatheter, and a Stream device was expanded for 5 min
(B). Withdrawal into the aspiration catheter was performed, during which the first-pass effect was
observed (eTICI 2c) (C). Non-contrast CT scan of the head performed at 24 h demonstrated no
evidence of haemorrhage and an ASPECT score of 8 (D).
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In 19.6% (n = 10) of cases, Stream could not be used to remove the occlusion, and bailout
with alternative devices/techniques was required. An intracranial stent was permanently
implanted in one of these cases (1.9%). Carotid stents were implanted in two cases (3.9%).

The median number of passes when only Stream was used was 2 (range: 1-4), with
a mean number of passes equal to 2.0 ± 0.92. At the end of the procedure, after all the
devices and techniques had been used, a final eTICI score of ≥2b was achieved in 90.2% of
cases (n = 46), with eTICI 2c/3 seen in 84.3% (n = 43) of cases. The results are summarised
in Table 3.

Table 3. Procedural data including the model of Stream used, type of anaesthesia, angiographic result
following MT, and distal and new-territory embolisation.

Procedural Data

Anaesthesia

LA 49 (96.1%)
GA 2 (3.9%)

Distal Aspiration Catheter 51 (100%)

Stream

Stream 40 (78.4%)
Stream XL 1 (2%)
Stream 17 10 (19.6%)

Angiographic Results

Median No. of passes 2 (range 1–8)
Median No. of passes with Stream 2 (range 1–4)

FPE (eTICI 2c/3) 13 (25.5%)
Modified FPE (eTICI ≥ 2b) 16 (31.4%)

Final eTICI
0–2a 5 (9.8%)
2b 3 (5.9%)
2c 4 (7.8%)
3 39 (76.5%)

Distal Embolisation 3 (5.9%)
Embolisation to New territory 0

Bailout Required n = 10

Resistant Clot
Device Damage

5 (9.8%)
4 (7.8%)

Intracranial Stent Implanted 1 (1.9%)
Carotid Stent Implanted 2 (3.9%)

3.4. Follow-up Imaging and Clinical Results

A follow-up CT scan performed at 24 h was available for all patients. The median
ASPECT score was 8 (range 0–10). Subarachnoid haemorrhage was seen in eight patients
(15.7%), and seven patients developed sICH (13.7%), three of whom also had SAH. The
90-day mRS was available for all patients, and a good functional outcome (mRS 0–2) was
achieved in 21.6% of cases (n = 11), with an mRS of 6 in 43.1% of cases. The results are
summarised in Table 4.

Table 4. Angiographic and clinical follow-up data.

Follow-up (n = 51)

ASPECT Median 8 (range 0–10)
sICH 7 (13.7%)
SAH 8 (15.7%)

90-day mRS

0–2 11 (21.6%)
3–5 18 (35.3%)
6 22 (43.1%)
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4. Discussion

In our initial experience with the Stream device, we observed a similar rate of efficacy
with respect to FPE and mFPE when compared to other frequently used stent-retrievers
such as the Solitaire (Medtronic) [26–29] and Trevo (Stryker) stent-retrievers [30–32], whose
efficacy averages between 25 and 40%.

The Stream device has several potential technical advantages that come into effect
during a mechanical thrombectomy. Unlike standard stent-retrievers, this device is under
the direct control of the operating physician in the sense that it does not automatically
expand like a standard device. Therefore, if the Stream device has been unsheathed in a sub-
optimal position, it can be repositioned to optimise the clot/device interaction. Although
one can achieve the same result with standard stent-retrievers, a potential drawback is
that they will immediately expand upon unsheathing, and this will not only compress
the clot but also result in microthrombi that have the potential to travel distally [10].
Similarly, the closed nature of the distal end of the Stream device’s braided net may also
act as a distal clot catcher that prevents, at least to a degree, the loss of distal thrombi
during the expansion of the device, as was recently demonstrated with another device [33].
Interestingly, in our study, distal emboli were only seen in 5.9% of cases despite having been
reported in ≈25% of cases for devices with distal clot catchers [12]. It is also noteworthy
that the average clot length in the three cases where distal clot embolisation occurred was
17.7 ± 6.8 mm, which was considerably longer than the average clot length of 11.6 ± 6.1 mm
in the cases in which no distal embolisation was seen. This may be due to the fact that
distal embolisation may, at least in part, be due to the stent-retriever’s length-to-clot-length
ratio as has been suggested by Belachew et al. [34]. The fact that the Stream device shortens
during expansion may mean that for longer clots, a longer device should be chosen in
order to optimise the device/clot interaction, and further studies are required in order to
determine if this holds true for the Stream device as it appears to for other devices [35–37].

The radial force of a stent-retriever is generally fixed and decreases at increasing
diameters. Although techniques for increasing the radial force of standard stent-retrievers
have been developed, such as the ‘push and fluff’ technique, these are unlikely to lead
to very significant increases in the radial force developed. It has previously been shown
that the migration of stent-struts into a clot is determined, at least in part, by the radial
force exerted as well as the size of the pores [38]. The radially expandable devices do not
share this limitation, and, in fact, the radial force can be increased with manual expansion
in a similar manner to, but to a much lesser degree, angioplasty balloons. Conversely,
the radial force can also be decreased during the procedure in case excessive resistance is
felt. This allows the operator to expand and size the device according to the target vessel;
importantly, this can be adapted during the thrombus’s retrieval. This feature may be of
particular importance in platelet-rich white thrombi, which prove resistant to standard
mechanical thrombectomy approaches. Even in the event of a failure to remove these clots,
valuable information can be gleaned from the attempt, as the Stream device is visible along
its entire length and, as such, the exact location of the clot can be determined if bailout
angioplasty and stenting are to be considered.

In our experience, we have only performed a standard unsheathing and expansion
of the Stream device; however, there is some evidence to suggest that repeated inflation
and deflation may offer an advantage. In the study conducted by Kara et al. [39], using the
Tigertriever, the first-pass recanalisation (mTICI ≥ 2b) rate using a repeated inflation and
deflation technique was 47.8% compared to 31.6% when using a standard unsheathing and
expansion technique. The authors believe that this might have been due to a combination
of factors. Repeated inflation and over inflation may result in the greater enlargement of
the cells, allowing more clot fragments to be entrapped within the lumen of the device.
The authors also suggest that oversizing causes better apposition of the stent to the vessel
wall, which enhances stent–clot interaction. We believe that a further potential reason for
this improved recanalisation can be the fact that static expansion will not only potentially
compress the clot but also increase the frictional forces between the clot and the vessel
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wall, whereas repeated inflation and deflation may ‘pull’ the clot away from the vessel wall
with each deflation and hence aid in overcoming these frictional forces during retrieval.
It remains to be seen whether the repeated expansion technique results in improved
recanalisation rates; however, this warrants further investigation with larger cohorts as
well as bench-side studies.

Our study has several limitations that are inherent to retrospective observational
studies. We did not follow a predefined study protocol that included a fixed number of
attempts with the Stream device before switching to a different device/technique, and we
did not standardise the other pieces of equipment used. The eTICI scores and follow-up
imaging procedures were not adjudicated by an independent core lab.

5. Conclusions

The Stream device showed acceptable rates of FPE and mFPE compared to existing
devices. Further larger studies are required alongside an understanding of the optimal
technique for this device’s use.
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Abstract: Background: Stroke stands as a significant global health concern, constituting a leading
cause of disability worldwide. Rehabilitation interventions are crucial in aiding the recovery of
stroke patients, contributing to an overall enhancement in their quality of life. This scoping review
seeks to identify current trends in gait rehabilitation for stroke survivors. Methods: The review
followed the methodological framework suggested by Arksey and O’Malley. Electronic databases,
such as CINAHL Complete, MEDLINE Complete, and Nursing & Allied Health Collection, were
systematically searched in November 2023. Inclusion criteria comprised papers published in either
English or Portuguese from 2013 to 2023. Results: From the initial search, a total of 837 papers were
identified; twenty-one papers were incorporated into this review. Thirteen distinct categories of gait
rehabilitation interventions were identified, encompassing diverse approaches. These categories
comprise conventional rehabilitation exercises, traditional gait training with integrated technology,
and gait training supported by modern technologies. Conclusions: Although traditional rehabilitation
exercises have historically proven effective in aiding stroke survivors, a recent trend has emerged,
emphasizing the development and integration of innovative therapeutic approaches that harness
modern technologies.

Keywords: stroke; stroke rehabilitation; rehabilitation; gait; exercise therapy; physical therapy

1. Introduction

Stroke stands as a substantial global health issue, holding the position of second-
leading cause of mortality and the third-leading cause of disability on a worldwide scale.

The burden of stroke is staggering, with six and a half million deaths recorded in
2019, along with over 12.2 million new stroke cases and a prevalence of 101 million stroke
survivors [1]. These data emphasize the considerable burden of stroke on public health,
encompassing mortality and disability, solidifying its status as one of our era’s most
prevalent and impactful diseases [2].

Functional changes are frequently observed among stroke survivors [3]. Patients
commonly experience cognitive and motor impairments that affect balance, coordination,
proprioception, muscle tone, muscle strength, and gait, making them prevalent sequelae of
stroke [3,4].

A prior study revealed that up to 83% of stroke survivors experience balance impair-
ment [5]. Motor deficits resulting from a stroke can significantly impact an individual’s
functional independence. Challenges in balance, coordination, muscle strength, and gait
often lead to difficulties in performing basic activities of daily living, such as walking,
dressing, and eating. These limitations also impact stroke survivors’ abilities to engage in
social interactions, pursue leisure activities, and return to work after a stroke [6,7], leaving
individuals dependent on others for support and assistance, impeding their sense of auton-
omy and self-reliance. Moreover, balance impairments significantly contribute to adverse
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outcomes following a stroke, including an increased risk of falls [8,9], fall-related injuries
such as fractures [10], fear of falling [11], and even mortality [12]. Furthermore, a previous
investigation established a correlation between balance deficits in the acute stage of stroke
and subsequent cognitive impairment one year post-stroke [13].

The repercussions of a stroke are severe, resulting in various physical, cognitive,
and emotional challenges. The impact extends beyond individual health, significantly
influencing overall wellbeing and the capacity for an independent and fulfilling life [14,15].
Effectively addressing these challenges through gait rehabilitation enhances their quality of
life and facilitates their reintegration into society [16].

Rehabilitation interventions are crucial in assisting stroke survivors in recovering
motor function and enhancing their overall quality of life. By improving mobility, motor
skills, and functional abilities, stroke survivors can achieve greater independence, leading
to a more fulfilling and satisfying life post-stroke [17,18].

The management of stroke demands specialized care from healthcare professionals in
both hospital and community settings. Survivors often require comprehensive rehabilita-
tion and support to regain functional abilities and adapt to a new reality [19,20]. Families
of stroke survivors also face significant adjustments as they navigate unfamiliar challenges
and seek ways to provide necessary care and assistance [21,22].

Gait rehabilitation is crucial in stroke survivors’ comprehensive recovery and func-
tional independence [23]. As stroke remains a leading cause of disability worldwide,
exploring current trends in gait rehabilitation for this population is of utmost importance.

Developing effective rehabilitation programs after stroke is imperative to address this
pressing health issue. By identifying and understanding the impact of rehabilitation inter-
ventions on gait recovery, we can enhance the rehabilitation process for stroke survivors,
ultimately improving their functional independence and overall quality of life. Therefore,
this review seeks to identify current trends in gait rehabilitation for stroke survivors.

2. Methods

The current scoping review adheres to the methodological framework outlined by Ark-
sey and O’Malley [24], which encompasses five distinct stages. Furthermore, to strengthen
the scoping study methodology and ensure consistent reporting, we incorporated rec-
ommendations outlined in the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) Checklist [25].

2.1. Stage 1: Identifying Research Questions

The initial stage involves formulating a precise research question that guides the
review. The research question framed for this review was: What are the current trends in
gait rehabilitation for stroke survivors?

2.2. Stage 2: Identifying Relevant Studies

On 10 November 2023, the initial search occurred across three databases on the EB-
SCOhost research platform: CINAHL, MEDLINE, and Nursing & Allied Health Collection.

A search strategy was planned using the Population, Concept, Context (PCC) frame-
work, incorporating the MeSH terms.

The search strategy employed in CINAHL Complete was as follows:

S1: “Stroke”
S2: “Rehabilitation”
S3: “Gait”

Combined search: S1 AND S2 AND S3.
The inclusion/exclusion criteria are outlined in Table 1.
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Table 1. Inclusion/exclusion criteria.

Parameter Inclusion Criteria Exclusion Criteria

Population Stroke survivors; Adults ≥ 18 years old. Other health conditions besides stroke;
Participants < 18 years old.

Concept Studies that explore interventions for
promoting gait.

Studies that do not explore
interventions for promoting gait.

Context Studies conducted in rehabilitation
settings.

Studies conducted in non-rehabilitation
settings.

Study
design

Randomized controlled trials focusing
on interventions that promote gait in
stroke survivors.

Other type of studies.

The search was limited to articles published between 2013 and 2023.
Two researchers (J.T. and J.B.F.) independently performed the search, stages 2 to 4.
Given constraints in translation resources, the review excluded papers published in

languages other than English or Portuguese.

2.3. Stage 3: Study Selection

All citations were imported into Rayyan—an AI-powered tool for Systematic Literature
Reviews, where duplicate citations were identified and eliminated. Subsequently, the
citations underwent title and abstract relevance screening. We examined the full text of
pertinent papers, including those that met the study criteria for this review.

In cases of uncertainty regarding whether an article fits the review criteria, it proceeded
to the subsequent phase. Reviewers held regular meetings throughout the screening to
resolve conflicts and address any uncertainties about selecting papers. A third reviewer
(S.F.) made the final and conclusive decision if any disagreements occurred.

2.4. Stage 4: Data Charting

A systematic approach was used to retrieve data. Two reviewers, J.T. and J.B.F.,
extracted data using a customized instrument to collect relevant information addressing
the research question. The extracted data encompassed general details (author’s name,
publication year, title, and country), methodological specifics (study design and aim), and
results (interventions employed by health professionals for gait rehabilitation in stroke
survivors). Subsequently, all authors thoroughly reviewed and discussed the final data
extraction chart.

2.5. Stage 5: Collating, Summarizing, and Reporting the Results

Researchers prepared a PRISMA flow diagram illustrating the study identification,
screening, and selection process (Figure 1). To organize and summarize the data, a data-
driven thematic analysis was implemented, adhering to the guidelines established by
Braun et al. [26]. Two researchers, J.T. and S.F., independently carried out the data review,
employing manual coding and analysis to identify recurrent themes in the data.
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Figure 1. PRISMA flow chart for study selection.

3. Results

The initial search resulted in 837 potentially relevant articles. After removing dupli-
cates and conducting relevance screening based on title and abstract, 517 articles were
excluded. Subsequently, 21 articles met the eligibility criteria, full articles were reviewed,
and were considered suitable for the review. Figure 1 illustrates the flow chart depicting
the screening process.

The 21 included studies spanned the period from 2013 to 2023. Among the 21 studies,
10 were conducted in South Korea [27–36], 1 in North Korea [37], 1 in Poland [38], 1 in
Serbia [39], 1 in Pakistan [40], 1 in United States of America [41], 1 in Italy [42], 1 in
Turkey [43], 1 in Egypt [44], 1 in The Netherlands [45], 1 in Taiwan [46] and another in
China [47] (Table 2).

Data analysis uncovered a range of interventions to enhance gait in stroke sur-
vivors. The interventions were classified into 13 groups, and each of these categories
is explained below.

Table 2. Data extraction and synthesis.

Author/Year/Country Study Design/Study Aim Intervention

Bang and Shin [27] (2016)
South Korea

Randomized controlled trial
To compare the effects of robot-assisted gait training versus
treadmill on spatiotemporal gait parameters, balance, and
activities-specific balance confidence with stroke patients.

Robot-assisted gait training

Cha et al. [28] (2014)
South Korea

Randomized controlled trial
To investigate the effect of intensive gait training with rhythmic
auditory stimulation on postural control and gait performance

in individuals with chronic hemiparetic stroke.

Rhythmic auditory
stimulation
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Table 2. Cont.

Author/Year/Country Study Design/Study Aim Intervention

Choi et al. [29] (2017)
South Korea

Randomized controlled trial
To investigate the effect of whole-body vibration combined with

treadmill training on walking performance in patients with
chronic stroke.

Vibration therapy

Druzbicki et al. [38] (2015)
Poland

Randomized controlled trial
To evaluate the effects of gait training using a treadmill with

and without visual biofeedback in patients late after stroke and
to compare both training methods.

Visual biofeedback

Dujović et al. [39] (2017)
Serbia

Single-blind randomized trial
To evaluate the efficacy of an additional novel FES system to

conventional therapy in facilitating motor recovery in the lower
extremities and improving walking ability after stroke.

Functional electrical
stimulation

Ha and Sung [37] (2020)
North Korea

Randomized controlled trial
To investigate the effect of Fresnel prism glasses on balance and

gait in stroke patients with hemiplegia.
Fresnel prism glasses

Hong et al. [30] (2020)
South Korea

Randomized controlled trial
To determine whether cognitive task training improves walking

and balancing abilities for stroke survivors.
Dual-task training

Hwang et al. [31] (2015)
South Korea

Randomized controlled trial
To investigate the effects of treadmill training with tilt sensor

FES on the balance, gait, and muscle architecture of the tibialis
anterior in stroke survivors.

Functional electrical
stimulation

Iqbal et al. [40] (2020)
Pakistan

Randomized controlled trial
To compare the effectiveness of dual task-specific training and

conventional physical therapy in the ambulation of patients
with chronic stroke.

Dual-task training

Kang et al. [32] (2021)
South Korea

Randomized controlled trial
To investigate the effect of walking training with a weight

support feedback cane on chronic stroke patients’ lower limb
muscle activity and gait ability.

Gait Assistive Devices

Kelley et al. [41] (2013)
United States of America

Blinded randomized controlled trial
To compare the effectiveness of robotic-assisted body

weight-supported treadmill training using the Lokomat® for
over-ground gait training in adults with chronic stroke.

Robot-assisted gait training

Kim and Lee [33] (2013)
South Korea

Randomized controlled trial
To compare the effects of action observation and motor imagery

training on recovery from chronic stroke.

Action observation training
and motor imagery training

Kim et al. [34] (2017)
South Korea

Randomized controlled trial
To examine the effect of progressive backward body

weight-supported treadmill training on gait in chronic stroke
patients with hemiplegic gait.

Backwards walking

Lee et al. [35] (2017)
South Korea

Randomized controlled trial
To investigate the effects of a wearable tubing assistive walking
device on gait parameters (gait speed, cadence, step length, and
stride length on affected and less affected sides) in patients with

stroke.

Gait Assistive Devices

Moon and Kim [36] (2017)
South Korea

Randomized controlled trial
To investigate the effects of the newly developed Spine Balance
three-dimensional (3D) system on chronic stroke patients’ trunk

strength and gait abilities.

3D Spine Balance System
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Table 2. Cont.

Author/Year/Country Study Design/Study Aim Intervention

Munari et al. [42] (2020)
Italy

Randomized controlled trial
To compare the effects of backward treadmill training versus
standard forward treadmill training on motor impairment in
patients with chronic stroke receiving botulinum toxin type A

Therapy.

Backwards walking

Mustafaoglu et al. [43] (2020)
Turkey

Randomized controlled trial
To investigate the effects of robot-assisted gait training on

mobility, activities of daily living, and quality of life in stroke
Rehabilitation.

Robot-assisted gait training

Saleh et al. [44] (2019)
Egypt

Randomized controlled trial
To compare the effect of aquatic versus land motor dual-task

training on chronic stroke patients’ balance and gait.
Dual-task training

Timmermans et al. [45] (2021)
The Netherlands

Randomized controlled trial
To compare the efficacy of two walking-adaptability

interventions: a novel treadmill-based C-Mill therapy and the
standard overground FALLS program.

Augmented reality-based
rehabilitation

Yang [46] (2018)
Taiwan

Randomized controlled trial
To evaluate the effects of applying NMES over ankle

dorsiflexion or plantar flexors on ankle control during walking
and gait performance in chronic stroke patients.

Functional electrical
stimulation

Yu et al. [47] (2020)
China

Randomized controlled trial
To examine the effects of body weight support Tai Chi training

on balance control and walking function in stroke survivors
with hemiplegia.

Tai Chi

3.1. Backwards Walking

In the study by Kim et al. [34], participants engaged in a program that combined
backward treadmill walking with a gradual reduction in weight support. The systematic
reduction in weight support occurred over four weeks, starting with a 40% reduction in the
first week and a 10% reduction in subsequent weeks. Participants maintained an average
speed ranging from 0.08 to 0.22 m/s, with a 0.1 km/h speed increment introduced at
each session. To assist during training, two physical therapists played crucial roles—one
positioned behind the subject for weight support and movement guidance and another set
by the paretic leg to aid in motor control throughout the gait cycle.

In contrast, the control group underwent conventional forward treadmill training with
matched duration and frequency. Results showed that the intervention group exhibited
improvements in all dependent variables by week four compared to the control group. In
the Munari et al. [42] study, both groups started treadmill training at 60% of their baseline
over-ground self-selected speed, determined during gait analysis, with a 1% incline. The
findings showed significant improvement in the 10 m Walking Test and stabilometry
assessment post-treatment. Remarkably, superior enhancements in both gait and balance
were noted following backward treadmill training compared to forward treadmill training.

3.2. Tai Chi

Yu et al. [47] conducted a study in which participants wore a harness connected to an
overhead suspension system, supporting a specific percentage of their body weight. The
intervention was based on seven steps from the 24-form simplified Tai Chi recommended by
the State Sports General Administration of China, encompassing forward steps, backward
steps, shuffle steps, empty steps, lunge steps, single-leg support, and turning around. These
steps constitute the foundational elements of Tai Chi movements. The training primarily
focused on lower limb movements, emphasizing endurance and weight shifts, rather than
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upper limb actions. The training program followed a gradual progression corresponding
to a 10% reduction in body weight support.

In contrast, the control group underwent conventional rehabilitation training. The
findings reveal significant differences between groups in scores related to directional control
during the limits-of-stability test. Additionally, the Tai Chi group exhibited superior scores
in gait cycle time, step length, step velocity, and range of motion of the joints compared to
the control group.

3.3. Dual-Task Training

Saleh et al. [44] investigated the impact of aquatic versus land motor dual-task training.
The training involved walking while holding a ball and a cup of water and standing on
a balance board with a moving cup in various walking conditions (forward, sideways,
and backward). In the water-based exercises, participants performed these tasks in a
large swimming pool, while the land group executed the same sequence on solid ground.
Both groups showed significant improvements in all outcome variables post-treatment,
with the water-based training group demonstrating superior results in overall stability,
anteroposterior stability, mediolateral stability, walking speed, step length of affected
and non-affected limbs, and time of support on the affected limb compared to the land-
based group.

Hong et al. [30] employed dual-task training involving familiar traffic signals. The
intervention incorporated scaffolds with marked starting and target points, monitors
displaying visual cues for the cognitive task, and elastic bands controlling resistance
amounts and difficulties. For the cognitive task training group, the task involved standing
and moving the less-affected lower extremity in three hip flexion directions based on red
and green cues resembling traffic lights on the monitor. Three traffic signals represented
the directions, and colors and locations changed randomly. Cognitive balance training
progressed in difficulty: without elastic bands, an elastic band, and a differently colored
elastic band for increased resistance. Elastic bands were positioned around the ankle of the
less-affected side.

The general task training group performed a similar lower extremity movement
without the cognitive task. Significant differences were observed in both groups after the
intervention. The cognitive task training group significantly improved all outcome scores
after the intervention.

In the study by Iqbal et al. [40], participants in the dual-task training group walked
backward, sideways, and forward while holding a 100 g sandbag. Additionally, they
performed tasks such as picking up plastic cups in front of their feet. The control group
received conventional physiotherapy, encompassing stretching, strengthening exercises,
and gait training. Post-treatment assessments revealed a significant enhancement in the
10 m walk, cadence, step length, stride, and cycle time within the dual-task training group.

3.4. Action Observation Training and Motor Imagery Training

Kim and Lee [33] compared the effects of action observation and motor imagery train-
ing on stroke survivors. In the action observation training group, participants watched
a 20 min task video. This was followed by 10 min of physical training with a therapist
based on the video. The video featured adult models performing motions relevant to each
participant’s hemiplegia. The training program, divided into four stages, focused on trunk
stability, mobility, sit-to-stand, weight shifting, and gait improvement. Each stage’s video
was viewed weekly to reduce individual deviations based on the hemiplegia side. In the
motor imagery training group, participants spent 20 min on motor imagery through a com-
puter speaker and 10 min of physical training based on the imagery program. The motor
imagery program content mirrored the action observation training program. Participants
trained on each stage’s content for one week. All participants received neurodevelopmental
therapy focusing on trunk and lower extremity movements, sit-to-stand, and gait patterns
on level surfaces and stairs. The action observation training group significantly improved
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gait speed, cadence, and single limb support compared to the physical training group.
However, no significant differences were observed in any of the outcome measures.

3.5. Visual Biofeedback

Druzbicki et al. [38] assessed the impact of gait training using a treadmill, comparing
outcomes with and without visual biofeedback. The intervention group utilized a Gait
Trainer 2 treadmill featuring real-time visualization of foot placement and the designated
foot positioning area. The intervention group engaged in gait training on the treadmill with
visual biofeedback, which included step length, foot placement location, and an acoustic
signal-confirming task execution accuracy. In contrast, the control group underwent
treadmill training without biofeedback. The results indicated that the intervention group
yielded superior outcomes, particularly in enhancing the gait cycle, duration of gait phases,
and speed of the swing phase. The results indicated that the intervention group achieved
superior outcomes, especially in improving the gait cycle, duration of gait phases, and
speed of the swing phase.

3.6. Vibration Therapy

Choi et al. [29] explored the impact of whole-body vibration and treadmill training
on walking performance using a side-alternating vibrator (Galileo 2000, Novotec, Nettetal,
Germany, 2011). Whole-body vibration involved a maximum frequency of 30 Hz and an
amplitude of 3 mm, lasting 45 s. Participants stood on the vibration platform with their feet
parallel to the axis, lightly holding a support bar. Each session comprised six exercises, each
lasting 45 s, including weight shifts, squats, anteroposterior weight shifts, forward lunges,
one-leg standing, and deep squats. A 1 min break separated each exercise. The control
group performed the identical exercise program minus vibration therapy. The vibration
therapy group significantly improved walking speed, cadence, and temporal parameters.
In contrast, the control group exhibited improvement solely in walking speed.

3.7. Functional Electrical Stimulation

Hwang et al. [31] used treadmill gait training combined with the WalkAide system,
incorporating an inclination sensor for functional electrical stimulation. The WalkAide
stimulator, a compact electronic device, was affixed to the common peroneal and anterior
tibial nerves, delivering electrical stimulation based on knee flexion angles during walking.
The WalkAnalyst program determined the optimal stimulus intensity, followed by treadmill
gait training guided by the inclination sensor to facilitate ankle dorsiflexion. The findings
suggested that gait training on a treadmill with functional electrical stimulation effectively
enhanced balance, gait, and anterior tibial structure.

In the study by Dujović et al. [39], the Functional Electrical Stimulation group, electrical
stimulation targeted the tibial nerve in the pre-swing phase and the common peroneal
nerve in the swing phase, inducing ankle plantar flexion and dorsiflexion, respectively. The
Functional Electrical included a stimulation unit, demultiplexer, clothing with integrated
multi-pad electrodes, wireless inertial sensors, and a tablet PC with a dedicated application.
The multi-pad electrode garment strategically placed around the knee stimulated the
common peroneal and tibial nerves. The stimulator unit delivered a customized pulse train
to the multi-pad electrode, with parameters set during calibration (frequency of 40 Hz and
pulse width of 400 ms). Results revealed that combining functional electrical stimulation
with conventional rehabilitation was more effective in improving walking speed, lower
limb mobility, balance, and daily activities compared to conventional rehabilitation alone.

Yang et al. [46] utilized electromyographic-triggered neuromuscular electrical stimu-
lation with two surface electrodes targeting the anterior or medial gastrocnemius of the
tibialis. Electrodes were placed at motor points, and the stimulation frequency was set
at 50 Hz with a pulse width of 0.2 ms, using a biphasic square wave. Each session lasted
20 min, with a stimulation cycle of 5:15. Participants actively performed dorsiflexion or
plantar flexion during sessions based on electromyographic signals of maximal voluntary
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contraction. Training intensity ranged from 50 mV to 0 mV to ensure a comfortable full
range of motion. After the 20 min stimulation, participants engaged in 15 min of ambulation
training with verbal cues emphasizing specific ankle movements. The study concluded that
neuromuscular electrical stimulation applied to ankle dorsiflexion and ambulation training
effectively strengthened muscles, reduced spasticity, and improved ankle control during
push-off and gait performance. Similarly, using neuromuscular electrical stimulation to
ankle plantar flexors with ambulation training positively affected gait temporal symmetry
in chronic stroke survivors with insufficient ankle control.

3.8. Rhythmic Auditory Stimulation

Cha et al. [28] used rhythmic auditory stimulation in group sessions, incorporating
personalized music tapes and a metronome tailored to individual musical preferences.
This synchronization aimed to improve rhythmic perception and align with the walking
patterns of participants.

The training started with participants becoming familiar with the music’s rhythm
and coordinating hand and foot movements to the beat. Participants were instructed to
walk while synchronizing their movements with the music and metronome to facilitate a
seamless transition to coordinated steps. Throughout the sessions, participants engaged in
intensive gait exercises enriched by rhythmic auditory stimulation. As the training sessions
advanced, the reliance on rhythmic stimulation was systematically reduced, prompting
participants to practice intensive gait training independently. The researchers ultimately
determined that this all-encompassing approach to intensive gait training, incorporating
rhythmic auditory stimulation, significantly enhanced balance and gait performance among
stroke survivors.

3.9. Gait Assistive Devices

Kang et al. [32] employed a Weight Support Feedback Cane and a smartphone appli-
cation that quantitatively measured cane dependence during walking. The Weight Support
Feedback Cane facilitated real-time assessment of cane dependence, displaying the infor-
mation on the cable and the smartphone app. Participants determined a weight-bearing
rate based on cane dependence, ranging from 60% to 30%, and made weekly adjustments.
An audible signal alerted participants if the loaded weight exceeded the preset rate, contin-
uing until it fell below the limit. Based on the baseline measurement of cane dependence,
the weight-bearing rate progressively decreased by 10% weekly, from 60% to 30%. The
gait success rate, documented by the smartphone app, influenced the reduction in the
weight-bearing rate for the subsequent week.

Results demonstrated that both cane gait training methods (traditional vs. Weight Sup-
port Feedback Cane) significantly enhanced lower limb muscle activity and walking ability.
The Weight Support Feedback Cane group exhibited more benefits than conventional cane
gait training.

Lee et al. [35] explored the impact of a Wearable Tube-Assisted Walking Device on gait
parameters in stroke survivors. The device comprises a pelvic belt, an elastic tube, and a
conventional elastic orthosis created with an open sock and two strips of elastic material.
Elastic tubing was employed to provide elasticity assistance, with patients using tubes
half the length of their leg for the test. The application process involves placing the sock
on the affected limb, attaching long and short straps on opposite sides, passing over the
feet, and securing the pelvic belt. Within this setup, one tube end is affixed to a hole in the
conventional elastic orthosis, while the other side is hooked into the pelvic girdle ring. The
tubing generates superior traction force, aiding knee flexion during push-off and swing
phases of gait by converting stored potential energy into kinetic energy. Results indicated
that the Wearable Tube-Assisted Walking Device effectively enhanced gait speed, cadence,
and stride length.
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3.10. Fresnel Prism Glasses

Ha and Sung [37] explored the efficacy of prismatic Fresnel glasses in balance and
gait training for stroke survivors on an electronic treadmill. The Fresnel prism, set at a
15-diopter deflection angle and tailored to individual patients, was applied contralater-
ally to the hemiplegia. This induced an adaptive effect, translating spatial information
into retinal perceptual coordination. Despite no impact on visual perception, the prism
significantly enhanced balance and walking ability in stroke patients with hemiplegia and
no visual impairment. The use of Fresnel prismatic glasses, even in the absence of visual
issues, positively influenced balance and gait training for stroke survivors, underscoring
the therapeutic potential of these glasses in improving spatial movement and motor tasks.

3.11. 3D Spine Balance System

Moon and Kim [36] explored the impact of the newly developed three-dimensional
(3D) Spine Balance system on stroke survivors. Subjects underwent 30 min of central
nervous system development therapy, with the experimental group incorporating addi-
tional spinal stability exercises using the Spine Balance 3D system. The Spine Balance
3D system, equipped with diagnostic, exercise, and game modes, was utilized in exercise
mode for the study. In this mode, the tilt angle was adjustable from 5◦ to 60◦ in eight
directions. During training, the system tilted the entire body of subjects while maintaining
a straight, neutral position, applying gravity to the torso for stability within the body’s
line of gravity. The pelvis, sacrum, and femur were secured, and participants crossed their
arms over their chests under the inspector’s control to prevent torso compensation against
gravity. The slope gradually increased, incorporating different tilt angles and torque levels
for varied training intensities. Results show that the Spine Balance 3D system enhanced
trunk muscle strength and walking ability in chronic stroke patients more effectively than
conventional training.

3.12. Augmented Reality-Based Training

Timmermans et al. [45] utilized augmented reality training to enhance walking adapt-
ability. This involved the projection of gait-dependent contextual cues onto the treadmill
surface to prompt step adjustments. The training regimen encompassed a variety of exer-
cises, including navigating visual obstacles, adjusting foot positioning in response to regular
or irregular sequences of stepping targets (goal-directed stepping), managing gait accelera-
tion and deceleration within a moving projected walking area on the treadmill, tandem
walking, and an interactive walking-adaptability game. In contrast, the standard over-
ground program aimed to reduce post-stroke falls by incorporating walking-adaptability
exercises. This program included an obstacle course with exercises on obstacle avoidance,
foot positioning on uneven surfaces, tandem walking, and slalom walking. The results
revealed no significant group differences for the primary outcome measure. Augmented
reality training resulted in twice as many steps per session, with equal duration compared
to the standard overground program.

3.13. Robot-Assisted Gait Training

Kelley et al. [41] examined the efficacy of robotic-assisted body weight-supported
treadmill training utilizing the Lokomat®. In the intervention group, participants were
supported by a harness connected to a body weight support system that was adjusted
based on individual strength and conditioning levels. The weight was gradually decreased
as tolerated. The Lokomat® facilitated sagittal plane assistance for hip and knee joint
movements, mimicking a symmetrical reciprocal gait. Participants received visual feedback
on their walking pattern through a mirror and a computer display illustrating bilateral hip
and knee motions. The walking speed was gradually increased from 0.42 m per second
(m/s) to a maximum of 0.89 m/s as tolerated. Guidance force, denoting the assistance
provided by the robot-driven gait orthosis for moving the legs through prescribed sagittal
plane motions, started at 100% for both legs and was subsequently reduced as participants
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demonstrated proficiency in executing the movements. This study detected intragroup
variations in the Fugl-Meyer Lower Extremity Motor score and Barthel Index from baseline
to post-intervention and baseline to the 3-month follow-up. Nevertheless, no differences
were observed between the two groups.

Bang and Shin [27] conducted a comparative analysis to assess the impact of robot-
assisted gait training (utilizing Lokomat®) versus treadmill gait training, following a
protocol like the Kelley et al. [41] study. The findings demonstrated differences between
groups, with the intervention group exhibiting significantly higher gait speed, cadence,
step length, and activities-specific balance confidence score than the control group. The
robot-assisted gait training group also significantly reduced the double limb support
period. Mustafaoglu et al. [43] adopted a protocol similar to previous studies involving
the application of Lokomat®. However, they organized participants into three groups: a
conventional training group, a robot-assisted gait training group, and a combined training
group that received both conventional and robot-assisted gait training. Their findings
indicate the mean change in all primary and secondary outcomes, except the Fast 10 m
Walk Test. In the subgroup analysis, the combined training group demonstrated significant
improvements in the Barthel Index, Stroke-Specific Quality of Life Scale, 6 min Walk Test,
and Stair Climbing Test compared to the other two groups.

4. Discussion

The scoping review delves into the evolving landscape of gait training for stroke pa-
tients, shedding light on emerging trends extending beyond the conventional rehabilitation
exercises traditionally employed in stroke therapy (Figure 2).

Figure 2. Categories of gait rehabilitation interventions.

By synthesizing various studies and identifying patterns and trends in gait rehabilita-
tion, this review provides insights into the rationale behind adopting novel interventions,
highlighting their advantages over traditional approaches. Moreover, the review offers a
holistic view of the current state of gait training, emphasizing the importance of incorporat-
ing innovative strategies to enhance patient outcomes and quality of life.
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Furthermore, the review is a practical guide for professionals considering incorpo-
rating these interventions into their practice. By identifying and describing interventions,
the review enables professionals to make informed decisions about integrating new ap-
proaches into their service. This state of play enhances the knowledge base within the field
and empowers practitioners to adapt and evolve their treatment protocols to meet stroke
survivors’ needs better.

While recognizing the well-established effectiveness of conventional rehabilitation
exercises for stroke survivors, this review identifies several trends in gait training that
surpass traditional approaches: (1) The review highlights a shift towards developing and
adopting novel interventions beyond traditional rehabilitation exercises. These interven-
tions include Tai Chi [47], dual-task training [30,40,44], action observation training [33],
visual biofeedback [38], vibration therapy [29], and robot-assisted gait training [27,41,43];
(2) There is a trend towards adopting a holistic approach to gait rehabilitation, which
involves addressing physical, cognitive, and sensory aspects of gait recovery. Interventions
like dual-task [30,40,44] and action observation training [33] incorporate cognitive compo-
nents, while others, such as vibration therapy [29], target sensory stimulation; (3) There
is an emphasis on individualized treatment plans tailored to the specific needs and capa-
bilities of stroke survivors. Interventions like robot-assisted gait training [27,41,43] and
wearable assistive devices [32,35] allow customized adjustments and feedback based on
individual progress and abilities; and (4) Many emerging interventions leverage technolog-
ical advancements to enhance gait training outcomes. Examples include wearable sensors,
robotic devices, and biofeedback systems to provide real-time feedback and improve patient
engagement during rehabilitation.

Several studies have explored a range of gait rehabilitation approaches, including
traditional methods with slight modifications such as backward walking through tread-
mill training with body weight support [34] and straightforward treadmill training [42].
Additionally, the innovative practice of Tai Chi with body weight support has proven
beneficial for stroke survivors, leading to significant improvements in directional control
and gait patterns [47]. Dual-task training has emerged as a promising avenue, with studies
investigating its application through motor tasks in both aquatic and terrestrial environ-
ments [44], exclusively in terrestrial settings [30,40]. These varied approaches underscore
the importance of introducing exercise variations into traditional practices to optimize
rehabilitation outcomes. Action observation and motor imagery training [33] represent
another innovative dimension in gait rehabilitation after a stroke. These methods involve
integrating conventional exercises with video-based demonstrations and mental visualiza-
tion, emphasizing the strategic role of instructional materials in optimizing the effectiveness
of rehabilitation interventions.

Blending complementary interventions with conventional rehabilitation exercises
demonstrates considerable potential for enhancing treatment outcomes in stroke sur-
vivors [48].

Integrating complementary interventions alongside conventional rehabilitation exer-
cises holds significant promise for enhancing treatment outcomes in stroke survivors [48].
By incorporating diverse approaches, healthcare professionals aim to tailor rehabilitation
experiences for each patient, leading to improved outcomes [49,50]. These novel strate-
gies target the physical aspects of gait and emphasize motivating and engaging patients,
enhancing adherence to rehabilitation plans [23,51]. Incorporating interactive therapies
can make rehabilitation more enjoyable, potentially improving compliance with prescribed
exercises [52,53].

Innovative therapeutic options in stroke rehabilitation, such as augmented reality-
based training, robotic-assisted therapy, rhythmic auditory stimulation, and functional
electrical stimulation, tap into survivors’ various physical and cognitive abilities. This
multi-faceted approach to gait training may promote neural plasticity, encouraging the
brain to adapt and reorganize in response to the specific demands of each intervention.
Promoting neural plasticity is crucial for stroke survivors, as it enhances the brain’s ability
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to form new connections, compensate for damaged areas, and support functional recov-
ery [54–56]. Therefore, incorporating these innovative therapies represents a promising
strategy to optimize rehabilitation outcomes and improve overall functional abilities in
survivors. For instance, visual biofeedback [38] in gait rehabilitation demonstrates substan-
tial improvements when combined with treadmill training. Real-time visualization of foot
placement and acoustic signals provides an interactive and adaptive training environment.
Body vibration Therapy [29] introduces an additional sensory element to treadmill training,
offering an innovative approach to optimizing gait performance. Functional electrical
stimulation [31,39] incorporates adaptive stimulation, targeting specific nerves during the
gait cycle. Intervention based on rhythmic auditory stimulation [28] introduces music
as a synchronizing method to improve rhythmic coordination in gait, highlighting the
importance of auditory perception in rehabilitation and complementing visual stimuli.

The evolution of rehabilitation highlights a notable shift towards interventions cen-
tered exclusively on modern technology, exemplified by innovations such as the weight-
bearing feedback cane [32]. This approach underscores the ingenuity in real-time monitor-
ing of weight-bearing during gait, incorporating sound feedback and customizable weight
support. Prismatic Fresnel glasses [37] contribute a personalized dimension to visual inter-
vention for hemiplegic patients without visual impairment, offering individually adjusted
solutions. The 3D spine balance system [36] utilizes a three-dimensional device for stability
exercises, showcasing targeted and specific technological applications for post-stroke pa-
tients. Augmented reality-based Rehabilitation [45] represents another stride in leveraging
technology, employing interactive projection on the treadmill to generate dynamic and
adaptive responses, enhancing the efficiency of gait recovery. Robot-assisted gait training,
particularly with Lokomat® [27,41,43], is an innovative and valuable approach, providing
specific benefits in personalization, control, and visual feedback. Combining conventional
training with Lokomat® training [43] can amplify health gains and improve the quality
of life for stroke survivors. This integration showcases the evolving landscape of rehabili-
tation, emphasizing the strategic incorporation of advanced technologies to enhance the
precision and efficacy of interventions.

A notable trend identified in this review is using robotic devices to aid gait training.
Robotic equipment offers several advantages, including increased patient independence
to engage in more repetitive and customized training sessions. These devices provide
precise control and monitoring of movements, allowing therapists to tailor rehabilitation
programs to individual needs and track progress effectively [57]. Moreover, incorporating
robotic devices has the potential to program rehabilitation exercises for patients to perform
multiple daily sessions. This scheduling flexibility provides stroke survivors with increased
opportunities for practice and eases the burden on healthcare professionals by reducing the
need for constant supervision during each session [58].

The availability of robotic-assisted gait training presents a promising avenue for
stroke rehabilitation, as it addresses the demand for intensive, repetitive, and task-specific
exercises while optimizing the use of healthcare resources [59–61]. However, despite
the promising advantages of robotic-assisted gait training in stroke rehabilitation, these
technological devices are not widely utilized in current rehabilitation practices. One
significant barrier to their widespread adoption is the substantial financial investment
required [62]. Robotic devices often come with high costs that many rehabilitation centers
and hospitals may find challenging to afford within their budget constraints.

Furthermore, these devices usually necessitate specialized training and supervision
from healthcare professionals, making them challenging to use independently by stroke
survivors in their homes [63]. Moreover, the space and setup required for these devices
may not be feasible in typical home environments, further hindering their application
outside clinical settings [64,65]. As this technology continues to evolve, assessing its
effectiveness, cost-effectiveness, and long-term impact on functional outcomes is essential
to effectively guide its integration into clinical practice. Long-term follow-up studies and
cost-effectiveness analysis are particularly crucial in this regard. By conducting further
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research and evaluation, healthcare professionals can better understand the potential
benefits and limitations of robotic-assisted gait training, thus optimizing its implementation
and maximizing its positive impact on stroke rehabilitation outcomes.

Innovative rehabilitation interventions have the potential to motivate stroke survivors
to engage in rehabilitation programs by offering fresh and varied approaches compared to
conventional training methods [66,67]. These interventions provide stimulating challenges
that encourage active rehabilitation involvement, fostering patient motivation and engage-
ment. Additionally, they offer immediate and visible feedback on patient performance,
helping individuals understand their progress and feel motivated to continue with the
rehabilitation program.

The integration of complementary interventions alongside conventional exercises
further enhances treatment outcomes for stroke survivors. By combining traditional reha-
bilitation exercises with innovative approaches, patients benefit from a more comprehensive
and holistic approach to rehabilitation. These complementary interventions target different
aspects of recovery, addressing cognitive, sensory, and motor functions. As a result, stroke
survivors experience enhanced engagement, improved functional outcomes, and a higher
likelihood of sustained progress throughout their rehabilitation [63,68,69].

Strengths and Limitations

A notable strength of this review lies in its dedicated focus on randomized controlled
trials. Our findings offer valuable insights into several approaches for gait rehabilitation,
meticulously studied in experimental settings. The comprehensive overview of these inter-
ventions fosters a deep understanding of their techniques and methodologies, providing
health professionals with the knowledge to replicate them confidently. This emphasis on
evidence-based practices enhances the applicability and effectiveness of gait rehabilitation
strategies for stroke survivors.

One potential limitation of this review is its inclusion of studies published exclusively
in English or Portuguese. This approach introduces language bias and may overlook
valuable research in other languages. Consequently, the comprehensiveness of the review
could be limited by not considering a broader range of studies from diverse linguistic
sources. Furthermore, despite analyzing many results, the restriction of the search to the
EBSCO-host research platform is one of the major limitations that may have led to the
exclusion of relevant studies from other sources such as Cochrane Central Register of
Controlled Trials (CENTRAL) and Embase. Acknowledging these limitations is crucial to
ensure transparency and a balanced interpretation of the review’s findings.

5. Conclusions

While conventional rehabilitation exercises have long been effective in treating stroke
survivors, recent years have seen an increase in the development and integration of new
therapeutic approaches involving modern technologies. These complementary interven-
tions improve gait recovery by providing innovative and engaging options for stroke
survivors. The complementarity of conventional and technological exercises highlights the
importance of an integrated approach in searching for more comprehensive results adapted
to each patient’s needs.

However, more research is needed to determine these new interventions’ effectiveness
and long-term benefits, which may guide the future direction of stroke rehabilitation
strategies.
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Abstract: (1) Background: For acute ischemic strokes caused by large vessel occlusion, manually as-
sessed thrombus volume and perviousness have been associated with treatment outcomes. However,
the manual assessment of these characteristics is time-consuming and subject to inter-observer bias.
Alternatively, a recently introduced fully automated deep learning-based algorithm can be used to
consistently estimate full thrombus characteristics. Here, we exploratively assess the value of these
novel biomarkers in terms of their association with stroke outcomes. (2) Methods: We studied two
applications of automated full thrombus characterization as follows: one in a randomized trial, MR
CLEAN-NO IV (n = 314), and another in a Dutch nationwide registry, MR CLEAN Registry (n = 1839).
We used an automatic pipeline to determine the thrombus volume, perviousness, density, and hetero-
geneity. We assessed their relationship with the functional outcome defined as the modified Rankin
Scale (mRS) at 90 days and two technical success measures as follows: successful final reperfusion,
which is defined as an eTICI score of 2b-3, and successful first-pass reperfusion (FPS). (3) Results:
Higher perviousness was significantly related to a better mRS in both MR CLEAN-NO IV and the
MR CLEAN Registry. A lower thrombus volume and lower heterogeneity were only significantly
related to better mRS scores in the MR CLEAN Registry. Only lower thrombus heterogeneity was
significantly related to technical success; it was significantly related to a higher chance of FPS in the
MR CLEAN-NO IV trial (OR = 0.55, 95% CI: 0.31–0.98) and successful reperfusion in the MR CLEAN
Registry (OR = 0.88, 95% CI: 0.78–0.99). (4) Conclusions: Thrombus characteristics derived from
automatic entire thrombus segmentations are significantly related to stroke outcomes.
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1. Introduction

The effectiveness of endovascular treatment (EVT) was shown for patients with large
vessel occlusion (LVO) strokes in 2015 [1,2], making EVT the standard treatment for LVO
patients arriving at the hospital within 6 h after the stroke onset. However, new trials
have shown that a wider group of patients can benefit from this treatment [3,4]. With
the increasing demand, identifying factors that can predict the outcome of EVT is of
higher interest.

Collecting extensive clinical information from ischemic stroke patients who present
themselves to the hospital in the acute phase is difficult and sometimes unfeasible. Imaging
characteristics, on the other hand, are more rapidly and consistently available and contain
pertinent information about the patient’s present condition. In LVO stroke patients, certain
radiological imaging characteristics of the thrombus on CT scans, such as length, volume,
perviousness, and density, have been shown to be related to various outcome measures
of stroke treatment [5–10]. However, thrombus location is the only thrombus imaging
characteristic that is currently taken into account during the triage of ischemic stroke
patients [11]. One reason for focusing only on this imaging characteristic and disregarding
the others, apart from its established association with the outcome, is the fact that the
thrombus location can be estimated without any need for annotation.

Quantifying most thrombus imaging characteristics requires annotating the thrombus.
Thrombus annotations are commonly performed manually [12]. One disadvantage of
manual annotations is that they are time consuming and therefore cannot be used in the
clinical setting of stroke treatment. Another disadvantage of manual annotations is that
they are subject to inter-observer variation [13].

Unlike manual methods, automatic methods can be used to create full thrombus
annotations for a large dataset with minimal effort [14,15]. Additionally, provided the same
model is used for segmentation, there will be no inter-observer variability in the automatic
annotations. Therefore, they can potentially pave the way for involving thrombus charac-
teristics in making treatment decisions in the clinic. Previously, we developed an automatic
thrombus segmentation algorithm that had a good agreement with manual annotations [16].
However, the value of the automatic segmentations for extracting thrombus characteristics
has not yet been established.

In this exploratory imaging biometrics study, we investigate the association of full
thrombus characteristics calculated from the automatic segmentations with the functional
outcome and technical success of endovascular treatment (EVT). Automated thrombus
analysis is particularly valuable in large datasets such as registries and trials. However,
differences in trial and registry populations (caused by strict inclusion criteria of trials) can
affect the observed significant associations [17]. Furthermore, combining these populations
may influence relationships between thrombus imaging and outcomes. Therefore, we study
the value of fully automatically generated thrombus characteristics in the two distinct
populations of LVO stroke patients treated with EVT.

2. Materials and Methods

2.1. Patient Selection

We included patients from two populations as follows: the Multicenter Randomized
Controlled Trial of Endovascular Treatment for Acute Ischemic Stroke in the Netherlands
(MR CLEAN) Registry and from the MR CLEAN-NO IV trial. Studying these two pop-
ulations allows us to evaluate the value of automated segmentations in two potentially
relevant applications of automated thrombus segmentations as follows: large clinical trials
and large registries.
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The MR CLEAN Registry [18] was a prospective observational study that followed the
completion of the MR CLEAN trial [1], which was the first trial demonstrating the benefit
of endovascular treatment in LVO stroke patients. The registry enrolled all the patients who
underwent EVT in the Netherlands between March 2014 and January 2019, with eligible
patients receiving intravenous thrombolysis (IVT) before EVT.

MR CLEAN-NO IV [19] was a prospective trial where patients with LVO were random-
ized between treatment with IVT prior to EVT or EVT alone. This trial included patients
from twenty centers in the Netherlands, France, and Belgium between 2018 and 2020. Only
patients who were directly presented to an EVT-capable center within 4.5 h after the stroke
onset were included. The baseline scans included in the NO IV trial were all acquired
before IVT administration.

The patient selection procedure is schematically depicted in Figure 1. For each patient,
the highest quality non-contrast CT (NCCT) and CT angiography (CTA) imaging available
was used for further processing. Exclusion based on low scan quality includes a CTA slice
thickness > 2 mm, NCCT slice thickness > 5 mm, number of slices < 8, the scan having
incomplete brain coverage, the scan being made with sharp convolutional reconstruction
kernels, or the scan having movement artefacts.

Figure 1. Flow chart of patient selection. nR refers to the number of patients in the Registry dataset,
and nN refers to the number of patients in the NO IV dataset.

2.2. Automatic Thrombus Segmentation

We used a previously validated automatic thrombus segmentation algorithm [16].
The entire pipeline is automatic, and we used the output of the thrombus segmentation
algorithm without any manual adjustments. The first step of the algorithm is to localize
the thrombus with an off-the-shelf software, StrokeViewer LVO version 3.2.13 (Nicolab,
Amsterdam, The Netherlands; www.nicolab.com/strokeviewer-home (accessed on 21
February 2024)). Subsequently, a neural network is used to segment the thrombus based on
both the NCCT and CTA scans. The result is a 3D segmentation of the thrombus.
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2.3. Thrombus Imaging Characteristics

We assessed the thrombus volume, perviousness, density, and heterogeneity. Throm-
bus perviousness quantifies thrombus permeability by comparing the average thrombus
attenuation in the CTA and NCCT scans. This difference is named the Thrombus Attenua-
tion Increase (TAI) [6]. Santos et al. (2021) proposed a method to calculate the TAI over the
entire thrombus by comparing the intensity histograms of CTA and NCCT. This includes
differences between the first (TAIQ1), second (TAIQ2), or third (TAIQ3) histogram quartiles,
or the lag that results in the maximum cross correlation value between the two histograms
(TAIMCC). Additionally, we included the median intensity of the thrombus in CTA as a mea-
sure of contrast penetration irrespective of thrombus density. Definitions of perviousness,
density, and heterogeneity are depicted in Figure 2.

Figure 2. A representation of the thrombus characteristics that are calculated from the histogram of
Hounsfield Unit (HU) intensity values of the thrombus in NCCT (green) and CTA (red). Three TAI
(Thrombus Attenuation Increase) values are calculated from the difference between the first, second,
and third quartiles (Q1, Q2, and Q3) of the two histograms. TAIMCC (maximum cross correlation)
is a measure of how much the NCCT histogram should be moved to achieve the maximum cross
correlation with the CTA histogram. The distribution showed with a green, dashed line is the shifted
NCCT histogram. Heterogeneity is defined as the CTA and NCCT SD (Standard Deviation). Density
is shown as the CTA and NCCT median. In this figure, we have assumed the two histograms are
normal distributions. In case of a non-normal distribution, median values do not overlap with the
second quartile, and TAIMCC is not necessarily the exact distance between the two medians.

Thrombus density is the median density of the thrombus in NCCT (measured in
HU values). We defined thrombus heterogeneity as the spread of density values in the
thrombus and approximated it using the Standard Deviation (SD) of its histogram in both
CTA and NCCT.

2.4. Outcome Measures

The association of the thrombus characteristics with the three outcome measures
were assessed as follows: (1) the functional outcome measured on the modified Rankin
Scale (mRS) after 90 days, (2) the successful final reperfusion defined as an expanded
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Thrombolysis in Cerebral Infarction (eTICI) score of 2b-3, and (3) the first-pass reperfusion
success (FPS).

Ordinal mRS values were inverted as per previous MR CLEAN Registry studies [18],
so odds ratios below one indicate a worse functional outcome. Successful reperfusion is
defined as an eTICI score of 2b, 2c, or 3, indicating more than 50% reperfusion of the affected
territory. FPS is defined as successful reperfusion after the first thrombectomy attempt.

2.5. Statistical Analysis

We report the baseline characteristics of the Registry and NO IV populations. Numeri-
cal variables were summarized using median and interquartile ranges, while categorical
variables were presented as counts and percentages. The pre-stroke mRS and the Alberta
Stroke Program Early CT Score (ASPECTS) were summarized by grouping some of their
levels together. For the pre-stroke mRS, patients with an mRS of 2 or higher are grouped
together. For the ASPECTS, three bins are made by grouping patients with an ASPECTS
of 0 to 4, 5 to 7, and 8 to 10. In order to compare the two populations, Mann–Whitney U
tests and Chi-square tests were used for numerical variables and categorical variables, re-
spectively. Thrombus characteristics were summarized using the median and interquartile
range and compared between populations using the Mann–Whitney U test. A p-value of
<0.05 was considered to be significant.

We used logistic regression to investigate the associations between the thrombus
characteristics and the outcome measures in both populations. Uni-variable ordinal and
binary logistic regressions were used to study the relationship between the thrombus
characteristics and the mRS, as well as the two technical success measures, respectively.
Odds ratios (ORs) and 95% confidence intervals were reported to describe the effect of each
thrombus characteristic on the outcome.

All statistical analyses were carried out using R (R version 4.0.5 (31 March 2021)).
The missing values in the clinical data were imputed using multiple data imputation with
additive regression, bootstrapping, and predictive mean matching using the Hmisc package
(Frank E, 2021) with 5 imputations per missing value. Age, occlusion location, baseline
NIHSS, administration of IVT, diabetes, onset-to-arterial puncture time, administration of
the antiplatelet, atrial fibrillation, atherosclerosis, and collateral scores were used to inform
the imputation. A sensitivity analysis was carried out for data imputation by undertaking a
complete case analysis in which the cases with missing values were omitted and comparing
the results with the imputed analysis (Appendix B).

We also performed multi-variable logistic regression analysis to investigate the effect of
each thrombus characteristic on the selected outcome measures while making adjustments
for the effect of the potential confounders (details are mentioned in Appendix A).

The consistency of the thrombus characteristics calculated from the automatic and
manual segmentations was tested over a subset of the NO IV dataset in Appendix C.

3. Results

3.1. Population Characteristics

Table 1 summarizes the baseline characteristics of the two populations, showing
significant differences between them. The median onset-to-groin time is more than twice
as long in the Registry population compared with that of the NO-IV population. The
percentage of patients who received IVT is considerably higher in the Registry population.
Additionally, pre-stroke mRS scores ≥ 2 are more common for Registry patients. The
collateral scores are better in the NO-IV population, and there are more M2 occlusions
present in the Registry population than in the NO-IV one. The median age is higher
in the Registry population, and there are more patients present with atherosclerosis in
the NO-IV population. The time between the NCCT and CTA scans is longer in the
Registry population.
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Table 1. Descriptive characteristics of the included populations. Median and interquartile ranges
(IQRs) are used to describe the continuous variables. Frequencies and percentages are reported for
the categorical variables. In cases where data were missing, the number of available data is shown
as “(n = x)”. “†” indicates a significant difference between the two populations. NIHSS: National
Institutes of Health Stroke Scale; NCCT: Non-contrast Computed Tomography; CTA: Computed
Tomography Angiography; mRS: Modified Rankin Scale; ASPECTS: Alberta Stroke Program Early
CT Score; ICA: Internal Carotid Artery; ICA-t: ICA terminus; IVT: Intravenous Thrombolysis; eTICI:
expanded Treatment in Cerebral Infarction

MR CLEAN Registry
(n = 1839)

MR CLEAN-NO IV
(n = 314)

p-Value

Age, median (year, IQR) 72 (63–81) 70 (63–78) 0.03 †

Sex (men), n (%) 1007 (54.8%) 191 (60.8%) 0.05

Baseline NIHSS, median (IQR) 16 (11–20); (n = 1822) 17 (11–20) 0.09

Onset-to-arterial puncture time, median (IQR) 190 (138–269); (n = 1789) 92 (68–141) <0.0001 †

Atherosclerosis (yes), n (%) 216 (11.7%) 49 (16.2%); (n = 303) 0.04 †

Diabetes (yes), n (%) 286 (15.7%); (n = 1825) 46 (14.6%) 0.71

Hypertension, n (%) 912 (50.6%); (n = 1801) 152 (48.6%) 0.54

Time between NCCT and CTA (minute),
median (IQR) 13.4 (7.7–34.7); (n = 1609) 9.3 (6.8–13.4); (n = 197) <0.0001 †

Pre-stroke mRS (n = 1786) (n = 313)

0.003 †0 1166 (65.3%) 215 (68.7%)

1 261 (14.6%) 59 (18.8%)

≥2 359 (20.1%) 39 (12.5%)

ASPECTS (n = 1829)

0.21
0–4 79 (4.3%) 11 (3.5%)

5–7 360 (19.7%) 50 (15.9%)

8–10 1390 (76%) 253 (80.6%)

Collateral score (n = 1802) (n = 311)

0.004 †

Score 0 (absent collaterals) 96 (5.3%) 21 (6.8%)

Score 1 (filling = 50% of occluded area) 712 (39.5%) 90 (28.9%)

Score 2 (>50% but less than <100%) 701 (38.9%) 137 (44.1%)

3 (100% of the occluded area) 293 (16.3%) 63 (20.3%)

Thrombus location (n = 1825)

0.002 †

ICA 72 (3.9%) 1 (3%)

ICA-t 380 (20.8%) 78 (24.8%)

M1 1115 (61.1%) 200 (63.7%)

M2 258 (14.1%) 35 (11.1%)

Antiplatelet use (yes), n (%) 549 (30.2%); (n = 1819) 104 (33.1%) 0.33

IVT (yes), n (%) 1251 (68.4%); (n = 1830) 166 (52.9%) <0.0001 †

First-pass success (yes), n(%) 467 (34%); (n = 1373) 143 (51.8%); (n = 276) <0.0001 †

eTICI 2b/2c/3 1156 (65.8%); (n = 1757) 227 (79.1%); (n = 287) <0.0001 †

mRS 90 days (n = 1673)

<0.0001 †0 129 (7.7%) 11 (3.5%)

1 294 (17.6%) 36 (11.5%)

2 296 (17.7%) 110 (35.0%)
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Table 1. Cont.

MR CLEAN Registry
(n = 1839)

MR CLEAN-NO IV
(n = 314)

p-Value

3 219 (13.1%) 35 (11.1%)

<0.0001 †
4 188 (11.2%) 29 (9.2%)

5 90 (5.4%) 31 (9.9%)

6 457(27.3%) 62 (19.7%)

First-pass success and successful reperfusion rates are higher in the NO-IV population.
The mRS after a 90 day distribution is also significantly different between the two popula-
tions, where the percentage of patients with an mRS between 0 and 2 is 50% in the NO-IV
population and 43% in the Registry one.

There are no missing data points for the mRS in the NO-IV population, but 9% of
the data are missing for this outcome measure in the Registry one. The FPS data were
missing for 25% in the Registry population and 12% in the NO-IV one. The missing data
percentages for successful reperfusion were 4% for the Registry population and 9% for the
NO-IV one.

The distributions of the thrombus characteristics in both the populations are presented
in Table 2. Apart from the volume, the distribution of all the thrombus characteristics
differed between the two population. Thrombi were more pervious and heterogeneous in
the NO IV population than in the Registry one.

Table 2. Comparing the thrombus characteristics between the two populations. Median and interquar-
tile ranges (IQRs) are used to describe the variables. “†” indicates a significant difference between
the two populations. TAI: Thrombus Attenuation Increase; SD: Standard Deviation; HU: Hounsfield
Unit; NCCT: Non-contrast Computed Tomography; CTA: Computed Tomography Angiography;
MCC: Maximum Cross Correlation

 MR CLEAN Registry 
(n = 1839) 

MR CLEAN-NO IV 
(n = 314) 

p-Value 

Volume (mm3), median (IQR) 128 
(49–261) 

132 
(53–271) 

0.46 

Density (HU) NCCT median 
median (IQR) 

47.6 
(44.8–50.8) 

49.2 
(45.8–53.1) <0.0001 † 

Perviousness 
(HU)  

TAIQ1 
median (IQR) 

0.51 
(−5.0–6.5) 

3.5 
(−2.8–8.1) <0.0001 † 

TAIQ2  
median (IQR) 

5.8 
(−0.3–13.0) 

9.6 
(2.9–16.0) <0.0001 † 

TAIQ3  
median (IQR) 

11.9 
(3.9–22.0) 

15.7 
(8.6–25.0) <0.0001 † 

TAIMCC  
median (IQR) 

4.3 
(−1.6–10.9) 

7.3 
(0.0–12.7) <0.0001 † 

CTA median  
median (IQR) 

54.0 
(47.0–61.7) 

58.0 
(53.0–65.7) <0.0001 † 

Heterogeneity 
(HU) 

CTA SD  
median (IQR) 

21.2 
(15.7–18.1) 

24.0 
(18.3–31.3) <0.0001 † 

NCCT SD (HU) 8.6 (6.7–10.6) 
9.1 

(7.1–11.1) 0.01 † 

116



J. Clin. Med. 2024, 13, 1388

3.2. Associations with the Outcome

In Table 3, the univariate associations between the thrombus characteristics and the
outcome measures are presented. For multiple thrombus characteristics, a statistically
significant association with the outcome is observed.

Table 3. Odds ratios relating the thrombus characteristics to the outcome measures in the uni-
variate analysis. Numbers in the parenthesis show a 95% CI. Functional outcome: the reversed
mRS (OR < 1 indicates a worse outcome); FPS: first-pass success, eTICI 2b-3 with a single thrombec-
tomy device pass; eTICI2b+: successful reperfusion, eTICI ≥ 2b at the end of the procedure; HUs:
Hounsfield Units; TAI: Thrombus Attenuation Increase; SD: Standard Deviation; OR: odds ratio; CI:
confidence interval; NCCT: Non-contrast Computed Tomography; CTA: Computed Tomography
Angiography; MCC: Maximum Cross Correlation and “†” and the bold text indicate a statistically
significant relationship.

VOLUME DENSITY PERVIOUSNESS HETEROGENEITY

Volume
(per 0.1 mL)

NCCT
median

(per 10 HU)

TAIQ1
(per 10 HU)

TAIQ2
(per 10 HU)

TAIQ3
(per 10 HU)

TAIMCC
(per 10 HU)

CTA median
(per 10 HU)

CTA SD
(per 10 HU)

NCCT SD
(per 10 HU)

Registry 0.91 †

(0.87–0.95)
0.98

(0.87–1.09)
1.14 †

(1.07–1.21)
1.10 †

(1.04–1.15)
1.05 †

(1.02–1.09)
1.11 †

(1.05–1.17)
1.09 †

(1.03–1.15)
0.93 †

(0.87–0.99)
0.87 †

(0.77–0.98)

Fu
nc

-
ti

on
al

O
ut

co
m

e

NO IV 0.91
(0.81–1.02)

1.15
(0.81–1.62)

1.20 †

(1.01–1.44)
1.22 †

(1.04–1.42)
1.16 †

(1.02–1.30)
1.17 †

(0.01–1.35)
1.23 †

(1.06–1.44)
1.14

(0.94–1.40)
0.76

(0.53–1.09)

Registry 0.94
(0.88–1.00)

0.93
(0.80–1.08)

1.07
(0.97–1.18)

1.04
(0.96–1.12)

1.03
(0.98–1.08)

1.05
(0.97–1.14)

1.02
(0.96–1.10)

1.01
(0.92–1.12)

0.97
(0.84–1.13)

FP
S

NO IV 0.92
(0.79–1.06)

0.70
(0.44–1.12)

1.01
(0.82–1.25)

1.07
(0.89–1.29)

1.11
(0.95–1.29)

1.05
(0.87–1.27)

1.00
(0.84–1.20)

1.06
(0.84–1.34)

0.55 †

(0.31–0.98)

Registry 1.01
(0.95–1.06)

0.93
(0.82–1.05)

0.96
(0.89–1.03)

0.97
(0.91–1.03)

0.98
(0.94–1.03)

0.98
(0.92–1.05)

0.95
(0.90–1.01)

0.96
(0.89–1.04)

0.88 †

(0.78–0.99)

eT
IC

I2
b+

NO IV 0.99
(0.84–1.17)

1.20
(0.72–2.00)

0.94
(0.70–1.26)

0.94
(0.75–1.17)

0.98
(0.83–1.16)

1.00
(0.81–1.23)

0.97
(0.77–1.22)

1.03
(0.76–1.38)

0.75
(0.47–1.21)

In the Registry population, a lower volume, higher perviousness, and lower hetero-
geneity were significantly associated with a more favorable functional outcome. Pervious-
ness was also significantly associated with the mRS in the NO IV population. However,
volume and heterogeneity were neither statistically nor significantly related to the mRS in
the NO IV population.

Only thrombus heterogeneity in NCCT was significantly related to FPS in the NO IV
population, but none of the thrombus characteristics were significantly related to FPS in
the Registry population. The effect of thrombus heterogeneity on FPS is large in the NO IV
population where for every increase in heterogeneity (SD of NCCT) by 10 HUs, the chance
of achieving first-pass success is reduced by 45%.

Thrombus heterogeneity in NCCT was the only thrombus characteristic that was
significantly related to successful reperfusion in the Registry population where there is a
higher chance to achieve successful reperfusion for less heterogeneous (more homogenous)
thrombi. None of the thrombus characteristics were significantly associated with successful
reperfusion in the NO IV population.

4. Discussion

In our study, fully automatically calculated thrombus characteristics were significantly
associated with functional and procedural reperfusion outcomes in patients with acute
ischemic strokes who were treated with EVT. Despite the differences between the two
populations, perviousness was positively associated with a better functional outcome in
both the Registry and NO IV trial, indicating a robust link between this biomarker and the
functional outcome. The thrombus volume and heterogeneity were significantly associated
with a worse functional outcome in the Registry population but not in the NO IV one.
While the relationship between the volume and 90-day mRS is not significant in the NO
IV population, we want to point out that the effect size in both populations is the same.
Therefore, a potential cause for this difference in significance may be the smaller size of the
NO IV population.
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In this study, heterogeneity was the only thrombus characteristic significantly associ-
ated with reperfusion success; it was significantly associated with a lower chance of FPS in
the NO IV population and with a lower chance of final successful reperfusion in the Reg-
istry population. Furthermore, heterogeneity in NCCT and perviousness estimated as the
median density in CTA remained statistically and significantly associated with successful
reperfusion even after adjusting for confounders. However, it is important to acknowledge
a discrepancy between the two populations regarding the significant associations observed
between heterogeneity and the outcome. Therefore, additional investigations are required
to discern the patient groups for which heterogeneity can be a valuable biomarker. Further-
more, in this study we used a basic and intuitive definition for heterogeneity, while more
complex formulations may be more descriptive of this biomarker [20,21].

We found a significant association between the thrombus volume and functional
outcome in the Registry population. This association was also reported by Baek et al.
(2017) [22] and van Voorst et al. (2023) [9], but it was not found by Borst et al. (2017) [23].
Unlike Baek et al. (2017) [22], we did not find a significant association between the thrombus
volume and successful reperfusion.

We did not find a significant association between the density and any of the outcome
measures. Similar results were found by Dutra et al. (2019) [5] for a 90-day mRS, by Baek
et al. (2017) [22] for FPS, as well as by Jagani et al. (2017) [24] for successful reperfusion.
Most of the studies that did find a relation between the thrombus density and outcome
were focusing on IVT treatment only [25,26], thereby indicating that unlike IVT, thrombus
density does not have an important role in EVT treatment.

Perviousness was the only thrombus characteristic significantly related to the 90-
day mRS in both populations. The same relationship was observed on part I of the MR
CLEAN Registry [5] and MR CLEAN trial populations for both sample-based [6] and entire
thrombus [27] perviousness. Although Kappelhof et al. (2021) [28] did not find a significant
association between perviousness and the mRS in patients who were treated with EVT
in the pooled data of seven trials, they did find a positive association in patients treated
with IVT. Similarly to previous studies, we did not find a significant association between
perviousness and FPS [29] or successful reperfusion [28].

Our study provides the grounds to better understand the relationship between au-
tomatic thrombus characteristics and the outcome. Having a robust and reproducible
measure of full thrombus analysis, such as that presented in our study, could aid in the
understanding of the contradictory findings in previous studies. Despite omitting the inter-
observer bias through the automatic annotations, we found that the significant associations
between thrombus characteristics and outcomes differed between the MR CLEAN Registry
and MR CLEAN-NO IV populations. These differences in significant associations could
be caused by the restricted size of the populations. However, with the largest study size
up to date, we do not think that this is the main cause of this difference. It is likely that
the dissimilarities between the two populations contributes to the differences in the found
associations. In future research, these population dissimilarities could be further explored
to explain the causes of the observed associations based on the findings of this study. This is
a necessary next step before creating a prognostics model to be used in the clinic. However,
studying causality is outside of the scope of this paper.

The use of the automatic segmentations also allowed for the inclusion of a high number
of patients in this study where we report on the largest patient population analyzed to
date. Furthermore, the data used in this study were international and multi-centered,
improving the generalizability of our results. However, it has to be noted that almost half
of the patients had to be excluded because of low image quality. This was mostly due
to a requirement for thin-slice images. Many centers do not save the thin-slice scans to
avoid high storage costs. However, if the thrombus segmentation algorithm is integrated
in the clinical workflow, it is possible to apply the algorithm on the thin-slice images before
deleting them, thereby significantly decreasing the number of omitted scans.
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Another strength of this study is that the analysis was not limited to one population.
The data of patients who were enrolled in the MR CLEAN-NO IV trial were prospectively
collected, and most patients had high-quality scans available, while the Registry dataset
contained more patients with comorbidities, low-quality scans, and missing data compared
with the MR CLEAN-NO IV population. Additionally, the quality of EVT treatment may
have improved over the course of collecting the Registry data and beyond its completion.
On the other hand, the Registry provides a realistic representation of the LVO patients
who are eligible for EVT in the Netherlands. The trial data, with its carefully selected
patients, closely resemble the populations commonly used to study the relationship between
biomarkers and the outcome. On the other hand, the Registry data, containing more patients
and being more reflective of real-world scenarios, offer insights into a broader patient cohort.
We chose to analyze these populations separately to capture their unique attributes and
strengths. Additionally, due to the smaller size of the MR CLEAN-NO IV population, we
opted to not merge it with the Registry dataset to preserve its valuable information.

A limitation of our study is that of the high number of analyses conducted, thereby
increasing the risk of accidental findings. Since we followed an exploratory analysis
approach, we did not make corrections for multiple testing. However, it has to be noted
that even though we looked at multiple definitions for some characteristics, we have only
addressed four thrombus characteristics and three outcome measures.

In this analysis, thrombi were fully automatically segmented without manual adjust-
ments, potentially leading to suboptimal segmentations in certain cases, such as occlusions
in the proximal ICA or M2. Pseudo-occlusions were not explicitly inspected. However,
the high number of patients included in this study is expected to account for the potential
bias caused by these outliers. Additionally, we made use of both NCCT and CTA to better
utilize the different information that each modality provides. However, this means that the
segmentation method is only applicable in cases where both NCCT and CTA are available.

Finding causality and studying the confounding factors were not the focus of this
study. In some of the adjusted analyses, associations were no longer statistically significant,
indicating collinearity between parameters. It is shown that thrombus characteristics
can be significantly associated with other factors such as etiology [30] and the collateral
score [31]. However, an extensive evaluation of these collinearities is beyond the scope
of our exploratory biomarker study. Additionally, it is relevant to know the relationship
between the thrombus characteristics and outcome regardless of the confounding factors
because imaging characteristics can be easily calculated from CT scans while confounding
factors may not be known or easily calculable.

Finally, data were not available for all the outcome measures over the entire study
population. We have used imputation for the bias that is caused by the possible non-
random absence of data. However, since imputed values can only be based on non-missing
data, they are not free of bias. This is especially the case for FPS in the Registry where
the percentage of missing data were high. We conducted a complete case analysis in
Appendix B to assess the potential bias.

5. Conclusions

Fully automatically computed thrombus characteristics from the entire thrombus are
significantly associated with the functional outcome and technical success in EVT-treated
anterior circulation acute ischemic strokes. We observed different, significant associations
in the Registry and NO IV trial populations, thereby suggesting that these relations are
population-specific. Nonetheless, we found that a lower thrombus volume, higher pervi-
ousness, and lower heterogeneity were significantly associated with a better functional
outcome, while lower heterogeneity was correlated with improved reperfusion. These
findings support the use of automatically assessed radiological thrombus characteristics in
stroke research and clinical practice.

119



J. Clin. Med. 2024, 13, 1388

Author Contributions: Conceptualization, M.M., C.B.L.M.M., H.A.M. and B.J.E.; methodology, M.M.,
H.A.M., H.v.V., M.K., F.C. and P.R.K.; software, M.M., H.v.V. and E.P.; validation, A.E.B., H.A.M.
and B.J.E.; formal analysis, M.M. and A.E.B.; investigation, M.M.; resources, C.B.L.M.M., B.J.E.,
A.E.B., M.K., A.v.d.L., J.W.H., B.G.D., D.D., F.C., L.Y., J.C., J.B., K.T., M.L.T., N.L., N.A.T., P.R.K.,
W.v.Z., Y.R. and H.v.V.; data curation, A.E.B., M.K., J.W.H., B.G.D., F.C., L.Y., J.C., J.B., K.T., M.L.T.,
N.L., N.A.T. and P.R.K.; writing—original draft preparation, M.M. and H.A.M.; visualization, M.M.;
supervision, C.B.L.M.M., B.J.E. and H.A.M.; project administration, C.B.L.M.M., B.J.E. and H.A.M.;
funding acquisition, C.B.L.M.M., B.J.E. and H.A.M. All authors contributed to the review and editing
of the text. All authors have read and agreed to the published version of the manuscript.

Funding: This project is part of the Artificial Intelligence for Early Imaging Based Patient Selection
in Acute Ischemic Stroke (AIRBORNE), which is funded by Top Sector Life Sciences & Health and
Nicolab B.V. The funding sources were not involved in the study design, monitoring, data collection,
statistical analyses, interpretation of results, or manuscript writing.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Central Medical Ethics Committee and the Research Board
of the Erasmus MC University Medical Center, Rotterdam, The Netherlands (MEC-2014-235 and
MEC-2017-368).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data for this study are available upon reasonable request.

Acknowledgments: The CONTRAST consortium acknowledges the support from The Nether-
lands Cardiovascular Research Initiative, which is an initiative of the Dutch Heart Foundation
(CVON2015–01: CONTRAST), and from the Brain Foundation Netherlands (HA2015.01.06). The
collaboration project is additionally financed by the Ministry of Economic Affairs by means of the
PPP Allowance made available by the Top Sector Life Sciences & Health to stimulate public–private
partnerships (LSHM17016). This work was funded in part through unrestricted funding by Stryker,
Medtronic, and Cerenovus.

Conflicts of Interest: HM is a cofounder and shareholder of Nicolab and Trianect.

Appendix A

The odds ratios relating thrombus characteristics to the outcome after adjusting for
confounders can be seen in Table A1. We made adjustments for age, occlusion location, the
baseline National Institutes of Health Stroke Scale (NIHSS), IVT, diabetes, onset-to-arterial
puncture time, antiplatelet, atrial fibrillation, atherosclerosis, and collateral scores.

None of the thrombus characteristics are independently related to the functional out-
come and FPS in either population. However, perviousness formulated as the CTA median
intensity and heterogeneity in NCCT are significantly related to successful reperfusion in
the Registry population.

Table A1. Odds ratios for the multi-variable (adjusted) analysis. Numbers in the parenthesis show a
95% CI. Functional outcome: reversed mRS (OR < 1 indicates a worse outcome); FPS: first-pass success;
eTICI2b+: successful reperfusion; HUs: Hounsfield Units; TAI: Thrombus Attenuation Increase;
SD: Standard Deviation; OR: odds ratio; CI: confidence interval; NCCT: Non-contrast Computed
Tomography; CTA: Computed Tomography Angiography; MCC: Maximum Cross Correlation and
“†” and the bold text indicate a statistically significant relationship.

VOLUME DENSITY PERVIOUSNESS HETEROGENEITY

Volume
(per 0.1 mL)

NCCT
Median

(per 10 HU)

TAIQ1
(per 10 HU)

TAIQ2
(per 10 HU)

TAIQ3
(per 10 HU)

TAIMCC
(per 10 HU)

CTA Median
(per 10 HU)

CTA SD
(per 10 HU)

NCCT SD
(per 10 HU)

Registry 0.98
(0.93–1.03)

0.94
(0.83–1.05)

1.03
(0.97–1.10)

1.02
(0.96–1.07)

1.01
(0.97–1.04)

1.03
(0.97–1.09)

1.00
(0.95–1.06)

0.95
(0.89–1.02)

0.92
(0.83–1.03)

Fu
nc

-
ti

on
al

O
ut

co
m

e

NO IV 1.02
(0.90–1.17)

0.84
(0.58–1.22)

1.18
(0.97–1.43)

1.16
(0.98–1.38)

1.09
(0.96–1.25)

1.13
(0.97–1.32)

1.12
(0.95–1.32)

1.16
(0.94–1.43)

0.83
(0.56–1.23)
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Table A1. Cont.

VOLUME DENSITY PERVIOUSNESS HETEROGENEITY

Volume
(per 0.1 mL)

NCCT
Median

(per 10 HU)

TAIQ1
(per 10 HU)

TAIQ2
(per 10 HU)

TAIQ3
(per 10 HU)

TAIMCC
(per 10 HU)

CTA Median
(per 10 HU)

CTA SD
(per 10 HU)

NCCT SD
(per 10 HU)

Registry 0.97
(0.90–1.04)

0.97
(0.83–1.12)

1.05
(0.95–1.17)

1.03
(0.95–1.10)

1.02
(0.97–1.07)

1.04
(0.96–1.13)

1.02
(0.95–1.10)

1.01
(0.91–1.12)

0.99
(0.85–1.14)

FP
S

NO IV 0.95
(0.80–1.12)

0.69
(0.41–1.15)

1.02
(0.81–1.27)

1.05
(0.86–1.28)

1.09
(0.93–1.29)

1.03
(0.84–1.26)

0.99
(0.81–1.20)

1.06
(0.83–1.35)

0.58
(0.32–1.02)

Registry 1.01
(0.95–1.07)

0.91
(0.80–1.04)

0.94
(0.87–1.01)

0.96
(0.90–1.02)

0.98
(0.93–1.02)

0.97
(0.90–1.04)

0.94 †

(0.88–1.00)
0.96

(0.89–1.04)
0.87 †

(0.78–0.99)

eT
IC

I2
b+

NO IV 0.97
(0.79–1.19)

1.07
(0.63–1.82)

0.94
(0.68–1.29)

0.93
(0.72–1.21)

0.96
(0.79–1.15)

1.00
(0.80–1.26)

0.95
(0.75–1.22)

1.04
(0.76–1.43)

0.83
(0.50–1.36)

Appendix B

For each outcome measure, a complete case analysis was performed where the cases
with missing data were excluded and the uni-variable logistic regression was performed
without data imputation. The results are reported in Table A2. One notable difference is
that even though the effects are not different, the volume and perviousness formulated as
TAIQ1 and TAIMCC are correlated with FPS in the Registry population in the complete case
analysis. Additionally, the direction of the effect of the volume on successful reperfusion is
reversed between the imputed and complete case analysis for the NO IV population.

Table A2. Odds ratios of the complete case uni-variable analysis for both the Registry and NO
IV populations. Numbers in the parenthesis show a 95% CI. Functional outcome: reversed mRS
(OR < 1 indicates a worse outcome); FPS: first-pass success; eTICI2b+ =: successful reperfusion; HUs:
Hounsfield Units; TAI: Thrombus Attenuation Increase; SD: Standard Deviation; OR: odds ratio; CI:
confidence interval; NCCT: Non-contrast Computed Tomography; CTA: Computed Tomography
Angiography; MCC: Maximum Cross Correlation and “†” and the bold text indicate a statistically
significant relationship.

VOLUME DENSITY PERVIOUSNESS HETEROGENEITY

Volume
(per 0.1 mL)

NCCT
Median

(per 10 HU)

TAIQ1
(per 10 HU)

TAIQ2
(per 10 HU)

TAIQ3
(per 10 HU)

TAIMCC
(per 10 HU)

CTA Median
(per 10 HU)

CTA SD
(per 10 HU)

NCCT SD
(per 10 HU)

Registry 0.90 †

(0.86–0.95)
0.96

(0.86–1.07)
1.14 †

(1.07–1.22)
1.10 †

(1.04–1.16)
1.06 †

(1.02–1.10)
1.11 †

(1.05–1.18)
1.09 †

(1.04–1.15)
0.93 †

(0.86–0.99)
0.85 †

(0.75–0.96)

Fu
nc

-
ti

on
al

O
ut

co
m

e

NO IV 0.91
(0.81–1.02)

1.15
(0.82–1.62)

1.20 †

(1.01–1.44)
1.22 †

(1.04–1.42)
1.16 †

(1.02–1.30)
1.17 †

(1.01–1.35)
1.23 †

(1.06–1.44)
1.14

(0.94–1.40)
0.76

(0.53–1.09)

Registry 0.93 †

(0.87–0.99)
0.96

(0.83–1.12)
1.11 †

(1.00–1.22)
1.06

(0.98–1.15)
1.02

(0.97–1.08)
1.09 †

(1.00–1.19)
1.05

(0.97–1.14)
1.03

(0.94–1.13)
0.96

(0.84–1.11)

FP
S

NO IV 0.91
(0.79–1.04)

0.68
(0.44–1.04)

1.02
(0.82–1.27)

1.09
(0.90–1.32)

1.13
(0.97–1.32)

1.09
(0.90–1.31)

1.01
(0.84–1.21)

1.03
(0.81–1.31)

0.54 †

(0.30–0.97)

Registry 1.01
(0.95–1.06)

0.93
(0.82–1.06)

0.96
(0.89–1.03)

0.96
(0.91–1.03)

0.98
(0.94–1.03)

0.98
(0.92–1.05)

0.95
(0.89–1.01)

0.96
(0.88–1.04)

0.87 †

(0.77–0.98)

eT
IC

I2
b+

NO IV 1.05
(0.88–1.24)

1.15
(0.69–1.90)

0.93
(0.72–1.21)

0.95
(0.76–1.19)

0.97
(0.82–1.16)

0.99
(0.79–1.23)

0.98
(0.79–1.22)

1.01
(0.76–1.36)

0.76
(0.47–1.24)

Appendix C

In order to test the consistency between the manually and automatically calculated
thrombus characteristics, a set of randomly chosen cases from MR CLEAN-NO IV was
both manually and automatically segmented. Initially, the same subset of 100 patients
included in the test set of [16] was used, and subsequently 2 patients were excluded because
the automatic method did not produce a segmentation. Thrombus characteristics were
calculated for both the manual and automatic segmentations and two-way mixed effects,
and the single rater intra-class correlation coefficient (ICC) was calculated between them
for each of the thrombus characteristics. The results are reported in Table A3. According to
the guidelines provided by [32], to interpret the ICC, the automatically calculated TAIQ1,
TAIQ2, TAIMCC, CTA median, and NCCT SD have an excellent agreement; the volume,
NCCT median, and TAIQ3 have a good agreement; and the CTA SD has a fair agreement
with the manually calculated characteristics.
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Table A3. Intra-class correlation coefficient (ICC) between the thrombus characteristics calculated
from the automatic and manual segmentations on a subset of the MR CLEAN-NO IV population.

VOLUME DENSITY PERVIOUSNESS HETEROGENEITY

Volume NCCT
Median TAIQ1 TAIQ2 TAIQ3 TAIMCC

CTA
Median CTA SD NCCT SD

ICC 0.60 0.62 0.88 0.81 0.63 0.85 0.84 0.43 0.87
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Abstract: Background: Peripheral artery disease (PAD) affects more than 100 million people globally.
Most PAD studies have been performed among predominantly White populations—less is known
about other ethnicities. The aim of this cross-sectional study was to determine the prevalence and
risk factors of PAD in a high-risk Asian population with ischaemic stroke (IS), myocardial infarction,
unstable angina (CVD), or diabetes mellitus (DM). Methods: Patients admitted for IS, CVD, or DM
were recruited. Data were collected on age, sex, body mass index (BMI), index condition (CVD,
IS, DM), history of hypertension, DM, hypercholesterolaemia, cigarette smoking, and claudication.
The Edinburgh Claudication Questionnaire was administered, the ankle brachial index (ABI) was
determined, and PAD was diagnosed if ABI was ≤0.9. Results: Of the 450 subjects recruited, 150 were
placed in each index disease group, the mean age was 61.9 ± 10.32 years, 43.1% were female, and the
mean BMI was 23.9 ± 4.3. Hypertension was reported in 59.3%, DM in 63.6%, hypercholesterolaemia
in 39.6%, and smoking in 42.9% of patients. The prevalence of PAD was 27.1%, 22.0% in IS, 29.3% in
CAD, and 30.0% in DM. PAD was associated with increasing age (adjusted odds ratio (aOR) 1.04/year,
95% confidence interval [CI] 1.01–1.06; p < 0.001), reduced BMI (aOR 0.94, 95% CI 0.89–0.99; p = 0.026),
DM (aOR 1.59, 95% CI 1.20–3.18; p = 0.007), and hypercholesterolaemia (aOR 1.82, 95% CI 1.17–2.28;
p = 0.007). It was more frequent in non-lacunar versus lacunar acute IS, non-ST segment elevation
versus ST-segment elevation acute myocardial infarction, and insulin-treated versus non-insulin-
treated DM. Conclusions: Our study showed a high prevalence of PAD among high-risk Asian
patients. This was associated with increasing age, DM, and hypercholesterolaemia and inversely
associated with BMI. Different rates were found in sub-groups of IS, CVD, and DM. Systematic
approaches were used to identify these high-risk individuals and to improve their outcomes.
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1. Introduction

Peripheral arterial disease (PAD) is atherosclerosis leading to the narrowing of the
major arteries distal to the aortic arch [1]. In 2019, an estimated 113,443,016 individuals
worldwide suffered from PAD, which is a 72% increase from 1990 [2]. The age-standardised
prevalence per 100,000 in 2019 was 1402 per 100,000, while the age-standardised disability-
adjusted life years lost (DALYs) attributable to PAD was 19.5 per 100,000, representing a
37% increase over 1990. The global burden due to PAD is expected to keep rising. A sex
difference has also been noted, with prevalence and disability being higher in females,
while mortality and years of life lost are greater among males. On a global basis, the
number of people with PAD is highest in the Western Pacific region, intermediate in the
Americas, Southeast Asia and Europe, and lowest in the Eastern Mediterranean region
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and Africa [3]. PAD prevalence is higher in the European Union than in other European
countries [4] and in Black individuals compared to other ethnicities in the United States [5].
The burden of disease increases with the increasing sociodemographic index (SDI), with
lower SDI regions undergoing a rapid growth of PAD-related burden compared to higher
SDI regions [6]. These variations may be related to differences in the awareness, detection
and control of vascular risk factors, accessibility to healthcare and differences in SD. But
ethnicity may also have a role.

There are a number of well-recognised risk factors for PAD. These include advancing
age (odds ratio OR 1.55 per 10-year increase, 95% confidence interval 95% CI 1.38–1.75),
sex (OR 0.74, 95% CI 0.6–0.91 in males) diabetes mellitus (DM, OR 1.89, 95% CI 1.68–2.13),
smoking (former smoking OR 1.70, 95% CI 1.39–2.09, current smoking OR 2.82, 95% CI
2.00–3.98), hypertension (OR 1.67, 95% CI 1.50–1.86), obesity (BMI > 30 kg/m2, OR 1.55, 95%
CI 1.23–1.96) and hypercholesterolaemia (OR 1.34, 95% CI 1.17–1.53); it is also associated
with stroke (OR 2.35, 95% CI 1.74–3.16) and coronary heart disease (OR 1.72, 95% CI
1.48–1.99) [3]. With the demographic trend of continued ageing in the world population
and the projected rise in vascular risk factors, a greater burden of PAD can be expected in
the foreseeable future.

The clinical spectrum of those with PAD ranges from being asymptomatic to claudica-
tion to critical limb ischaemia [7]. Effective therapies to reduce progression and/or limb
loss include the cessation of smoking, exercise programs for claudication, lipid-lowering
therapy, anti-thrombotic therapy with a single antiplatelet agent or combination aspirin
with rivaroxaban, treatment of hypertension with an angiotensin-converting enzyme or
angiotensin receptor blocker, grafts and endovascular techniques [8–10].

In addition to limb loss, PAD is associated with poorer prognosis, reduced quality of
life and increased mortality [11]. It may also be a marker for atherosclerotic outcomes in
other vascular beds [12]. Evidence of coexisting PAD is of prognostic value. In the interna-
tional REACH registry, which enrolled patients from 44 countries (including Singapore)
with established CVD, CeVD, PAD or with at least three atherothrombotic risk factors, the
3-year rate of myocardial infarction, stroke, vascular death or rehospitalisation for patients
with symptomatic vascular disease in one vascular bed was 25.5% versus 40.5% among
those with disease in multiple vascular beds, (p < 0.001) [13].

While claudication is a classical symptom of PAD, a careful history and physical exam-
ination are needed to rule out other causes of lower limb pain, including musculoskeletal
and neurogenic causes [14]. The Edinburgh Claudication Questionnaire, an improved ver-
sion of the World Health Organization (WHO)/Rose questionnaire, is a validated screening
tool for PAD [15]. The ankle brachial index (ABI) is an inexpensive, non-invasive test
where the ratio of the highest systolic blood pressure at the ankle to that of the brachial
artery ≤ 0.9 is suggestive of PAD, with high sensitivity and specificity [16,17].

Most of the studies on PAD have been performed among white people—much less is
known about the characteristics of this disease in other ethnicities [18]. Differing patterns
of disease have been observed between Caucasians (more abdominal aortic aneurysms)
and Black individuals and Asians (more distal arterial disease) [19]. Overall, the prevalence
of PAD is higher in Black individuals [20] and lower in South Asians [21]. More data on
Asian populations are needed.

There is an increased risk of PAD among those with stroke, CVD, or the aforementioned
DM [3]. In a Malaysian study of 301 patients aged 32–90 years with established CVD,
ischaemic stroke (IS) or DM, the overall prevalence of PAD was 23%, and it was 33%, 28%
and 24% among patients with pre-existing CVD, IS and DM, respectively [22]. However,
that study had small patient numbers and did not explore the risk ratios of PAD associated
with the individual risk factors, nor among the subtypes of the disease groups investigated,
to determine who was at particularly high risk of having PAD.

The aim of this study was to determine the prevalence of PAD in a high-risk Asian
population with IS, CVD or DM, the risk of its associated factors and investigate PAD
within each of the three included disease groups.
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2. Materials and Methods

The study was performed in Tan Tock Seng Hospital (TTSH), a public hospital located
in central Singapore, serving the surrounding population of 1.4 million people.

Consecutive patients admitted to the Departments of Neurology for IS, Cardiology for
myocardial infarction or unstable angina (CVD), or General Medicine with DM between
1 April and 30 September 2000 were approached to participate. Inclusion criteria included
the following: diagnosis with IS, CVD or DM; informed consent obtainable from patients
or their legally acceptable representative. Exclusion criteria were those who were aged less
than 40 years, drowsy or aphasic throughout their hospital stay, or had amputations of both
upper limbs or both lower limbs. Recruitment among the 3 disease groups was concurrent.

After obtaining informed consent from eligible subjects in the language they were
conversant in, the trained study nurse administered a standardised questionnaire. Data
were collected on subject demographics, age, sex, and index condition (IS, CVD, DM).
Hypertension was diagnosed if there was a history of hypertension or if the patient had
been prescribed medications for hypertension. DM was diagnosed if there was a history
of DM or if the patient had been prescribed medications for DM. Hypercholesterolaemia
was diagnosed if there was a history of hypercholesterolaemia or if the patient had been
prescribed medications for hypercholesterolaemia. Cigarette smoking was diagnosed if
the patient was a current or former smoker. Claudication was diagnosed if there was a
history of calf pain on either side when walking, which was relieved by rest). The body
mass index (BMI = weight/height2) was calculated. Subjects were then asked to fill in
the Edinburgh Claudication Questionnaire. Finally, the ABI was determined in the right
and left leg with the subject lying at rest—the highest systolic blood pressure (SBP) in the
dorsalis pedis or posterior tibial artery of that lower limb was determined using the Doppler
probe and was divided by the highest SBP after measuring in both brachial arteries using
the standard auscultatory technique. PAD was diagnosed if ABI was ≤0.9 in either limb.
There are recommendations to use ABI > 1.4 [23,24] or the toe-brachial index, especially
among those with diabetes mellitus [17,25], to diagnose PAD. However, these parameters
and indices were not used in the analysis of this study so as to allow comparisons of
our findings with other studies discussed in this paper, as they largely used ABI < 0.9 to
diagnose PAD. The research staff performing the ABI measurement were blinded to the
other study information.

Data were analysed using the Statistical Package for Social Sciences (SPSS) v25
(New York, NY, USA). Mean and standard deviations were calculated for normally dis-
tributed continuous variables, median and interquartile ranges for non-normally dis-
tributed continuous variables, and proportions for categorical variables. Significant dif-
ferences in baseline characteristics were evaluated among those with and without PAD
by univariable analysis, using the unpaired t-test for continuous variables and chi-square
for categorical variables. Finally, multivariable analysis using logistic regression was per-
formed using variables that were significantly associated with the univariable analysis for
PAD. Statistical significance was taken at the p = 0.05 level.

Using the estimate of a prevalence of PAD of 25% found in the Malaysian study [22]
and the range of 24–26% for a 95% CI, the sample size would be 451 subjects. Thus, the
target was to recruit 450 subjects, 150 in each of the 3 groups of IS, CVD and DM.

3. Results

The mean age of study subjects was 62 years, with fewer females than males and the
described risk vascular factors (Table 1). The overall prevalence of PAD was 27.1%, higher
than the symptoms of claudication or by the Edinburgh Questionnaire. By index disease,
females outnumbered males only among those with DM, and hypercholesterolaemia and
smoking were most frequent among those with CVD. Previous myocardial infarction
was the least frequent among IS, while a previous stroke was the least common among
those with CVD. While not statistically significant, PAD, as assessed by the symptoms of
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claudication, the Edinburgh Questionnaire and ABI, is highest among those with DM. Age
and the number of years with DM were similar across all three index diseases.

Table 1. Characteristics of study subjects overall and by index disease.

Characteristic
Overall
(n = 450)

Ischaemic Stroke
(n = 150)

Cardiovascular
Disease
(n = 150)

Diabetes
Mellitus
(n = 150)

p-Value

Age, years
mean ± SD 61.9 ± 10.3 62.7 ± 10.2 61.2 ± 11.3 61.7 ± 9.5 0.438

Female % 43.1 44.7 30.7 54.0 <0.001

BMI 23.9 ± 4.3 24.1 ± 4.1 24.0 ± 4.2 23.8 ± 4.5 0.76

Hypertension % 59.3 63.3 56.7 58.0 0.46

Diabetes mellitus % 63.6 43.3 47.3 100.0 <0.001

Number of years of diabetes
mellitus if diabetic; years

mean ± SD
10.5 ± 9.1 9.8 ± 7.5 10.9 ± 8.4 10.7 ± 10.0 0.76

Hypercholesterolaemia % 39.6 30.0 52.0 36.7 <0.001

Smoker % 42.9 38.0 54.0 36.7 <0.001

Previous stroke % 14.9 18.7 7.3 18.7 0.006

Previous myocardial
infarction % 11.3 3.3 18.0 12.7 0.001

Intermittent claudication % 18.4 16.0 15.3 24.0 0.098

PAD by Edinburgh
Questionnaire % 11.1 12.0 8.7 12.7 0.26

PAD by ABI % 27.1 22.0 29.3 30.0 0.224

Legend—SD, standard deviation; ABI, ankle brachial index.

Within the index diseases, the frequency of PAD varied among the subtypes (Table 2).
Among IS, PAD by ABI was found in 16.5% of lacunar infarction and 32.1% of non-lacunar
infarction (p = 0.03). For CVD, PAD by ABI was found in 25.4% of unstable angina, 28.2% of
ST segment elevation acute myocardial infarction, and 34.6% of non-ST-segment elevation
myocardial infarction (p = 0.56). Among DM patients, PAD by ABI was found in 28.9% of
non-insulin-treated diabetics and 60.0% of insulin-treated diabetics (p = 0.14).

Table 2. Peripheral disease in index disease subtypes.

Disease Subtype
PAD

Present
(n)

PAD
Absent

(n)
p

Ischaemic stroke
Lacunar 16 81

0.03Non-lacunar 17 13

Cardiovascular disease

Unstable angina 15 44
0.56ST elevation myocardial infarction 11 28

Non-ST elevation myocardial
infarction 18 34

Diabetes mellitus
Insulin-dependant 3 2

0.14Non-insulin dependant 42 103

PAD occurred more frequently among older ages, females, and those with DM or
hypercholesterolaemia; it was also associated with lower BMI (Table 3). However, the effect
of sex was lost in multivariable analysis. The odds increased by 4% per year, and increasing
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age was nearly doubled by the presence of DM or hypercholesterolaemia and lowered by
6% for each increased unit of BMI. There was no significant effect on smoking status or
index disease.

Table 3. Factors associated with peripheral artery disease, univariable, and multivariable analyses.

Characteristic
PAD Present

(n = 122)
PAD Absent

(n = 328)
p-Value OR 95% CI p-Value

Age, years
mean ± SD 65.1 ± 10.1 60.65 ± 10.2 0.001 1.04/year 1.01–1.06 <0.001

Female % 52.5 39.6 0.015 1.50 0.96–2.33 0.07

BMI 23.1 ± 4.5 24.3 ± 4.1 0.014 0.94 0.89–0.99 0.026

Hypertension % 61.5 58.5 0.57

Diabetes mellitus % 75.4 59.1 0.001 1.95 1.20–3.18 0.007

Number of years of diabetes
mellitus if diabetic; years

mean ± SD
11.8 ± 9.2 9.9 ± 8.9 0.094

Hypercholesterolemia % 50.0 35.7 0.006 1.82 1.17–2.82 0.007

Smoker % 41.0 43.6 0.62

Index disease

0.224
Ischaemic stroke 27.0 35.7

Cardiovascular disease 36.1 32.3
Diabetes mellitus 36.9 32.0

Intermittent claudication % 30.3 14.0 <0.001

PAD by Edinburgh
Questionnaire % 19.7 7.9 <0.001

Legend—PAD, peripheral vascular disease; OR, odds ratio; SD, standard deviation.

4. Discussion

Our study found that PAD was present in 27% of a high-risk Asian population with
ischaemic stroke, cardiovascular disease, and diabetes mellitus. PAD was detected more
frequently by ABI than symptoms of claudication or the Edinburgh questionnaire. Upon
multivariable analysis, PAD was most strongly associated with increasing age, diabetes
mellitus and hypercholesterolaemia and reduced with higher BMI.

The prevalence of PAD of 27.1% was comparable to the 25% found in the Malaysian
study among similarly high-risk patients [22]. They found PAD in 23–28% of patients
with IS, 33% of patients with pre-existent CVD, and 24% with DM; the corresponding
frequencies in our study were 22.0%, 29.3%, and 30.0%, respectively. This is understandable
as Malaysia and Singapore are neighbouring countries with Chinese, Malays and Indians
as the main ethnic groups.

PAD was detected in 22% of our IS patients. Among 1293 Korean patients with acute IS
or a transient ischaemic attack (TIA), an ABI of ≤0.9 was found in 13.0% [26]. In a Pakistani
study of 327 IS patients, the mean age was 57.6 ± 12.8 years, and PAD was identified in
18.3% of patients with ABI [27]. In Thailand, an ABI ≤ 0.9 was observed in 18.1% of 747 IS
or TIA patients [28].

We identified PAD in 29.3% of our patients with CVD. Among 711 Korean patients,
the mean age was 63.4 ± 11.0 years after undergoing percutaneous coronary intervention
for CVD, and the prevalence of PAD was considerably lower, at 12.8% [29]. Approximately
38.4% of 117 Thai patients, with a mean age of 65 years, undergoing coronary angiography
had PAD [30], while 19.1% of patients with coronary artery disease had PAD in another
Singapore study [31].

PAD was diagnosed in 33% of our DM patients. In a multi-centre study of 6625
patients with DMs in Korea, China, Taiwan, Hong Kong, Indonesia, Thailand and the
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Philippines, the mean age was 63.7 ± 8.2 years, and the frequency of PAD was 17.7% using
ABI ≤ 0.9 [32]. In a study of 3906 diabetics in Japan, the mean age was 60.8 years, and
the frequency of PAD was 7.6% using a device “form PWV/ABI” [33]. In a Singapore
study, 521 diabetics had a prevalence of PAD, defined as a resting ABI of <0.9 on either leg
and/or a history of gangrene or non-traumatic amputation in 15.2% (95% CI, 12.3–18.5) [34].
As these studies are based on different disease populations, differing ages, and different
diagnostic techniques to detect PAD, the prevalence of PAD among these studies is not
directly comparable. Still, the prevalence of PAD in our study appears higher than in most
Asian studies and is closest to that found in Malaysia.

Our study found that among ISs, PAD via the ABI was found in 32.1% of patients
experiencing non-lacunar infarction and 16.5% with lacunar infarction. In a study in China,
31.51% of patients with stroke from large artery atherosclerosis had PAD (ABI < 0.9),
compared with 19.75% with small artery disease (p = 0.045) [35]. In a Korean study on IS,
the prevalence of abnormal ABI was 18.4% in large artery atherosclerosis and 7% in small
artery disease (p < 0.001) [26]. In the previously mentioned Thai study, abnormal ABI was
more frequent among those with large artery disease (20.4%, p < 0.001) [28]

In our study, for CVD, PAD by ABI was found in 25.4% of unstable angina, 28.2% of
ST-segment elevation acute myocardial infarction, and 34.6% of non-ST-segment- eleva-
tion myocardial infarction patients. In a French study, previous non-Q-wave myocardial
infarction was associated with PAD (OR 1.50; 95% CI, 1.08 to 2.08; p = 0.02) [36].

Our study found strong associations between PAD and increasing age, DM and
hypercholesterolaemia. This is consistent with the meta-analysis showing risk factors for
PAD, including advancing age (OR per 10-year increase 1.55, 95% CI 1.38–1.75), DM (OR
1.89, 95% CI 1.68–2.13), and hypercholesterolaemia (OR 1.34, 95% CI 1.17–1.53); it also
showed strong associations with smoking and hypertension [3]. While this study showed a
non-significant trend among smokers, no association was found with hypertension—the
reasons for these observations are unclear and would require further investigation.

Of interest was our finding of an inverse association between PAD and BMI, consistent
with the so-called ‘obesity paradox’, where PAD is less frequent among those with obesity.
A recent review of studies on obesity and PAD had mixed findings [37]. Some studies
found positive associations of PAD with a high BMI or upper body obesity or only among
women; others showed that a high BMI or being overweight was a protective factor against
PAD. In a study in China on 11,477 community-dwelling adults aged 40 years and above,
for each standard deviation increase in the weighted BMI genetic risk score, the odds ratio
(OR) for PAD was 1.17 (95% CI 1.07–1.27; p = 0.0004) [38]. However, a Thai study found
that being overweight (body mass index [BMI] > 25 kg/m2, had a reduced risk of PAD
(OR = 0.54, p < 0.05) [39].

Different studies have used differing criteria for the diagnosis of PAD. Clinically, while
a single question on calf pain when walking can be asked, it is preferable that a validated
questionnaire, such as the WHO/Rose or Edinburgh Claudication Questionnaire, be used.
As an improved version of the World Health Organization (WHO)/Rose questionnaire, it
is a validated screening tool for PAD with a sensitivity of 91.3% (95% CI, 88.1–94.5%) and
specificity of 99.3% (95% CI, 98.9–100%) [15]. Where feasible, an objective assessment by
the ABI would allow accurate documentation and the assessment of severity. The ABI is
an inexpensive, non-invasive test, where the ratio of the highest systolic blood pressure
at the ankle to that of the brachial artery ≤0.9 is suggestive of PAD, with a sensitivity
of 61% (95% CI 55–69%), and specificity of 92% (95% CI, 89–95%) [16,17]. We note that
among those diagnosed as having PAD on ABI, only 30.3% were positive on the question
of intermittent claudication, and 19.7% by the questionnaire; among those without PAD,
the proportions were 14.0% and 7.9%, respectively. In the Malaysian study, only 27% of
those diagnosed as having PAD by ABI had symptoms [22]. This may be reflective of the
subjective nature of questions and questionnaires, which are affected by interpretation
by the patient—this further supports the use of an objective assessment using the ABI
measurement to diagnose PAD.
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In our study, the prevalence of PAD was highest using the ABI in all three disease
groups. In view of the high prevalence, the consequences if left untreated and the availabil-
ity of evidence-based interventions, detecting PAD by ABI should be part of the routine
assessment of patients at risk of PAD.

The detection of PAD is important, not only for its presence. It may also be a marker
for atherosclerotic outcomes in other vascular beds. Among those with established cerebro-
(CeVD) or cardiovascular (CVD) disease, having PAD on top of this increases the risk
of major cardiac events; in the EUCLID trial, compared to those with isolated PAD, the
adjusted hazard ratios (aHR) were 1.34 (95% CI, 1.15–1.57) for PAD + CeVD, 1.65 (95% CI,
1.43–1.91) for PAD + CVD, and 1.99 (95% CI, 1.69–2.34) for PAD + CeVD + CVD [12].

With the rising numbers and ageing of world populations, the burden of PAD is likely
to keep increasing. This can be counter-balanced by increasing efforts to effectively detect
and optimally treat vascular risk factors—this will also help reduce the burden of other
vascular diseases, such as stroke and CAD. Screening for PAD by asking the patient to fill
in the Edinburgh questionnaire while sitting in the clinic waiting room, or even better, by
trained healthcare professionals performing ABI at regular intervals among those at risk
of PAD, should become part of the routine evaluation of our patients in primary care. A
system should be in place to allow seamless referral for those suspected to have PAD to
accessible specialists and teams interested and trained in the management of PAD. Public
awareness of PAD can be raised by health education campaigns.

Our study has some limitations. Although it was a single-centre study, and several
other studies corroborated our findings, the sample size was modest—stronger associations
may have been found with a larger study population. The study was performed on hospi-
talised patients, and the findings may not be generalisable to the community. ABI < 0.9 was
used to diagnose PAD; however, an ABI > 1.4, or the toe-brachial index, especially among
those with diabetes mellitus, have been proposed. Thus, the prevalence of PAD may have
been underestimated in this study. Still, this study has some strengths—the overall sample
size was not small, the study population was well-defined, a standardised questionnaire
and well-recognised assessment tools were used (Edinburgh Questionnaire, ABI), and the
study findings were consistent with the published literature. It also provides hard-to-find
data on Asian patients. Overall, our study techniques were robust and provided important
information for PAD among Asian patients with IS, CVD or DM.

5. Conclusions

This study detected PAD by ABI in a quarter of high-risk patients with IS, CVD, or
DM. Consistent with the published literature, PAD was associated with increasing age,
diabetes mellitus and hypercholesterolemia. Different rates were found within sub-groups
and IS, CVD and DM. More such studies on PAD among Asian patients are needed to
help fashion PAD management guidelines developed for the Asia–Pacific region [40]. On a
practical basis, screening for PAD by ABI should be routinely performed among patients
with ischaemic stroke, cardiovascular disease or diabetes mellitus.
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Abstract: Intravenous thrombolysis remains the most accessible and effective reperfusion therapy
available to patients with acute ischaemic stroke. Treatment with intravenous thrombolysis improves
the odds of favourable functional outcome with the unacceptably low risk of haemorrhagic compli-
cations. Even in the current era of endovascular thrombectomy, intravenous thrombolysis remains
the backbone of acute stroke treatment due to its accessibility and relative ease of administration.
Since intravenous alteplase was first approved for acute ischaemic stroke in the mid 1990s, there have
been significant advances in expanding the indication and time window for treatment, in addition
to transitioning towards tenecteplase use for stroke thrombolysis. In this review, we will provide a
narrative on the use of thrombolysis in acute ischaemic stroke including an up-to-date discussion on
recent advances in thrombolytic therapy.

Keywords: thrombolysis; stroke; tenecteplase; alteplase; outcome

1. Introduction

Intravenous thrombolysis remains the most accessible reperfusion therapy for acute
ischaemic stroke despite recent advances in endovascular thrombectomy (EVT). However,
as EVT can only be offered to the 30–40% of stroke patients with large vessel occlusion,
systemic thrombolysis remains a vital first line treatment.

Intravenous alteplase, a recombinant tissue-type plasminogen activator (r-tPA), has
been the standard thrombolytic agent for three decades since it was first proven to be
effective in the mid-1990s. It is administered in a split dose fashion with a 10% bolus of
total dose (0.9 mg/kg) followed by an hour-long infusion of the remaining dosage. Since
the initial landmark NINDS (National Institute of Neurological Disorders and Stroke) trial
with a 3 h time window [1], there has been a progressive expansion of the window of
eligibility, transitioning from a time-based selection approach to a tissue-based approach
using advanced imaging [2].

Tenecteplase, a genetic mutant of alteplase, has been long used for ST segment myocar-
dial infarction [3]. Tenecteplase has a longer half-life than alteplase and is pragmatically
advantageous due to single bolus administration. Tenecteplase at 0.25 mg/kg has been
shown to improve early recanalization compared with alteplase in the setting of large
vessel occlusion undergoing EVT, and several large clinical trials have demonstrated non-
inferiority to alteplase when used within the standard 4.5 h time window [4–8]. Using
advanced imaging selection, tenecteplase can also be administered to select patients with
large vessel occlusion up to 24 h from stroke onset [9]. Although European Stroke Organi-
sation and Stroke Foundation of Canada guidelines endorse the use of tenecteplase in acute
ischaemic stroke [10,11], its use remains off-label in most parts of the world.

We aim to provide a narrative review of the role of thrombolysis in acute ischaemic
stroke and to provide an up-to-date summary of the recently completed clinical trials
supporting the changing of the guard to tenecteplase.
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2. Time Window for Thrombolysis—From Time Clock to Tissue Clock

Intravenous thrombolysis within 4.5 h of symptom onset is considered the routine
time window without the need for advanced imaging selection with either computed
tomography (CT) perfusion or magnetic resonance imaging (MRI). However, this restrictive
time-based criteria excludes a significant proportion of patients due to unwitnessed onset
or uncertain onset due to aphasia or waking with symptoms and those presenting beyond
4.5 h. Because of this, it would preclude patients living at distance from a thrombolysis-
capable stroke centre due to transport delays.

Several randomised clinical trials have assessed the benefit of an imaging-based
selection approach to manage these patients with intravenous thrombolysis. The Efficacy
and Safety of MRI-Based Thrombolysis in Wake-Up Stroke (WAKE-UP) trial [3] used the
concept of DWI-FLAIR mismatch (Figure 1) and randomised patients with wake-up stroke
or stroke of unknown onset time to either placebo or intravenous alteplase on the premise
that the stroke onset was recent given lack of corresponding FLAIR changes. The trial
included 503 patients, with 254 randomised to alteplase and 249 to placebo. Despite not
reaching its pre-specified target of 800 due to cessation of funding, alteplase treatment
was significantly associated with favourable functional outcomes (mRS of 0–1) at 90 days
compared to the placebo group (53.3% vs. 41.8%, adjusted OR1.61; 95% CI 1.09 to 2.36,
p = 0.02.). Although there was a numerically higher number of symptomatic intracranial
haemorrhages in the alteplase group, this was not statistically significant (2.0% vs. 0.4%,
aOR 4.95; 95% CI 0.57 to 42.87, p = 0.15). Similar trends were seen for rates of death at
90 days (aOR 3.38; 95% CI 0.92–12.52, p = 0.07).

 

Figure 1. Example of MRI DWI-FLAIR mismatch in a patient with occlusion of right terminal internal
carotid artery.

However, the major limitation of using an MRI imaging approach is that MRI may
not be accessible particularly in middle- and lower-income countries. Ma et al. [4] reported
the results of the Extending the Time for Thrombolysis in Emergency Neurological Deficits
(EXTEND) trial, which was a placebo-controlled trial randomising patients to treatment
within 9 h (9 h in this study refers to within 9 h of the midpoint between falling asleep and
waking with stroke symptoms) of last known well or wake-up stroke. Most patients in
this trial were screened by CT perfusion imaging and were eligible if they had a perfusion
mismatch. The study was terminated early due to the publication of the WAKE-UP trial
and enrolled 225 patients out of the planned 310 patients. Patients allocated to intravenous
thrombolysis were more likely to achieve functional independence at 90 days (35.4% vs.
29.5%, adjust risk ratio 1.44, 95% CI 1.01–2.06, p = 0.04). There was a trend towards increased
risk of symptomatic haemorrhage (6.2% vs. 0.9%, p = 0.05).

A systematic review and individual patient data meta-analysis by Campbell et al. [5]
with data from three clinical trials utilising perfusion imaging selection to treat patient
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beyond 4.5 h (EXTEND, ECASS4: ExTEND (European Cooperative Acute Stroke Study—4:
Extending the time for thrombolysis in emergency neurological deficits) [6] and EPITHET
(Echoplanar Imaging Thrombolytic Evaluation Trial) [7]) included 414 patients and showed
that alteplase treatment was associated with a higher rate of excellent functional outcome
(mRS 0–1) at 3 months (36% vs. 29%, OR 1.86; 95% CI 1.15 to 2.99, p = 0.01). Rates of
symptomatic intracranial haemorrhage were comparable (~5%) to the 3–4.5 h time window
for alteplase in the ECASS III trial [12].

The major limitation of the extended time window trials was that most patients were
recruited prior to the era of thrombectomy, and patients with LVO (~31% in WAKE-UP
and 61% in the meta-analysis by Campbell et al. [13]) in the extended time window would
likely have been eligible for endovascular thrombectomy with the current approach.

Two further clinical trials assessing the effect of 0.25 mg/kg tenecteplase throm-
bolysis between 4.5 and 24 h in patients with confirmed anterior circulation LVO have
been published.

Both the Thrombolysis in Imaging-eligible, Late-window Patients to Assess the Efficacy
and Safety of Tenecteplase (TIMELESS) trial and the Tenecteplase Reperfusion Therapy
in Acute Ischemic Cerebrovascular Events–III (TRACE-III) trial randomised patients with
proven LVO with perfusion mismatch to either tenecteplase or best medical therapy [9,14].
The major difference between TIMELESS and TRACE III was that EVT patients were
included in TIMELESS while TRACE III only enrolled patients without access to EVT.

TIMELESS [14] randomised 458 patients to tenecteplase therapy or placebo, and EVT
was performed in 77.3% of the entire cohort. The primary endpoint was ordinal score on the
modified Rankin Scale, and there was no difference between the two arms, with a median
score of 3 in each arm (p = 0.45). There were also no differences in functional outcome as
a dichomtized outcome (90-day modified Rankin 0–2, 46% vs. 42.4%) or on the ordinal
scale. However, in the subgroup analysis, tenecteplase resulted in improved functional
outcomes for patients with M1 occlusion in the primary outcome with adjust common OR
on modified Rankin scale score of 1.59 (95% CI 1.00–2.52) and with more achieving 90-day
independence 45.9% vs. 31.4% (aOR, 2.03; 95% CI, 1.14 to 3.66). The rate of symptomatic
intracranial haemorrhage was 3.2%.

TRACE-III [9] was conducted in China and included only Chinese patients, with the
primary outcome being excellent functional outcome (mRS 0–1) at 90 days. The trial in-
cluded 516 patients, with 264 randomised to tenecteplase and 252 to standard medical ther-
apy. Primary outcome was achieved in 33% of tenecteplase patients compared with 24.2%
in the non-thrombolytic arm (relative risk 1.37 (95% CI 1.04–1.81), p = 0.03.). Tenecteplase
treatment also resulted in increased rates of reperfusion at 24 h (20.1% vs. 11.8%). The rate
of symptomatic intracranial haemorrhage was 3% in the tenecteplase arm, consistent with
rates of symptomatic intracranial haemorrhage from other tenecteplase trials.

There is, therefore, a large body of evidence that selection for intravenous thrombolysis
can be selected using a tissue clock paradigm rather than a pre-defined rigid time criteria.
However, perfusion imaging is not sensitive for lacunar infarcts or brainstem infarcts, and
imaging-based approaches for extended-window thrombolysis may only be applicable
using MRI.

There is emerging evidence of the use of tenecteplase in the extended time window be-
yond 4.5 h, but the evidence of clinical benefit is limited to two clinical trials in patients with
proximal LVO. The results of TRACE III suggest tenecteplase is reasonable in patients with
LVO and perfusion mismatch but without access to thrombectomy, but there is currently
no firmevidence to support routine use of tenecteplase beyond the standard 4.5 h time
window, either as stand-alone treatment or as bridging treatment prior to thrombectomy.

3. Clinical Trials of Tenecteplase

Tenecteplase has been long perceived as a potential thrombolytic agent to replace
alteplase. Tenecteplase has several practical and pharmacological advantages to alteplase;
it can be administered as a single bolus and has 15-times-higher specificity to fibrin, de-
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creased binding affinity to plasminogen activator inhibitor 1 (PAI−1), and a longer half-life
than alteplase. In addition to TIMELESS and TRACE III, there have been a number of
randomised clinical trials assessing tenecteplase stroke thrombolysis, and the table below
summarises the main studies over the last 8 years. The early clinical trials of tenecteplase
used different dosing regimens, from 0.1 mg/kg to 0.5 mg/kg. However, 0.5 mg/kg was
associated with significant haemorrhagic risk [15] and this dosing has not been further
tested in clinical trials. A summary of clinical trial data is provided in Table 1. The following
passages will focus on the more recent clinical trials.

Table 1. Recent studies investigating the use of tenecteplase in acute stroke management.

Author Year Design/Trial
Name

Participants Tenecteplase
dose

Comparison
Primary

Outcome
Notes

Logallo et al.
[16] 2017

Randomised,
open-label,

blinded,
superiority trial.

NOR-TEST.

1100, across
13 stroke units in

Norway
0.4 mg/kg Alteplase

0.9 mg/kg

mRS 0–3 at
3 months.
OR 1.08

(CI 0.84–1.38)
p = 0.52

Within 4.5 h of symptom onset
of awakening with symptoms.
Included bridging to
thrombectomy.
Median NIHSS 4 (IQR 2–8).
Secondary and safety
outcomes:
-Death at day 90 (p = 0.68)
-Serious adverse effects by day
90 (p = 0.74)

Campbell
et al. [4] 2018

Randomised,
open-label,

blinded,
non-inferiority

followed by
superiority trial.

EXTEND-IA
TNK part 1.

202, across
13 centres in

Australia and
New Zealand

0.25 mg/kg Alteplase 0.9 mg/kg

Reperfusion of
>50% ischaemic

territory,
or

absence of
retrievable clot.
Non inferiority:

-Incidence
difference

12 percentage
point (CI 2–21)

-p = 0.002)
Superiority:

-Adjusted OR 2.6
(1.1–5.9)
-p = 0.02.

Within 4.5 h of symptom onset.
Included bridging to
thrombectomy.
Large vessel occlusions (ICA,
M1, M2, basilar).
Median NIHSS 17 (IQR 12–22)
both groups.
Secondary and safety
outcomes:
-mRS ordinal at 90 days (TNK 2
vs. 3 p = 0.04)
-Functional independence
(p = 0.06)
-Early neuro improvement
(p = 0.70)
-Safety death (p = 0.08)
-sICH (p = 0.99)

Campbell
et al. [17] 2020

Randomised,
open-label,

blinded.
EXTEND-IA
TNK part 2.

300, across 27
hospitals in

Australia and
New Zealand

0.4 mg/kg 0.25 mg/kg
tenecteplase

Reperfusion of
>50% ischaemic

territory.
Risk difference

0.0% (CI
−8.9%–8.9%)

p = 0.89.

Within 4.5 h of symptom onset,
before planned thrombectomy.
Large vessel occlusions (ICA,
M1, M2, basilar).
Median NIHSS 17 (0.4 mg/kg)
and 16 (0.25 mg/kg).
Secondary and safety
outcomes:
-mRS 90 days (p = 0.73)
-Freedom from disability
(p = 0.69)
-sICH 36 h (p = 0.12)
-All-cause death (p = 0.35)

Bivard et al.
[18] 2022

Randomised,
open-label,

blinded
(masked),

superiority.
TASTE-A.

104 across
5 tertiary

Melbourne
hospitals

0.25 mg/kg Alteplase
0.9 mg/kg

Volume of
perfusion lesion

on arrival to
hospital on CTP.

Adjusted
incidence rate
ratio 0.55 (CI

0.37–0.81)
p = 0.003

Within 4.5 h of symptom onset.
Median NIHSS 8 both groups
(IQR 5–14 and 5–17).
Secondary and safety
outcomes:
-mRS 5–6 at 90 days (p = 0.93)
-sICH 36 h (none occurred)
-Death 90 days (p = 0.88)

Kvistad et al.
[5] 2022

Randomised,
open-label,

blinded,
non-inferiority
(3% margin).
NOR-TEST 2,

part A.

204 patients
across 11

hospitals in
Norway

0.4 mg/kg Alteplase
0.9 mg/kg

mRS 0–1 at
3 months.

OR 0.45 (CI
0.25–0.8).
p = 0.0064

Within 4.5 h of symptom onset.
Stopped early due to higher
sICH rates in TNK group.
Moderate or severe strokes,
NIHSS 6 or more.
Secondary and safety
outcomes:
-Any ICH (more TNK
p = 0.0031)
-sICH (more TNK p = 0.061)
-Mortality (more TNK p =
0.013)
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Table 1. Cont.

Author Year Design/Trial
Name

Participants Tenecteplase
dose

Comparison
Primary

Outcome
Notes

Menon et al.
[6] 2022

Randomised,
open-label,

blinded,
non-inferiority

5% margin
(secondary
superiority).

AcT.

1577 patients
across 22

primary and
comprehensive
stroke centres in

Canada

0.25 mg/kg Alteplase
0.9 mg/kg

mRS 0–1 at
90–120 days.

Risk difference
2.15 (CI
−2.6–6.9).
Meeting

non-inferiority
threshold.

Within 4.5 h of symptom onset.
Included bridging to
thrombectomy.
TNK trend to better, not
superior, on secondary
analysis.
Median NIHSS 9 (TNK) 10
(alteplase).
Secondary and safety
outcomes):
-sICH (no difference)
-death (no difference)

Roaldsen
et al. [19] 2023

Randomised,
control,

open-label,
blinded

endpoint.
TWIST.

578 patients
across 77

hospitals in 10
countries.

0.25 mg/kg No thrombolysis

mRS at 90 days
(ordinal logistic
regression with

ITT).
OR 1.18 (CI
0.88–1.58).
p = 0.27.

Within 4.5 h of awakening with
symptoms.
Wake-up stroke NIHSS > 2 or
aphasia.
Selection with non-contrast CT.
Median ASPECT 10.
>50% NIHSS < 8 (see table).
Secondary and safety
outcomes:
-Mortality (p = 0.37)
-sICH (p = 0.28)
-Any intracranial haem
(p = 0.64)

Wang et al.
[7] 2023

Randomised,
open-label,

blinded
endpoint,

non-inferiority
3.74%.

TRACE−2.

1430 patients
across 53 centres

in China
0.25 mg/kg Alteplase

0.9 mg/kg

mRS 0–1 at 90
days.

RR 1.07 (CI
0.98–1.16).

TNK
non-inferior.

Within 4.5 h of last known well.
Excluded if thrombectomy
candidate (ineligible or
refused).
NIHSS 5–25.
>50% NIHSS < 8.
Secondary and safety
outcomes:
-sICH (p = 0.74)
-Mortality (0.22)

Albers et al.
[14] 2024

Randomised
placebo control,

double-blind.
TIMELESS.

458 patients
across from 112
centres across

USA and
Canada.

0.25 mg/kg Placebo

mRS at 90 days.
Adjusted

common odds
ratio 1.13 (CI

0.82–1.57).
p = 0.45.

4.5–24 h since last known well.
Bridging to thrombectomy
included (77.3% of patients).
MCA M1 or M2 or ICA ~only.
Median NIHSS 12 both groups.
Secondary and safety
outcomes:
-Functional independence (no
difference)
-sICH (no difference)
-Death (no difference)
-Sub-group analysis (not
powered) favoured TNK in
M1 occlusion.

Coutts et al.
[20] 2024

Randomised,
open-label

control trial,
TEMPO−2

886 patients
across 48

hospitals in
Australia,

Austria, Brazil,
Canada, Finland,

Ireland, New
Zealand,

Singapore, Spain,
and UK.

0.25 mg/kg
Non-

thrombolytic
standard of care.

Return to
baseline function

(mRS)
RR 0.96 (CI
0.88–1.04)
p = 0.29

Within 12 h of stroke onset.
Stopped early for futility (no
benefit and possible harm).
Minor stroke NIHSS 0–5 with
vessel occlusion or perfusion
deficit on imaging.
Secondary and safety
outcomes:
-sICH—higher in TNK: RR 4.2
(0.9–19.7, p = 0.059)
-Death—higher in TNK:
adjusted HR 3.8 (CI 1.4–10.2,
p = 0.0085)

Xiong et al.
[9] 2024

Randomised
blinded

end-point
evaluation

control,
open-label trial

TRACE-III

516 patients
across 58 centres

in China.
0.25 mg/kg

Standard
medical

treatment.

Absence of
disability (mRS
0–1) at 90 days
Relative rate

(?OR) 1.37 (CI
1.04–1.81)
p = 0.03

4.5–24 h from last known well.
Large vessel occlusion (ICA or
MCA branches M1 or M2).
Excluded if planned for
thrombectomy, but <2%
(similar in each group) had
rescue thrombectomy.
Median NIHSS 11 in TNK and
10 in controls groups.
Secondary and safety
outcomes:
-sICH higher in TNK group.
-Death (similar between
groups)

137



J. Clin. Med. 2024, 13, 5826

Table 1. Cont.

Author Year Design/Trial
Name

Participants Tenecteplase
dose

Comparison
Primary

Outcome
Notes

Parsons
et al. [21] 2024

Randomised,
open-label,

blinded
endpoint,

non-inferiority
3%.

TASTE

601 patients (of
planned 830

patients) across
35 hospitals in 8

countries.

0.25 mg/kg Alteplase
0.9 mg/kg

mRS 0–1 at
3 months.

Standardised RD
0.03

(non-inferiority
criteria less than

−0.03)

Within 4.5 h of symptom onset.
Stopped early due to results of
previous tenecteplase trials.
Non-inferiority demonstrated
on per-protocol analysis.
Safety
Secondary and safety
outcomes:
-sICH
-All cause mortality

Muir et al.
[22]

Yet to be
published.
Preprint in
the Lancet

Randomised,
non-inferior and

superiority.
ATTEST−2.

1858 patients
across

40 hospitals in
the UK.

0.25 mg/kg Alteplase
0.9 mg/kg

Adjusted
common OR 1.07

(CI 0.90–1.27)
meeting

non-inferiority,
but not superior.

Not published yet but
presented at World Stroke
Conference 2023.
Within 4.5 h of symptom onset.
Secondary and safety
outcomes:
-mRS 0–1
-mRS overall
-Safety (no difference)

CI, 95% confidence interval; ICH, intracerebral haemorrhage; IQR, interquartile range; mRS, modified Rankin
Scale; NIHSS, National Institutes of Health Stroke Scale; OR, odds ratio; RD, risk difference; RR, relative risk;
TNK, Tenecteplase; sICH, symptomatic intracerebral haemorrhage.

The first positive trial was the Australian Tenecteplase Trial, which randomised
patients to one standard-dose alteplase (n = 25) and two tenecteplase dosing arms at
0.1 mg/kg and 0.25 mg/kg (n = 25 in each group) in patients with target CT perfusion
mismatch within 6 h of symptom onset [23]. The pooled tenecteplase arms had high
rates of reperfusion and clinical improvement at 24 h when compared to alteplase, and
the 0.25 mg/kg tenecteplase dose was superior to the lower dose and to alteplase on all
efficacy outcomes. This trial marked a significant milestone as it suggested the efficacy of
0.25 mg/kg tenecteplase in recanalizing vascular occlusions.

The Norwegian Tenecteplase Stroke Trial (NOR-TEST) trial was the first phase III
tenecteplase stroke thrombolysis trial to be completed. It assessed the efficacy and safety
of 0.4 mg/kg tenecteplase compared to the standard dosing of alteplase (0.9 mg/kg) in
patients presenting with acute ischaemic stroke [16]. The trial randomised 1100 patients,
with 549 to tenecteplase and 555 to alteplase. NOR-TEST, however, failed to show the
superiority of 0.4 mg/kg tenecteplase when compared to alteplase for achieving 90-day
independence, (64% vs. 63%, odds ratio 1.08, 95% CI 0.84–1·38; p = 0.52,), and there was no
increase in symptomatic haemorrhage (3% vs. 2%, p = 0.49). However, this trial included
patients with minor symptoms (median NIHSS 4), and nearly a fifth of the enrolled patients
had a stroke mimic diagnosis. A subsequent trial, the NOR-TEST 2A trial, compared
0.4 mg/kg tenecteplase to alteplase and randomised 216 patients before the trial was
stopped early due to signs of harm. Treatment with 0.4 mg/kg tenecteplase resulted in
increased intracranial haemorrhage (21/100, 21%) when compared to alteplase (7/104,
6.7%), unadjusted OR 3·68 [95% CI 1.49–9.11]; p = 0.0031) and higher mortality (15/96,
15.6% vs. 5/101, 5.0%, unadjusted OR 3.56 [95% CI 1.24–10.21]; p = 0.013) [5].

The efficacy of tenecteplase in achieving recanalization in the LVO population when
given within 4.5 h was examined in the two The Tenecteplase versus Alteplase before
Endovascular Therapy for Ischemic Stroke (EXTEND-IA TNK) trials [4,17]. In EXTEND-IA
TNK part one (n = 202, 101 patients in each thrombolytic arm), tenecteplase 0.25 mg/kg
treatment led to 22% early reperfusion of >50% of affected territory or absence of retrievable
thrombus when compared to 10% achieved in alteplase (OR 2.6, 95%CI 1.1–5.9, p = 0.02). In
EXTEND-IA TNK part two, which randomised 300 patients with LVO referred for EVT to
either 0.25 mg/kg or 0.4 mg/kg tenecteplase, reported similar rates of early reperfusion in
each dosing arm (19% each) aRR, 1.03 (0.66 to 1.61) p = 0.89). There were no differences
seen in functional outcomes at 90 days (median mRS 2 vs. 2, aOR 0.96 (0.74 to 1.24)
p = 0.73) and the safety profiles were similar, but the 0.4 mg/kg dose had statistically
non-significantly higher rates of symptomatic intracranial haemorrhage (4.7% vs. 1.3%)
than the 0.25 mg/kg arm.
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The Alteplase Compared to Tenecteplase in Patients With Acute Ischemic Stroke
(AcT) trial in Canada was the first large phase III clinical trial to show non-inferiority of
0.25 mg/kg tenecteplase when compared to alteplase within the 4.5 h time window [6].
AcT included 1600 patients including 816 randomised to tenecteplase and 784 to alteplase.
The primary outcome was 90–120 excellent outcome defined as modified Rankin 0–1.
Tenecteplase treatment resulted in similar rates of excellent functional outcomes when
compared to alteplase (36·9% vs. 34·8%, risk different 2.1%, 95% CI −2.6–6.9), which
met the prespecified non-inferiority threshold. Tenecteplase also had comparable rates of
symptomatic intracranial haemorrhage (3.4% vs. 3.2%) and 90-day mortality (15.3% vs.
15.4%) when compared to alteplase.

The Tenecteplase Reperfusion Therapy in Acute Ischemic Cerebrovascular Events-II
(TRACE−2) trial randomised 1430 thrombectomy-ineligible patients to either 0.25 mg/kg
tenecteplase (n = 716) or 0.9 mg/kg alteplase (n = 714) with the primary endpoint of 90-day
excellent outcome (modified Rankin Scale 0–1). Tenecteplase was non-inferior to alteplase,
with primary outcome occurring in 62% tenecteplase vs. 58% alteplase patients (risk ratio
1.07, 95% CI 0.98–1.16). Comparable rates of symptomatic intracranial haemorrhage at 36 h
(2% in each arm) and 90-day mortality (7% vs. 5%) were noted [7]. It should be noted that
in TRACE−2, a Chinese version (CSPC Recomgen Pharmaceutical (Guangzhou, China)
Co., Ltd. (formally Guangzhou Recomgen Biotech Co., Ltd.) of tenecteplase (rhTNK-tPA)
was used, although it was noted to have similar pharmacological properties to industry-
standard tenecteplase (Boehringer Ingelheim, Germany/Genentech, USA).

The tenecteplase versus alteplase for thrombolysis in patients selected by use of perfu-
sion imaging within 4.5 h of onset of ischaemic stroke (TASTE) trial was the only phase
III clinical trial to have utilised perfusion imaging selection and randomised 680 patients
to either 0.25 mg/kg tenecteplase (n = 339) or standard-dose alteplase (n = 341). It was
a non-inferiority trial and was stopped early due to the release of results of other large
clinical trials demonstrating non-inferiority. The primary endpoint of 90-day functional
independence was achieved in 57% of tenecteplase patients compared with 55.3% in al-
teplase. The non-inferiority margin of 0.03 was narrowly missed in the intention to treat
the population (standardised risk difference, SRD = 0·03[95%CI: −0.033, 0.10], one-tailed
pnon-inferiority = 0·031) but the non-inferiority margin was crossed in the per-protocol pop-
ulation. The symptomatic intracranial haemorrhage rate of 3% in the tenecteplase patients
were consistent with that reported in other tenecteplase trials utilising 0.25 mg/kg [21].

Importantly, an updated study level meta-analysis published in the TASTE trial
manuscript showed that tenecteplase was superior to alteplase, with a number needed to
treat of 25 to achieve an additional functional independence outcome. The results of TASTE,
the recent tenecteplase trials, and the updated meta-analysis have provided substantial
evidence that 0.25 mg tenecteplase is the current optimal treatment for stroke thrombolysis
in the standard time window.

4. Mild Ischaemic Stroke

Mild AIS treatment, typically defined as an NIHSS of 5 or less, remains an area of
controversy as the clinician needs to balance between the risk of haemorrhagic complica-
tions and potential benefits of treatment, given that patient recovery is expected as part of
natural history. Three randomised clinical trial have been completed.

Two clinical trials have failed to demonstrate the benefits of alteplase in minor is-
chaemic strokes. In a randomised, double-blind, double-placebo controlled trial, the
PRISMS trial, intravenous alteplase was compared to oral aspirin in patients with minor,
non-disabling strokes (NIHSS < 5) presenting within 3 h of symptom onset. The trial was
stopped early owing to slow recruitment and included 313 patients in its final analysis, with
156 patients in the alteplase group and 157 in the aspirin group. The primary outcome of
favourable outcomes (defined as mRS < 2) at 90 days did not differ between the two study
groups (alteplase 78.2%, 122/156; aspirin 81.5%, 128/157) [24]. Symptomatic intracranial
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haemorrhage occurred in 3.2% of alteplase patients while aspirin-treated patients had
symptomatic intracranial haemorrhage.

Following the PRISMS trial, Chen et al. subsequently evaluated alteplase vs. dual anti-
platelet therapy (DAPT) in the ARAMIS trial. Patients from 38 Chinese hospitals with acute,
minor, non-disabling strokes (NIHSS ≤ 5) presenting with 4.5 h of symptom-onset were
randomised to DAPT (aspirin and clopidogrel) vs. intravenous alteplase. The trial included
719 patients with 369 patients assigned to DAPT and 350 to alteplase. The primary outcome
of favourable neurological outcome (mRS < 2) at 90 days was achieved in 93.8% of the DAPT
group and 91.4% of the alteplase group (indicating the non-inferiority of DAPT with a risk
difference of 2.3%, 95% CI −1.5% to 6.2%) [25]. Symptomatic intracranial haemorrhage
rate was low in both groups (0.3% DAPT group and 0.9% alteplase group). The results
of PRISMS and ARAMIS indicate that intravenous alteplase was not more effective in
achieving excellent functional outcome with compared with antiplatelet treatment.

A multicentre, prospective, randomised, open-label, blinded-endpoint, controlled trial
of thrombolysis with tenecteplase versus standard of care in the prevention of disability at
3 months in minor ischaemic stroke with proven acute symptomatic occlusion (TEMPO−2)
trial has recently been published [20]. This trial randomised patients with mild ischaemic
stroke (NIHSS ≤ 5) with either intracranial arterial occlusion or focal perfusion abnormality
to receive tenecteplase 0.25 mg/kg or best medical therapy within 12 h of stroke onset. The
trial was stopped early for futility after 886 patients were included (tenecteplase 369, non-
thrombolytic treatment 454). The primary outcome was a return to baseline functioning on
a premorbid modified Rankin scale, and there was no difference between the tenecteplase
and non-thrombolytic arms (71.5% vs. 74.8%, RR 0.96, 95% CI 0.88–1.04, p = 0.2882).

In the subset of patients with proven vascular or large vessel occlusion, tenecteplase
treatment resulted in significantly higher rates of recanalization on repeat imaging between
4 to 8 h after randomisation (any vessel occlusion (TNK = 256, control = 259) 48% vs. 22%,
p < 0.0001; large vessel occlusion (TNK = 46, control = 40), 48% vs. 13%, p = 0.0005) [20].
However, subgroup analysis in these populations did not demonstrate improvements in
outcomes with tenecteplase, which is an unexpected finding. The reason for this is unclear,
and further post hoc analyses will likely provide insights into these findings.

In a recent large systematic review and meta-analysis comparing the effect of thrombol-
ysis with alteplase and best medical therapy in mild ischaemic stroke (NIHSS ≤5), just over
13,000 patients were included [26]. The study involved patients from 20 studies, including
three randomised clinical trials, with 4972 patients receiving thrombolysis compared with
8425 patients receiving best medical therapy. There were no differences between thromboly-
sis and best medical treatment in terms of improved functional outcome, reduced mortality,
or rates of recurrent stroke. However, thrombolysis was associated with a nearly two-fold
increase in early neurological deterioration (OR, 1.81 [95% CI, 1.17–2.80]) and symptomatic
intracerebral haemorrhage (OR, 7.48 [95% CI, 3.55–15.76]).

Along the same lines, a large observational registry by Seners et al. assessed the
impact of added EVT on outcomes after thrombolysis with alteplase in patients with mild
ischaemic stroke (NIHSS ≤5) with proven proximal occlusion of the M1 or M2 segments [27].
Added EVT after alteplase was associated with increased odds of an excellent outcome in
confirmed proximal (OR = 3.26; 95% CI = 1.67–6.35; p = 0.0006) or distal (OR = 1.69; 95% CI
= 1.01–2.82; p = 0.04) M1 occlusion but was associated with lower odds of a good outcome
in patients with M2 occlusion (OR = 0.53; 95% CI = 0.38–0.75; p = 0.0003) and increased
rates of symptomatic haemorrhage (OR = 4.40; 95% CI = 2.20–8.83; p < 0.0001).

These studies, along with the recently published TEMPO−2 trial, suggest that in-
travenous thrombolysis should not be routinely administered to patients with truly non-
disabling mild ischaemic stroke. Specific patient characteristics may potentially influence
this decision, such as the presence and location of LVO and whether EVT is being consid-
ered. However, the authors recommend that the decision-making process for providing
thrombolysis to patients with a low NIHSS should be individualised, and that clinicians
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should consider refraining from treating patients with truly non-disabling stroke, such as
minor sensory symptoms or mild non-disabling facial weakness.

5. Non-Advanced Imaging for Wake-Up Stroke

Whether non-advanced imaging can be used to select patients for thrombolysis has
been tested in the Safety and efficacy of tenecteplase in patients with wake-up stroke
assessed by non-contrast CT (TWIST) trial [19]. TWIST randomised 578 patients within 4.5 h
of waking or found with stroke symptoms using non-contrast CT scan to either 0.25 mg/kg
tenecteplase (n = 288) or best medical therapy (n = 246), with inclusion of patients with
vessel occlusion proceeding to thrombectomy in either study group. The primary end point
was ordinal shift on the 90-day modified Rankin scale, which was negative (adjusted OR
1.18 955 CI 0.88–1.58, p = 0.27). There were no safety concerns with no difference in mortality
(10% vs. 9%) or symptomatic intracranial haemorrhage (2% vs. 1%). Although the primary
results were negative, the treatment effect was likely reduced by more control patients (14%)
proceeding to thrombectomy than tenecteplase (6%) patients. It also provided important
safety data with comparable rates of symptomatic haemorrhage compared to clinical trials
utilising advanced imaging for patient selection.

6. Thrombolysis Prior to Endovascular Thrombectomy

Demonstrating a benefit for pre-thrombectomy thrombolysis has been debated [28].
Whether intravenous thrombolysis (with tPA or TNK) offered any additional benefit over
and above that of endovascular thrombectomy was examined in several clinical trials,
without a definitive answer. Dissolution of a thrombo-embolus (by thrombolysis) may
make for an easier subsequent clearing of the LVO by thrombectomy. However, it is not
without cost (time, financial, and potential adverse effects).

A meta-analysis of six randomised trials has recently evaluated this question. The anal-
ysis only included patients presenting with an anterior circulation LVO to a thrombectomy-
capable centre. Additional benefit from intravenous thrombolysis (defined as a favourable
shift in mRS at 90 days) was only seen in patients who received it within 2 h 20 min from
symptom onset. After that, thrombolysis did not afford added benefit over and above that
of endovascular thrombectomy [29].

7. Guideline Recommendations for Tenecteplase

The European Stroke Organisation and the Heart and Stroke Foundation of Canada
guidelines have updated their recommendations for tenecteplase. Both best practice guide-
lines have issued strong recommendations for 0.25 mg/kg tenecteplase as an alternative to
alteplase for thrombolysis-eligible patients within 4.5 h from stroke onset [10,30], while the
guidelines from the American Heart Association/American Stroke Association have yet to
update the previous guidelines issued in 2019 [31].

8. Transitioning to Tenecteplase—Real World Application

The results of clinical trials have shown that 0.25 mg/kg tenecteplase is the stan-
dard dose for stroke thrombolysis, and given its pragmatic advantages, it is likely that
tenecteplase will be used instead of alteplase for stroke thrombolysis. However, tenecteplase
has already been used as a routine thrombolytic medication in several centres in New
Zealand, the United States, and Europe prior to the completion of large clinical trials.

In New Zealand, tenecteplase transition occurred early in two comprehensive stroke
centres in Christchurch and Wellington and associated rural stroke networks, driven by
the lack of consistent access to EVT and demonstration in EXTEND-IA TNK trials of the
superiority of tenecteplase in LVO [4,17]. The experience of routine use of tenecteplase
has been reported in these networks with contemporaneous alteplase comparators. Both
studies reported the same rates of symptomatic intracranial haemorrhage (sICH) of 1.8% in
tenecteplase patients, which were lower than in alteplase patients (2.4% in Christchurch
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and 3.4% in Wellington) [32]. Additionally, in the Wellington study, the door-to-needle time
was 10 min shorter in tenecteplase patients.

In France, the TETRIS study group (2021) published a retrospective cohort of 588 large
vessel occlusion (LVO) stroke patients treated with tenecteplase prior to EVT [33]. They
found a comparable sICH rate of 2.5%. Functional independence at 90 days (mRS ≤ 2)
was 47.2%, comparable to outcomes after thrombectomy with alteplase. Tenecteplase
also resulted in vessel recanalization in 20.5%, consistent with reported rates from the
EXTEND-IA TNK trial.

In the United States, the Ascension Network in Texas were the first network to com-
plete the change, and their results were in line with experience from New Zealand, with
comparable safety data and a reduction in door-to-needle time [34]

The largest real-world experience has been reported by The Comparative Effectiveness
of Routine Tenecteplase vs. Alteplase in Acute Ischemic Stroke (CERTAIN) collabora-
tion, an academic collaboration from 25 stroke networks with >100 thrombolysis-capable
hospitals throughout New Zealand, Australia, and the United States. An analysis of symp-
tomatic intracranial haemorrhage risk between thrombolytic agents included 9238 patients
(1925 tenecteplase and 7313 alteplase patients). The tenecteplase-treated group had sig-
nificantly lower symptomatic haemorrhage risk (1.8% with tenecteplase- vs. 3.6% with
alteplase-treated patients, p value < 0.001), despite tenecteplase patients having higher
risk features for haemorrhage including older age (73 vs. 70), more male sex (54% vs.
51%), higher NIHSS (9 vs. 7), and higher rates of LVO (48% vs. 25%). The lower risk of
symptomatic haemorrhage was consistent throughout subgroups with or without EVT [35].

Tenecteplase may also offer a financial benefit when compared to alteplase. A retro-
spective medical record review across six hospitals over a 4-month period in 2022 in the
United States showed a direct cost saving for the health system of $209,476.80 when treating
129 acute ischaemic stroke patients with tenecteplase compared to alteplase (102 patients
with alteplase and 117 patients with tenecteplase) [36].

9. Pragmatic Consideration for Transitioning to Tenecteplase Thrombolysis

It is anticipated that tenecteplase will progressively transition into routine stroke
thrombolysis on a global scale. However, the current tenecteplase vials are available in
40 mg or 50 mg doses with markers designed for cardiac thrombolysis (0.5 mg/kg). Early
adopters from New Zealand and the United States have outlined the transition processes,
emphasising the need for various clinical stakeholders, including emergency department
staff, nursing staff, and general medical personnel managing acute stroke, to be informed of
protocol changes [32,34,37]. To prevent potential dosing errors, the authors recommend the
use of tenecteplase dosing charts similar to the existing weight-based dosing for alteplase
and to clearly indicate that the current dosing markers on the 40 or 50 mg vials are not
intended for stroke use to prevent administration of the cardiac dose of tenecteplase. Upon
transitioning, it is crucial to remove all alteplase vials from existing drug stocks to mitigate
the risk of administering the incorrect thrombolytic agent. It is expected that the production
of stroke-appropriate dosing vials will commence alongside the rollout of tenecteplase for
stroke care, which will further minimise the potential for dosing errors. Until then, the
above strategies will help prevent avoidable errors.

10. Tenecteplase Transition to Low Resource Health Settings

A significant proportion of tenecteplase trials have enrolled patients within the stan-
dard thrombolysis time window (<4.5 h from last known well or onset time), while other
trials have included extended time window studies requiring advanced imaging, such
as perfusion imaging. To date, no tenecteplase trials have used MRI perfusion mismatch
to guide patient selection. Access to advanced imaging may not be available across all
healthcare settings due to resource limitations, but this does not affect patient selection for
tenecteplase thrombolysis within the standard time window. The only tenecteplase trial to
have used non-advanced imaging was TWIST, which randomised patients with mild to
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moderate ischaemic stroke to tenecteplase within 4.5 h of waking up with stroke symptoms
based on non-contrast CT selection. Although the trial yielded negative results, the rate of
symptomatic intracerebral haemorrhage in the tenecteplase arm was 2%, consistent with
rates reported in other tenecteplase clinical trials.

The ongoing EXIST-BT2 clinical trial is randomising 1250 Chinese patients to either
tenecteplase or medical management in the 4.5 to 6 h time window using non-advanced
imaging selection [38]. Until further evidence is available, the authors believe it is rea-
sonable to consider individualised decision-making to offer tenecteplase thrombolysis
for patients with mild to moderate stroke within 4.5 h of waking, provided they have a
favourable non-contrast CT scan.

11. Conclusions and Future Directions

The landscape of intravenous thrombolysis in acute ischaemic stroke has undergone
significant revolutionary changes over recent years. The window of eligibility has continued
to expand with the use of advanced imaging, transitioning into an era utilising the tissue
clock instead of a rigid time clock for patient selection. More recent trials have proven that
0.25 mg/kg tenecteplase is non-inferior to alteplase and is superior to alteplase at achieving
vascular recanalization. The recent trial data will result in a global changing of the guard
to tenecteplase.

Despite the advantages, there remains a number of unaddressed questions in tenecteplase
thrombolysis including extrapolating results from alteplase such as utilising MRI DWI-
FLAIR mismatch for selection of patients with unknown onset time. In low-income regions
of the world, where access to advanced imaging is limited, could basic imaging modalities
such as non-contrast CT be sufficient for patient selection? Finally, given the improving
work flow in reducing time metrics for patients proceeding to thrombectomy, does bridging
therapy with tenecteplase improve patient outcome? These questions are likely to be
addressed with further real world data and results of ongoing clinical trials to optimise
patient management and outcome with thrombolysis for acute ischaemic stroke.
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