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Antonı́n Krajina, Vendelı́n Chovanec, Miroslav Lojı́k, et al.

Acute Management Should Be Optimized in Patients with Less Specific Stroke Symptoms: 
Findings from a Retrospective Observational Study
Reprinted from: J. Clin. Med. 2021, 10, 1143, doi:10.3390/jcm10051143 . . . . . . . . . . . . . . . . 77

v



Seungyon Koh, Ji Hyun Park, Bumhee Park, Mun Hee Choi, Sung Eun Lee, Jin Soo Lee, 
Ji Man Hong, et al.

Prediction of Infarct Growth and Neurological Deterioration in Patients with Vertebrobasilar 
Artery Occlusions
Reprinted from: J. Clin. Med. 2020, 9, 3759, doi:10.3390/jcm9113759 . . . . . . . . . . . . . . . . . 91

Moritz Kielkopf, Thomas Meinel, Johannes Kaesmacher, Urs Fischer, Marcel Arnold, 
Mirjam Heldner, David Seiffge, et al.

Temporal Trends and Risk Factors for Delayed Hospital Admission in Suspected Stroke Patients
Reprinted from: J. Clin. Med. 2020, 9, 2376, doi:10.3390/jcm9082376 . . . . . . . . . . . . . . . . . 105

Giovanni Merlino, Carmelo Smeralda, Massimo Sponza, Gian Luigi Gigli, Simone Lorenzut,

Alessandro Marini, Andrea Surcinelli, et al.

Dynamic Hyperglycemic Patterns Predict Adverse Outcomes in Patients with Acute Ischemic
Stroke Undergoing Mechanical Thrombectomy
Reprinted from: J. Clin. Med. 2020, 9, 1932, doi:10.3390/jcm9061932 . . . . . . . . . . . . . . . . . 113

Marcin Wnuk, Justyna Derbisz, Leszek Drabik, Maciej Malecki and Agnieszka Slowik

Fasting Normoglycemia after Intravenous Thrombolysis Predicts Favorable Long-Term
Outcome in Non-Diabetic Patients with Acute Ischemic Stroke
Reprinted from: J. Clin. Med. 2021, 10, 3005, doi:10.3390/jcm10143005 . . . . . . . . . . . . . . . . 127
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Paulo Ávila-Gómez, Pablo Hervella, Andrés Da Silva-Candal, Marı́a Pérez-Mato, 
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Preface to ”Thrombolysis and Thrombectomy in

Acute Ischemic Stroke”

Stroke is a major health concern worldwide, being the second-leading cause of death and the

third-leading cause of death and disability. The burden of stroke has been increasing significantly.

Until the early 1990s, the management of patients with stroke was primarily conservative in nature.

However, with the approval of intravenous recombinant tissue plasminogen activator (IVT) by the

US FDA in 1995, significant improvements were made in the management of stroke. Currently,

endovascular treatment (EVT) has become a standard of care for patients with acute large vessel

occlusion. Advancements in treatment methods and post-reperfusion care have led to better patient

outcomes. While the future looks promising, ongoing research and development will continue to

improve reperfusion therapy and care for stroke patients.

The primary objective of this Special Issue is to address the current knowledge gaps and promote

advancements in the use of IVT and EVT for the treatment of acute ischemic stroke. The eighteen

articles submitted to the Journal of Clinical Medicine were carefully selected and are presented in this

book. The published articles explore a diverse range of topics and applications of reperfusion therapy

in acute ischemic stroke. Although submissions for this Special Issue have been closed, the need for

continued research and development in this field remains vital.

Finally, we would like to extend our deepest gratitude to the staff of MDPI Books, the editorial

team of JCM—particularly Ms. Niya Wu, the assistant editor of this Special Issue—the accomplished

authors, and the dedicated and professional reviewers for their contributions.

Hyo Suk Nam and Byung Moon Kim

Editors
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Globally, stroke remains the second leading cause of death, and the third-leading cause
of death and disability, in the world. Stroke burden increased substantially [1]. The use
of intravenous recombinant tissue plasminogen activator (IVT) has been the standard of
care for treating acute ischemic stroke for over two decades; however, its low efficacy and
potential harmfulness limit its effectiveness. After successful randomized clinical trials,
endovascular thrombectomy (EVT) has become the mainstay treatment of large vessel
occlusion in patients with acute ischemic stroke. However, the guidelines still recommend
that patients eligible for IVT should receive it. Two randomized clinical trials showed that
EVT was effective even in the late time window of up to 16 or 24 h [2,3]. Many researchers
have conducted research into more effective treatments, evaluation tools, and efficient care
pathways in thrombolysis and thrombectomy in patients with acute ischemic stroke.

The recanalization rate of EVT is about 70–80% and the number needed to treat is 2.6
with a low complication rate. However, more than half of patients remain functionally
dependent 3 months after the initial stroke. It remains unclear whether EVT will be
beneficial in all stroke patients. Recanalization is one of the critical factors affecting early
and late outcomes following acute ischemic stroke. Kim et al., investigated whether stroke
risk scores are associated with unsuccessful recanalization in patients who received EVT [4].
They tested the CHADS2, CHA2DS2-VASc, ATRIA, and Essen stroke risk scores, and found
that all stroke risk scores were associated with recanalization failure after EVT. This study
showed the association between stroke risk scores and the clinical outcomes of patients
who received EVT.

Successful recanalization does not always translate into good clinical outcomes. When
successful recanalization fails to bring a favorable prognosis, it is called futile recanalization
(FR). FR is usually defined as the modified Rankin scale ≥3 at 3 months despite successful
recanalization (Thrombolysis in Cerebral Infarction grade ≥ 2b). The prevalence of FR has
been reported to range from 29 to 67%. Causes of FR can be divided into baseline patient
characteristics, imaging findings, and postprocedural factors. The baseline characteristics of
old age, female gender, higher initial National Institutes of Health Stroke Scale score, comor-
bidities, systolic blood pressure, glucose and biomarkers, and late treatment are reported.
Imaging factors included large infarction, poor collaterals, proximal occlusion, and white
matter hyperintensity. Procedural factors included no IVT use, symptomatic intracranial
hemorrhage, blood pressure variability, and blood pressure controls after recanalization.

EVT in older people can be challenging, as older people often live with frailty, which
may be associated with FR and poor outcomes. Schnieder et al., investigated whether
frail patients also face adverse outcomes after EVT [5]. They found that frailty led to poor
functional outcomes and higher mortality in patients undergoing EVT. Krajíčková et al.,
studied real-world data of elderly patients who were treated with EVT [6]. They found that
patients ≥ 80 years old and undergoing IVT were less likely to achieve a 3-month good
clinical outcome. Women were highly associated with 3-month good clinical outcomes and
lower 3-month mortality.
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The prediction of prognosis based on advanced imaging techniques before IVT or
EVT is promising. Incorporating advanced neuroimaging in patients with acute ischemic
stroke may increase the yield of IVT administration without affecting the treatment’s
effectiveness and safety [7]. Among various tools, hypoperfusion severity can be estimated
using the hypoperfusion intensity ratio (HIR). Baek et al., studied the association between
HIR and clinical outcomes [8]. They found that the low-HIR group had a more favorable
outcome, even with an unfavorable Alberta Stroke Program Early CT score and onset-
to-recanalization time. Using pre-treatment CT angiography, HIR provides an objective
numerical value compared to classic tools that provide a qualitative or merely categorical
value. Kim et al., demonstrated the feasibility of a machine-learning-based tissue outcome
prediction technique using features derived from pre-treatment, perfusion-weighted, and
diffusion-weighted imaging [9].

During and after thrombolysis and thrombectomy, contrast-associated acute kidney
injury can deteriorate patients. Yoo et al., studied the retrospective cohort of three stroke
centers in Korea, finding that AKI occurred in 9.8% of EVT patients [10]. The occurrence of
AKI was associated with a poor functional outcome and mortality at 3 months. Accom-
panying coronavirus disease 2019 (COVID-19) in patients with acute ischemic stroke is
problematic. However, safety and efficacy data of IVT and EVT in patients with COVID-19
are scarce. Jurkevičienė et al., found that reperfusion therapies in COVID-19 patients are
safe. Functional outcomes at 3 months were significantly worse and 3-month mortality was
higher than the control group [11].

Until the early 1990s, managing patients with stroke had long remained a conservative
treatment. After the US FDA approved recombinant tissue plasminogen activator in 1995,
stroke management was never the same. Likewise, the current method of EVT is a mainstay
in patients with acute large vessel occlusion. The development of treatment tools and
sophisticated care after reperfusion therapy improves outcomes. As promising as the future
looks, we will meet the next generation of reperfusion therapy and care.

Author Contributions: Conceptualization, H.S.N. and B.M.K.; methodology, H.S.N. and B.M.K.; data
acquisition, H.S.N. and B.M.K.; writing—original draft preparation, H.S.N. and B.M.K.; writing—
review and editing, H.S.N. and B.M.K.; project administration, H.S.N.; funding acquisition, H.S.N.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT). (No. 2022R1A2C1007948).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Feigin, V.L.; Stark, B.A.; Johnson, C.O.; Roth, G.A.; Bisignano, C.; Abady, G.G.; Abbasifard, M.; Abbasi-Kangevari, M.;
Abd-Allah, F.; Abedi, V.; et al. Global, regional, and national burden of stroke and its risk factors, 1990–2019: A systematic
analysis for the global burden of disease study 2019. Lancet Neurol. 2021, 20, 795–820. [CrossRef] [PubMed]

2. Albers, G.W.; Marks, M.P.; Kemp, S.; Christensen, S.; Tsai, J.P.; Ortega-Gutierrez, S.; McTaggart, R.A.; Torbey, M.T.; Kim-Tenser, M.;
Leslie-Mazwi, T.; et al. Thrombectomy for stroke at 6 to 16 hours with selection by perfusion imaging. N. Engl. J. Med. 2018, 378,
708–718. [CrossRef] [PubMed]

3. Nogueira, R.G.; Jadhav, A.P.; Haussen, D.C.; Bonafe, A.; Budzik, R.F.; Bhuva, P.; Yavagal, D.R.; Ribo, M.; Cognard, C.;
Hanel, R.A.; et al. Thrombectomy 6 to 24 hours after stroke with a mismatch between deficit and infarct. N. Engl. J. Med.
2018, 378, 11–21. [CrossRef] [PubMed]

4. Kim, H.J.; Park, M.S.; Yoo, J.; Kim, Y.D.; Park, H.; Kim, B.M.; Bang, O.Y.; Kim, H.C.; Han, E.; Kim, D.J.; et al. Association
between CHADS2, CHA2DS2-VASc, ATRIA, and Essen stroke risk scores and unsuccessful recanalization after endovascular
thrombectomy in acute ischemic stroke patients. J. Clin. Med. 2022, 11, 274. [CrossRef] [PubMed]

5. Schnieder, M.; Bahr, M.; Kirsch, M.; Maier, I.; Behme, D.; Riedel, C.H.; Psychogios, M.N.; Brehm, A.; Liman, J.; von Arnim, C.A.F.
Analysis of frailty in geriatric patients as a prognostic factor in endovascular treated patients with large vessel occlusion strokes.
J. Clin. Med. 2021, 10, 2171. [CrossRef] [PubMed]

6. Krajickova, D.; Krajina, A.; Herzig, R.; Vysata, O.; Simunek, L.; Valis, M. Acute recanalization of large vessel occlusion in
the anterior circulation stroke: Is mechanical thrombectomy alone better in patients over 80 years of age? Findings from a
retrospective observational study. J. Clin. Med. 2021, 10, 4266. [CrossRef] [PubMed]

2



J. Clin. Med. 2023, 12, 720

7. Psychogios, K.; Safouris, A.; Kargiotis, O.; Magoufis, G.; Andrikopoulou, A.; Papageorgiou, E.; Chondrogianni, M.;
Papadimitropoulos, G.; Polyzogopoulou, E.; Spiliopoulos, S.; et al. Advanced neuroimaging preceding intravenous thrombolysis
in acute ischemic stroke patients is safe and effective. J. Clin. Med. 2021, 10, 2819. [CrossRef] [PubMed]

8. Baek, J.H.; Kim, Y.D.; Lee, K.J.; Choi, J.K.; Baik, M.; Kim, B.M.; Kim, D.J.; Heo, J.H.; Nam, H.S. Low hypoperfusion intensity ratio
is associated with a favorable outcome even in large ischemic core and delayed recanalization time. J. Clin. Med. 2021, 10, 1869.
[CrossRef] [PubMed]

9. Kim, Y.-C.; Kim, H.J.; Chung, J.-W.; Kim, I.G.; Seong, M.J.; Kim, K.H.; Jeon, P.; Nam, H.S.; Seo, W.-K.; Kim, G.-M.; et al. Novel
estimation of penumbra zone based on infarct growth using machine learning techniques in acute ischemic stroke. J. Clin. Med.
2020, 9, 1977. [CrossRef] [PubMed]

10. Yoo, J.; Hong, J.H.; Lee, S.J.; Kim, Y.W.; Hong, J.M.; Kim, C.H.; Choi, J.W.; Kang, D.H.; Kim, Y.S.; Hwang, Y.H.; et al. Acute kidney
injury after endovascular treatment in patients with acute ischemic stroke. J. Clin. Med. 2020, 9, 1471. [CrossRef] [PubMed]

11. Jurkeviciene, J.; Vaisvilas, M.; Masiliunas, R.; Matijosaitis, V.; Vaitkus, A.; Gestautaite, D.; Taroza, S.; Puzinas, P.;
Galvanauskaite, E.; Jatuzis, D.; et al. Reperfusion therapies for acute ischemic stroke in COVID-19 patients: A nation-
wide multi-center study. J. Clin. Med. 2022, 11, 3004. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

3





Citation: Kim, H.J.; Park, M.-S.;

Yoo, J.; Kim, Y.D.; Park, H.; Kim, B.M.;

Bang, O.Y.; Kim, H.C.; Han, E.;

Kim, D.J.; et al. Association between

CHADS2, CHA2DS2-VASc, ATRIA,

and Essen Stroke Risk Scores and

Unsuccessful Recanalization after

Endovascular Thrombectomy in

Acute Ischemic Stroke Patients. J.

Clin. Med. 2022, 11, 274. https://

doi.org/10.3390/jcm11010274

Academic Editor: Aristeidis H.

Katsanos

Received: 8 December 2021

Accepted: 31 December 2021

Published: 5 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Association between CHADS2, CHA2DS2-VASc, ATRIA,
and Essen Stroke Risk Scores and Unsuccessful Recanalization
after Endovascular Thrombectomy in Acute Ischemic
Stroke Patients

Hyung Jun Kim 1, Moo-Seok Park 1, Joonsang Yoo 2, Young Dae Kim 3, Hyungjong Park 4, Byung Moon Kim 5,

Oh Young Bang 6, Hyeon Chang Kim 7, Euna Han 8, Dong Joon Kim 5, JoonNyung Heo 3, Jin Kyo Choi 9,

Kyung-Yul Lee 10, Hye Sun Lee 11, Dong Hoon Shin 12, Hye-Yeon Choi 13, Sung-Il Sohn 4, Jeong-Ho Hong 4,

Jong Yun Lee 14, Jang-Hyun Baek 15, Gyu Sik Kim 16, Woo-Keun Seo 6, Jong-Won Chung 6, Seo Hyun Kim 17,

Sang Won Han 18, Joong Hyun Park 18, Jinkwon Kim 3, Yo Han Jung 10, Han-Jin Cho 19, Seong Hwan Ahn 20,

Sung Ik Lee 21, Kwon-Duk Seo 16, Yoonkyung Chang 22, Tae-Jin Song 1,*, Hyo Suk Nam 3,* and

on behalf of the SECRET Study Investigators †

1 Department of Neurology, Seoul Hospital, College of Medicine, Ewha Woman’s University,
Seoul 07804, Korea; khhhj7@naver.com (H.J.K.); pierceu@hanmail.net (M.-S.P.)

2 Department of Neurology, Yongin Severance Hospital, Yonsei University College of Medicine,
Yongin 16995, Korea; quarksea@gmail.com

3 Department of Neurology, Yonsei University College of Medicine, Seoul 03722, Korea;
neuro05@yuhs.ac (Y.D.K.); jnheo@yuhs.ac (J.H.); antithrombus@gmail.com (J.K.)

4 Department of Neurology, Keimyung University School of Medicine, Daegu 42601, Korea;
hjpark209042@gmail.com (H.P.); sungil.sohn@gmail.com (S.-I.S.); neurohong79@gmail.com (J.-H.H.)

5 Department of Radiology, Yonsei University College of Medicine, Seoul 03722, Korea;
bmoon21@yuhs.ac (B.M.K.); djkimmd@yuhs.ac (D.J.K.)

6 Department of Neurology, Samsung Medical Center, Sungkyunkwan University School of Medicine,
Seoul 06351, Korea; ohyoung.bang@samsung.com (O.Y.B.); mcastenosis@gmail.com (W.-K.S.);
neurocjw@gmail.com (J.-W.C.)

7 Department of Preventive Medicine, Yonsei University College of Medicine, Seoul 03722, Korea;
hckim@yuhs.ac

8 College of Pharmacy, Yonsei Institute for Pharmaceutical Research, Yonsei University, Incheon 21983, Korea;
eunahan@yonsei.ac.kr

9 Department of Neurology, Seoul Medical Center, Seoul 02053, Korea; gumicjg@naver.com
10 Department of Neurology, Gangnam Severance Hospital, Yonsei University College of Medicine,

Seoul 06273, Korea; kylee@yuhs.ac (K.-Y.L.); yhjung@yuhs.ac (Y.H.J.)
11 Biostatistics Collaboration Unit, Department of Research Affairs, Yonsei University College of Medicine,

Seoul 03722, Korea; HSLEE1@yuhs.ac
12 Department of Neurology, Gachon University Gil Medical Center, Incheon 21565, Korea;

dr.donghoon.shin@gmail.com
13 Department of Neurology, Kyung Hee University Hospital at Gangdong, Kyung Hee University School

of Medicine, Seoul 05278, Korea; hyechoi@gmail.com
14 Department of Neurology, National Medical Center, Seoul 04564, Korea; jjongyl@gmail.com
15 Department of Neurology, Kangbuk Samsung Hospital, Sungkyunkwan University School of Medicine,

Seoul 03181, Korea; janghyun.baek@gmail.com
16 Department of Neurology, National Health Insurance Service Ilsan Hospital, Goyang 10444, Korea;

myoungsim@naver.com (G.S.K.); seobin7@naver.com (K.-D.S.)
17 Department of Neurology, Yonsei University Wonju College of Medicine, Wonju 26426, Korea;

s-hkim@yonsei.ac.kr
18 Department of Neurology, Sanggye Paik Hospital, Inje University College of Medicine, Seoul 01757, Korea;

sah1puyo@gmail.com (S.W.H.); truelove1@hanmail.net (J.H.P.)
19 Department of Neurology, Pusan National University School of Medicine, Busan 49241, Korea;

chohj75@pusan.ac.kr
20 Department of Neurology, Chosun University School of Medicine, Gwangju 61453, Korea;

shahn@Chosun.ac.kr
21 Department of Neurology, Sanbon Hospital, Wonkwang University School of Medicine, Gunpo 15865, Korea;

neurologist@hanmail.net
22 Department of Neurology, Mokdong Hospital, College of Medicine, Ewha Woman’s University,

Seoul 07985, Korea; tin1207@nate.com

J. Clin. Med. 2022, 11, 274. https://doi.org/10.3390/jcm11010274 https://www.mdpi.com/journal/jcm5



J. Clin. Med. 2022, 11, 274

* Correspondence: knstar@ewha.ac.kr (T.-J.S.); hsnam@yuhs.ac (H.S.N.); Tel.: +82-2-6986-1672 (T.-J.S.);
+82-2-2228-1617 (H.S.N.); Fax: +82-2-6986-7000 (T.-J.S.); +82-2-393-0705 (H.S.N.)

† SECRET Study Investigators are listed in the data Supplementary Materials.

Abstract: Background: The CHADS2, CHA2DS2-VASc, ATRIA, and Essen scores have been devel-
oped for predicting vascular outcomes in stroke patients. We investigated the association between
these stroke risk scores and unsuccessful recanalization after endovascular thrombectomy (EVT).
Methods: From the nationwide multicenter registry (Selection Criteria in Endovascular Thrombec-
tomy and Thrombolytic therapy (SECRET)) (Clinicaltrials.gov NCT02964052), we consecutively
included 501 patients who underwent EVT. We identified pre-admission stroke risk scores in each
included patient. Results: Among 501 patients who underwent EVT, 410 (81.8%) patients achieved
successful recanalization (mTICI ≥ 2b). Adjusting for body mass index and p < 0.1 in univariable anal-
ysis revealed the association between all stroke risk scores and unsuccessful recanalization (CHADS2

score: odds ratio (OR) 1.551, 95% confidence interval (CI) 1.198–2.009, p = 0.001; CHA2DS2VASc
score: OR 1.269, 95% CI 1.080–1.492, p = 0.004; ATRIA score: OR 1.089, 95% CI 1.011–1.174, p = 0.024;
and Essen score: OR 1.469, 95% CI 1.167–1.849, p = 0.001). The CHADS2 score had the highest AUC
value and differed significantly only from the Essen score (AUC of CHADS2 score; 0.618, 95% CI
0.554–0.681). Conclusion: All stroke risk scores were associated with unsuccessful recanalization after
EVT. Our study suggests that these stroke risk scores could be used to predict recanalization in stroke
patients undergoing EVT.

Keywords: ischemic stroke; stroke risk score; recanalization; thrombectomy

1. Introduction

Endovascular thrombectomy (EVT) plays a pivotal role in improving the prognosis
by recanalizing occluded blood vessels in stroke patients [1]. With the recent success of
trials on EVT, the number of patients receiving EVT continues to increase [1–5]. Moreover,
the time window for EVT has also expanded [4,5]. Nevertheless, a significant number of
patients who underwent EVT did not achieve successful recanalization [6]. As unsuccessful
recanalization predictably leads to poor patient prognosis, it is important to identify the
factors associated with unsuccessful recanalization. Factors associated with such unsuc-
cessful recanalization include greater age, stroke severity, occlusion due to atherosclerosis,
and thrombus burden [7–9]. Nonetheless, further research is still needed to identify the
factors involved in unsuccessful recanalization [7–9].

Several stroke risk scores have been developed for predicting the clinical outcome or
the occurrence of stroke. The CHADS2 [10], CHA2DS2-VASc [11], and ATRIA scores [12] are
mainly used to predict thromboembolic risk and vascular outcome in atrial fibrillation (AF)
patients. The Essen stroke risk score predicts vascular events in patients without AF [13].
As these stroke risk scores are mainly composed of risk factors and easily identifiable
laboratory findings, they have the advantage of being able to easily predict the occurrence
of stroke or prognosis.

We hypothesized that stroke risk scores would be associated with unsuccessful recanal-
ization in patients undergoing EVT. Hence, the purpose of this study was to investigate the
association between increased CHADS2, CHA2DS2-VASc, ATRIA, and Essen scores and
the results of recanalization after EVT.

2. Methods

2.1. Study Population

Our study included patients from the Selection Criteria in Endovascular Thrombec-
tomy and Thrombolytic therapy (SECRET) registry (Clinicaltrials.gov NCT02964052). The
selection criteria and the definition of included variables in this registry have been pub-
lished [14]. In brief, the SECRET registry is a nationwide, multicenter registry that included
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patients undergoing reperfusion therapy such as EVT [14]. The SECRET registry did not
establish strict inclusion or exclusion criteria for reperfusion therapy and recommended
treatment according to the updated guideline at the time of treatment. Furthermore, the
doctor of each institution determined whether to administer reperfusion therapy, and all
patients who underwent reperfusion therapy were consecutively registered in the SECRET
registry. All registered clinical and imaging information was reinvestigated and rechecked
by the core laboratory after the anonymization process. The demographic data, risk fac-
tors for cardiovascular disease, medication history of prior index stroke, blood and urine
laboratory examination results, time parameters for reperfusion therapy, neurologic status
including severity, and image findings related to reperfusion therapy were investigated.

Between January 2012 and December 2017, we retrospectively enrolled patients who
received reperfusion thrombolysis and were consecutively registered in 15 hospitals. In
addition, between November 2016 and December 2017, we prospectively enrolled patients
who received reperfusion thrombolysis from 13 hospitals. A total of 1231 patients who
underwent reperfusion thrombolysis were included, of which 507 patients underwent EVT.
Finally, 501 patients who underwent EVT were included, excluding 6 patients, for whom
information about the modified thrombolysis in cerebral infarction (mTICI) grade was
not acquired (Figure 1). Written informed consent was obtained from the prospectively
included patients or their next caregivers. Our Institutional Review Board approved our
study (Yonsei University College of Medicine, 4-2015-1196).

Figure 1. Patient selection strategy used in the study. tPA, tissue plasminogen activator; EVT,
endovascular thrombectomy; mTICI, modified thrombolysis in cerebral infarction.

Stroke severity was defined using the National Institutes of Health Stroke Scale
(NIHSS) score, and the neurologic change after 24 h of EVT was defined as the difference
between the initial NIHSS score and the NIHSS score at 24 h (Initial NIHSS score—NIHSS
score at 24 h = change in NIHSS score after 24 h). Therefore, if this value was positive, it
means neurological improvement, 0 means no improvement, and negative means neuro-
logical worsened. Time parameters of EVT were acquired from onset-to-start of EVT (onset
to puncture time) and administration of intravenous (IV) thrombolysis (tissue plasminogen
activator, tPA) to start of EVT (needle to puncture time) [14]. In case of unclear symptom
onset time, the last normal time (LNT) when the patient was asymptomatic was considered
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as the time of onset. Computed tomography (CT), CT angiography, magnetic resonance
imaging (MRI), MR angiography, and digital subtraction angiography (DSA) images were
acquired during the admission period.

Data related to reperfusion therapy, for example, the administration of IV thrombolysis,
the total trial number of stent-retriever passes and the types of devices were investigated.
Intra-arterial (IA) thrombolysis without IV tPA is defined as first-line therapy with EVT,
who are contraindicated for IV tPA. Combined IV/IA thrombolysis is defined as IV tPA
administration prior to EVT who could be treated with IV tPA within 4.5 h after symptom
onset. The status of reperfusion therapy was investigated in the patients who underwent
EVT using the final angiographic findings, including the DSA, and graded based on the
mTICI grade. For the outcome parameter, a grade of mTICI 2b or 3 was defined as successful
recanalization, and a grade of mTICI 0–2a was defined as unsuccessful recanalization. EVT
was performed using a stent-retriever technique, a direct aspiration first pass technique
(ADAPT), and the Solumbra technique. The first-line technique is based on the clinical
situation of each center and each patient. If the first-line technique is unsuccessful, the
second-line technique is used. Stent-retriever alone was defined as using only a stent-
retriever as a first-line technique and not using ADAPT or the Solumbra technique as
the second-line technique. Aspiration alone was defined as using ADAPT as a first-line
technique and not using any other device as a second-line technique. The type of device
used for each technique was based on operator preference (typically Solitaire FR device,
Trevor stent device, and Penumbra).

2.2. The Stroke Risk Scoring Systems

We identified pre-admission CHADS2, CHA2DS2-VASc, ATRIA, and Essen scores
for each patient. The variables included in each scoring system are set according to the
existing definition. The CHADS2 and CHA2DS2-VASc scores, congestive heart failure,
hypertension, age, diabetes mellitus (DM), previous stroke history, vascular diseases,
and sex were included as scoring variables [10,11]. The ATRIA score included age, sex,
hypertension, DM, congestive heart failure, presence of proteinuria, and kidney dysfunction
(estimated glomerular filtration rate <45 mL/min per 1.73 m2) as scoring parameters [12].
The Essen score included age, hypertension, DM, previous stroke history, myocardial
infarction history, peripheral arterial occlusive disease, and other vascular diseases [13].

2.3. Statistical Analyses

Continuous variables and categorical variables were analyzed using an independent t-
test or Mann–Whitney U test and the chi-square test or Fisher’s exact test, respectively. Uni-
and multivariable logistic regression was performed to evaluate factors for unsuccessful
recanalization. Body mass index (BMI) and onset to puncture time, which are important
cofounders for unsuccessful recanalization, and p < 0.1 (excluding age and DM, which
are common overlapping variables for all stroke risk scores) from the univariable analysis
were entered in multivariable analysis. The results of uni- and multivariable analyses were
expressed as odds ratios (ORs) and 95% confidence intervals (CIs). Because the risk of
vascular outcome increased as the stroke risk scores increased, the main outcome was
defined as unsuccessful recanalization in this study. Subgroup analyses were performed,
including demographic data, classical vascular risk factors, and stroke risk scores, and
were dichotomized by the median values and the optimal cut off values. The interaction
between unsuccessful recanalization and each subgroup was investigated with a two-tailed
test in the logistic regression analyses. For the sensitivity analysis, we further analyzed all
stroke risk scores for patients with AF-related stroke only.

For evaluating the predictability of CHADS2, CHA2DS2-VASc, ATRIA, and Essen
scores, receiver operating characteristic (ROC) curve analysis and area under the curve
(AUC) were investigated. The AUC was calculated and the optimal cutoff values of the
stroke risk scores were defined at the level with the highest Youden index (sensitivity
+ specificity − 1). The AUC of each stroke risk score was compared to determine whether
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there was a difference in the predictability of unsuccessful recanalization among the stroke
risk scores. We utilized the multivariable model as the benchmark to assess the role of
stroke risk scores in enhancing the risk prediction for unsuccessful recanalization in EVT
patients. We compared AUCs to assess model discrimination and calculated net reclas-
sification improvement (NRI) and the integrated discrimination improvement (IDI). All
statistical analyses were performed using SPSS (version 25.0, IBM Corp., Chicago, IL, USA)
and open-source statistical package R version 3.6.3 (R Project for Statistical Computing,
Vienna, Austria). All variables needed a p < 0.05 to be considered statistically significant.

3. Results

3.1. Study Population

A total of 501 patients were included in this study. Patient demographics and in-
formation on risk factors and variables are summarized in Table 1. Of the 501 patients
receiving EVT, 234 patients (46.7%) were female, and the mean age was 76.2 ± 13.3 years.
The median value of the NIHSS scores of all patients was 15 (10–19, interquartile range
(IQR)). IV thrombolysis was administered to 202 patients (40.3%), and the mean value of
the onset to needle time was 119.9 ± 97.3 min. In all patients who underwent EVT, the
mean value of the onset to puncture time was 354.6 ± 440.0 min, the mean value of the
needle to puncture time was 78.7 ± 50.8 min, stent-retriever alone was used in 371 patients
(74.0%), aspiration alone in 25 patients (4.9%), and combined stent-retriever and aspira-
tion in 90 patients (17.9%). Among the patients who underwent stent-retriever alone and
combined stent-retriever/aspiration, information about the stent device was obtained from
440 patients: the Solitaire FR device was used in 377 (85.6%) patients, the Trevor stent
device in 58 (13.1%) patients, and both stent devices in only 5 (1.1%) patients. The mean
value of the number of stent-retriever passes was 2.1 ± 1.9. Among the patients who
underwent aspiration alone and combined stent-retriever/aspiration, aspiration device
information was obtained from 92 patients: the Penumbra aspiration system was used in
55 (59.7%) patients and an intermediate catheter device in 37 (40.2%) patients.

Among all included patients, 410 (81.8%) patients achieved successful recanalization
(mTICI ≥ 2b). The onset to recanalization measured only for patients who successfully
recanalized (mTICI 2b/3) was 429.5 ± 481.4 min.

3.2. Association of Stroke Risk Scores with Recanalization Status

In the successful recanalization group, the proportion of patients with DM was lower
(53.1% vs. 70.3%, p = 0.004), and there were more patients with coronary disease (31.2%
vs. 17.5%, p = 0.013). Patients in the successful recanalization group had lower initial
NIHSS scores (median 15 (IQR 10–19) vs. median 17 (IQR 12–20.5), p = 0.020) and the
change in NIHSS scores after 24 h was greater (Initial NIHSS score—NIHSS score at 24 h,
median 5 (IQR 0–10) vs. median 0 (IQR −2–3), p < 0.001) than those in the unsuccessful
recanalization group. Combined IA/IV thrombolysis was significantly associated with
successful recanalization (p = 0.030). In patients who administration of tPA prior to EVT,
the time interval of the needle to puncture was significantly shorter in the successful
recanalization group (111.8 ± 50.1 vs. 73.6 ± 49.1, p < 0.001). The stent-retriever alone was
associated with successful recanalization (p = 0.035). However, aspiration alone (p = 0.035)
was associated with unsuccessful recanalization. In patients who received stent-retrievers,
the number of stent passes was significantly lower in the successful recanalization group
(2.9 ± 2.8 vs. 2.0 ± 1.6, p = 0.002). In laboratory tests, both initial glucose level after
admission (152.9 ± 54.3 mg/dL vs. 140.2 ± 49.7 mg/dL, p = 0.042) and fasting glucose
level after admission (148.8 ± 52.9 mg/dL vs. 128.9 ± 46.9 mg/dL, p = 0.002) were lower
in the successful recanalization group. All stroke risk scores were significantly lower in
the successful recanalization group (CHADS2 score; median 2 (IQR 1–3) vs. 3 (IQR 2–3),
p < 0.001) (CHA2DS2VASc score; median 3 (IQR 2–4] vs. 4 (IQR 3–5], p = 0.002) (ATRIA
score; median 7 (IQR 3–9) vs. 9 (IQR 6–10), p = 0.002) (Essen score; median 3 (IQR 2–4) vs.
4 (IQR 3–4), p = 0.034) (Table 1).
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Table 1. Clinical and imaging characteristics according to the degree of recanalization.

Total
(n = 501)

Unsuccessful
Recanalization

mTICI ≤ 2a
(n = 91)

Succeesful
Recanalization

mTICI 2b/3
(n = 410)

p-Value

Age, years, mean (SD) 76.2 ± 13.3 78.7 ± 14.1 75.6 ± 13.0 0.059
Female, (%) 234 (46.7%) 46 (50.6%) 188 (45.9%) 0.486

BMI (kg/m2), mean (SD) 20.6 ± 4.1 20.3 ± 4.8 20.6 ± 4.0 0.519
Vascular risk factors

Hypertension, (%) 376 (75.1%) 74 (81.3%) 302 (73.7%) 0.163
Diabetes mellitus, (%) 282 (56.3%) 64 (70.3%) 218 (53.2%) 0.004

Hypercholesterolemia, (%) 217 (43.3%) 37 (40.7%) 180 (43.9%) 0.654
Current smoking, (%) 83 (16.6%) 19 (20.9%) 64 (15.6%) 0.286

eGFR < 60 mL/min, (%) 243 (48.5%) 51 (56.0%) 192 (46.8%) 0.140
Comorbidities

Atrial fibrillation (%) 265 (52.9%) 51 (56.0%) 214 (52.2%) 0.583
Heart failure, (%) 43 (8.6%) 11 (12.1%) 32 (7.8%) 0.266

Coronary disease, (%) 144 (28.7%) 16 (17.6%) 128 (31.2%) 0.013
Peripheral artery disease, (%) 17 (3.4%) 6 (6.6%) 11 (2.7%) 0.123

Previous infarction, (%) 118 (23.6%) 23 (25.3%) 95 (23.2%) 0.771
Previous hemorrhage, (%) 27 (5.4%) 7 (7.7%) 20 (4.9%) 0.413

Medication before admission
Prior antiplatelet therapy, (%) 156 (31.1%) 29 (31.9%) 127 (31.0%) 0.967

Prior anticoagulant therapy, (%) 88 (17.6%) 12 (13.2%) 76 (18.5%) 0.053
Prior statin therapy, (%) 152 (30.3%) 21 (23.1%) 131 (32.0%) 0.124

Initial NIHSS score, median (IQR) 15 (10–19) 17 (12–20.5) 15 (10–19) 0.020
Change in NIHSS score after 24 h, median (IQR) 4 (0–9) 0 (−2–3) 5 (0–10) <0.001

Treatment
IA thrombolysis without IV tPA, (%) 299 (59.7%) 64 (70.3%) 235 (57.3%) 0.030
Combined IV/IA thrombolysis *, (%) 202 (40.3%) 27 (29.7%) 175 (42.7%) 0.030

Stent-retriever alone, (%) 371 (74.1%) 52 (57.1%) 319 (77.8%) <0.001
Aspiration alone, (%) 25 (5.0%) 9 (9.9%) 16 (3.9%) 0.035

Combined stent-retriever/aspiration **, (%) 90 (18.0%) 15 (16.5%) 75 (18.3%) 0.521
Number of stent-retriever passes, mean (SD) 2.1 ± 1.9 2.9 ± 2.8 2.0 ± 1.6 0.002

Onset to puncture, min, mean (SD) 354.6 ± 440.0 370.1 ± 293.5 351.1 ± 466.6 0.621
LNT-to-puncture time (within 6 h) 350 (69.9%) 60 (65.9%) 290 (70.7%) 0.438

Arterial occlusion site
Any ICA, (%) 94 (18.8%) 16 (17.6%) 78 (19.0%) 0.865

MCA, (%) 127 (25.4%) 18 (19.8%) 109 (26.6%) 0.224
ACA, (%) 7 (1.4%) 1 (1.1%) 6 (1.5%) >0.99
PCA, (%) 8 (1.6%) 1 (1.1%) 7 (1.7%) 0.259
V-B, (%) 40 (8.0%) 10 (11.0%) 30 (7.3%) 0.340

Tandem lesion 24 (4.8%) 5 (5.5%) 19 (4.6%) 0.939
Stroke etiology 0.380
Cardioembolic 270 (53.9%) 49 (53.9%) 221 (53.9%)

Large artery atherosclerosis 83 (16.6%) 19 (20.9%) 64 (15.6%)
Undetermined or others 148 (29.5%) 23 (25.3%) 125 (30.5%)

Laboratory results
Initial glucose †, mg/dL 145.3 ± 51.4 152.9 ± 54.3 140.2 ± 49.7 0.042

Fasting glucose ‡, mg/dL 135.5 ± 51.7 148.8 ± 52.9 128.9 ± 46.9 0.002
Pre-admission stroke risk score,

score, median (IQR)
CHADS2 score 2.1 ± 1.0 3 (2–3) 2 (1–3) <0.001

CHA2DS2VASc score 3.4 ± 1.6 4 (3–5) 3 (2–4) 0.002
ATRIA score 6.7 ± 3.6 9 (6–10) 7 (3–9) 0.002
Essen score 3.3 ± 1.4 4 (3–4) 3 (2–4) 0.034

mTICI, modified thrombolysis in cerebral infarction; SD, standard deviation; BMI, body mass index; eGFR,
estimated glomerular filtration rate; National Institutes of Health Stroke Scale, NIHSS; IQR, interquartile range;
tPA, tissue plasminogen activator; IA, int; IV, intravenous; LNT, last normal time; ICA, internal carotid artery;
MCA, middle cerebral artery; ACA, anterior cerebral artery; PCA, posterior cerebral artery; V-B, vertebro-basilar.
* administration of intravenous tissue plasminogen activator prior to endovascular thrombectomy; ** cases in
which stent-retriever and aspiration were performed simultaneously or sequentially. † The glucose level test was
performed at the time of the first admission to the emergency room. ‡ The glucose level test was performed after
8 h of fasting after admission.

In univariable logistic regression analysis, age, DM, coronary disease, initial NIHSS
score, combined IA/IV thrombolysis, stent-retriever alone, aspiration alone, number of
stent-retriever passes, and stroke risk scores were associated with unsuccessful recanaliza-
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tion, as shown in Table S1. In multivariable logistic regression analysis, all stroke risk scores
were predictive of unsuccessful recanalization along with BMI, onset to puncture time,
coronary disease, initial NIHSS score, combined IA/IV thrombolysis, stent-retriever alone,
aspiration alone, and the number of stent-retriever passes (CHADS2 score: OR 1.551, 95%
CI 1.198–2.009, p = 0.001; CHA2DS2VASc score: OR 1.269, 95% CI 1.080–1.492, p = 0.004;
ATRIA score: OR 1.089, 95% CI 1.011–1.174, p = 0.024; and Essen score: OR 1.469, 95% CI
1.167–1.849, p = 0.001) (Table 2).

Table 2. Multivariable analysis for stroke risk score associated with the unsuccessful recanalization
among 501 patients with endovascular thrombectomy.

CHADS2 CHA2DS2VASc ATRIA Essen

Variables OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

BMI,
per-1-kg/m2 increase

0.994
(0.936–1.055) 0.836 1.007

(0.947–1.071) 0.986 1.003
(0.943–1.066) 0.937 0.986

(0.928–1.047) 0.612

Coronary disease 0.372
(0.200–0.691) 0.002 0.383

(0.206–0.710) 0.002 0.380
(0.205–0.704) 0.002 0.251

(0.126–0.499) <0.001

Initial NIHSS score,
per 1-score increase

1.015
(0.977–1.055) 0.448 1.017

(0.979–1.057) 0.424 1.016
(0.978–1.056) 0.412 1.017

(0.978–1.056) 0.376

IV thrombolysis
IA thrombolysis without IV tPA Reference Reference Reference Reference

Combined IA/IV
thrombolysis *

0.647
(0.382–1.094) 0.104 0.654

(0.388–1.105) 0.113 0.674
(0.399–1.140) 0.142 0.625

(0.370–1.055) 0.079

EVT parameters

Stent-retriever alone 0.528
(0.302–0.924) 0.025 0.547

(0.313–0.957) 0.035 0.512
(0.294–0.892) 0.018 0.536

(0.307–0.939) 0.029

Aspiration alone 2.966
(1.048–8.394) 0.041 3.344

(1.183–9.453) 0.023 3.142
(1.122–8.880) 0.029 2.887

(1.024–8.140) 0.045

Number of
stent-retriever passes,
per-1-passes increase

1.267
(1.124–1.428) <0.001 1.274

(1.131–1.436) <0.001 1.275
(1.132–1.436) <0.001 1.267

(1.124–1.427) <0.001

Onset to puncture, per 1-min
increase

1.000
(0.999–1.001) 0.992 1.000

(1.000–1.001) 0.992 1.000
(1.000–1.001) 0.935 1.000

(1.000–1.001) 0.980

Risk scoring score

Per-1-point increase 1.551
(1.198–2.009) 0.001 1.269

(1.080–1.492) 0.004 1.105
(1.027–1.188) 0.007 1.469

(1.167–1.849) 0.001

OR, odds ratio; CI, confidence interval; BMI, body mass index; National Institutes of Health Stroke Scale,
NIHSS; IV, intravenous; IA, intra-arterial; tPA, tissue plasminogen activator; EVT, endovascular thrombectomy;
* administration of intravenous tissue plasminogen activator prior to endovascular thrombectomy.

In subgroup analysis, the association of unsuccessful recanalization was stratified by age,
sex, comorbidities, NIHSS score, treatment factor (LNT, combined IA/IV thrombolysis), and
stroke risk scores. A subgroup of patients with DM (p for interaction = 0.003), IA alone (p for
interaction = 0.023), CHA2DS2VASc score≥ 4 (p for interaction = 0.022), ATRIA score ≥ 8 (p for
interaction = 0.017), CHADS2 score ≥ 3 (p for interaction < 0.001), CHA2DS2VASc score ≥ 5
(p for interaction < 0.001), ATRIA score ≥ 9 (p for interaction = 0.001), and Essen score ≥ 4
(p for interaction = 0.009) were significantly associated with unsuccessful recanalization
(Figure 2).
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Figure 2. Forest plots of unadjusted odds ratios for unsuccessful recanalization (mTICI ≤ 2a) in
patients with endovascular thrombectomy. BMI, body mass index; NIHSS, National Institutes of
Health Stroke Scale; LNT, last normal time; IA, intra-arterial; IV, intra-venous; ORs, odds ratios;
mTICI, modified thrombolysis in cerebral infarction.

In the comparison with AF-related stroke, there were significantly fewer patients
with DM (72.1% vs. 53.6%, p = 0.042) and more patients with stent-retriever alone (51.2%
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vs. 80.1%, p < 0.001) in the successful recanalization group. Moreover, patients in the
successful recanalization group had lower initial NIHSS scores (median 15 (IQR 10–19)
vs. median 17 (IQR 12–20.5), p = 0.020) and the change in NIHSS scores after 24 h was
greater (Initial NIHSS score—NIHSS score at 24 h, median 5 (IQR 1–10) vs. median
0 (IQR −1–2), p < 0.001) than those in the unsuccessful recanalization group. An increase
in the number of stent-retriever passes was associated with unsuccessful recanalization
(3.3 ± 3.0 vs. 2.0 ± 1.5, p = 0.007). In laboratory tests, fasting glucose after admission
(146.24 ± 50.3 mg/dL vs. 128.4 ± 51.9 mg/dL, p = 0.044) were lower in the successful
recanalization group. The CHADS2, CHA2DS2VASc, ATRIA, and Essen scores were signifi-
cantly lower in the successful recanalization group (CHADS2 score; median 2 (IQR 2–3)
vs. 3 (IQR 2–3), p < 0.001) (CHA2DS2VASc score; median 4 (IQR 3–4] vs. 5 (IQR 4–5.5],
p = 0.003) (ATRIA score; median 8 (IQR 6–9) vs. 9 (IQR 7.5–10), p = 0.033) (Essen score;
median 4 (IQR 3–4) vs. 3 (IQR 3–4), p = 0.043). The above results are summarized in
Table S2. In multivariable logistic regression analysis, the CHADS2, CHA2DS2VASc, and
Essen scores were associated with unsuccessful recanalization along with BMI, coronary
disease, the initial NIHSS score, combined IA/IV thrombolysis, stent-retriever alone, as-
piration alone, and number of stent-retriever passes (CHADS2 score: OR 1.787, 95% CI
1.173–2.725, p = 0.007; CHA2DS2VASc score: OR 1.354, 95% CI 1.049–1.747, p = 0.020; and
Essen score: OR 1.635, 95% CI 1.093–2.448, p = 0.017) (Table S3).

3.3. Comparison of Stroke Risk Scores for Unsuccessful Recanalization

Figure 3 shows the ROC curves of all stroke risk scores for unsuccessful recanaliza-
tion. The AUC, optimal cutoff value, sensitivity, specificity, positive predictive value, and
negative predictive value of each stroke risk score are presented in Table 3.

 

Figure 3. Receiver operating characteristic curve analyses of unsuccessful recanalization based on
stroke risk scores. (A) Univariable ROC analysis (B) Multivariable ROC analysis. ROC, receiver
operating characteristic.

Among stroke risk scores, the CHADS2 score had the highest AUC value. However,
in pairwise comparisons of the AUC, only the CHADS2 and Essen scores were significantly
different (AUC of CHADS2 score; 0.618, 95% CI 0.554–0.681 vs. AUC of Essen score; 0.569,
95% CI 0.506–0.632, p = 0.002) (Table S4). Similarly, even when ROC curve analysis was
performed on AF-related stroke only, the CHADS2 score had the highest AUC value, and
only the CHADS2 and Essen scores were significantly different (AUC of CHADS2 score;
0.666, 95% CI 0.570–0.761 vs. AUC of Essen score; 0.595, 95% CI 0.502–0.687, p = 0.006)
(Table S5).
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Table 3. Receiver operating characteristic (ROC) curve analysis of risk scores for the probability of an
unsuccessful recanalization.

AUC
Optimal
Cutoff

Diagnostic
Sensitivity

Diagnostic
Specificity

PPV NPV

CHADS2 score 0.618 2.5 0.560 0.690 0.287 0.876

CHA2DS2VASc score 0.602 4.5 0.374 0.807 0.301 0.853

ATRIA score 0.605 8.5 0.528 0.656 0.254 0.862

Essen score 0.569 3.5 0.549 0.604 0.862 0.229
AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value.

The continuous-based NRI was significantly improved after the addition of each
stroke risk score (CHADS2 score: p = 0.010, CHA2DS2VASc score: p = 0.023, ATRIA score:
p = 0.035, Essen score: p = 0.005). The IDI also showed improved risk classification after the
addition of the CHADS2 score (p = 0.014) or the ATRIA score (p = 0.015). Overall, the best
model for prediction of unsuccessful recanalization after EVT was the CHADS2 score, with
the addition of the multivariable model (Table S6).

4. Discussion

The key finding of this study was that the pre-admission CHADS2, CHA2DS2VASc,
ATRIA, and Essen scores were associated with unsuccessful recanalization after EVT. The
probability of unsuccessful recanalization increased as the stroke risk scores increased. The
CHADS2 score had the highest AUC among all stroke risk scores, although the CHADS2
score differed significantly only from the Essen score.

Previous studies have proven the relationship between stroke risk scores and the
clinical outcome of stroke. CHADS2, CHA2DS2-VASc, and ATRIA scores are simple to
obtain and are useful tools for estimating the thromboembolic risk and clinical outcomes
in patients with AF [15–18]. The Essen score is a simple clinical score that was derived
to predict the 1-year risk of recurrent ischemic stroke after ischemic stroke based on the
presence of prior vascular comorbidities [13,19]. Unlike the purpose for which the stroke
risk scores were developed, the stroke risk scores have been used as a predictor of various
outcomes in various patient groups [15,20,21]. Our results are meaningful in that they
provide additional information that CHADS2, CHA2DS2-VASc, ATRIA, and Essen scores
were correlated with unsuccessful recanalization in patients undergoing EVT, as well as
thromboembolic risk and clinical outcome. All stroke risk scores were associated with
unsuccessful recanalization even in AF-related stroke patients.

Hypertension and DM have a common weighting factor for all stroke risk scores, and
DM, in particular, is known to affect recanalization after IV thrombolysis [22,23]. Although
DM and fasting hyperglycemia are also known to affect clinical outcomes after EVT [24,25],
there is still insufficient evidence that DM and initial and fasting hyperglycemia influence
recanalization after EVT [26,27]. Our results showed that DM, initial, and fasting glucose
levels were associated with unsuccessful recanalization. Factors other than hypertension
and DM were weighted differently for each stroke risk score. Compared with the CHADS2
score, the CHA2DS2-VASc score has a higher weighting for age and includes the compo-
nents of sex and vascular diseases; the ATRIA score has a higher weighting for age and
includes the components of sex and chronic renal disease, while the Essen score also has a
higher weighting for age and sex, similarly to the other scores, along with weighting for
vascular disease and current smoking. Each additional component of these scores has been
reported as a predictor of stroke severity or outcome [28]. The ATRIA and CHA2DS2-VASc
scores were reported to outperform the CHADS2 score in predicting stroke outcome in pa-
tients with AF [17,28]. However, unlike previous studies that investigated the relationship
between the stroke risk scores and stroke outcome, we found that the CHADS2 score shows
better performance in predicting recanalization than the CHA2DS2-VASc and ATRIA scores
in EVT patients. This may be because sex, chronic kidney disease, and vascular disease
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weighted by the CHA2DS2-VASc and ATRIA scores did not differ with recanalization, and
there were more patients with coronary disease in the successful recanalization group in our
dataset. As the Essen score is a risk-scoring tool for the prediction of recurrent stroke and
combined cerebrovascular events in patients with non-AF, there have been a few studies
comparing the performance of the Essen score with that of the CHADS2 score [13]. A recent
observational study of the prediction for vascular outcome in stroke patients with AF found
no significant difference in the performance between the CHADS2 and Essen scores [21]. In
contrast, the CHADS2 score showed significantly better performance than the Essen score
in our study. Even when only AF-related stroke patients were analyzed, the Essen score
could significantly predict unsuccessful recanalization, although its performance was worse
than that of the CHADS2 score. Presumably, as in the case of CHA2DS2-VASc and ATRIA
scores, this could be attributed to the observation that peripheral artery disease and current
smoking weighted by the Essen score did not differ according to recanalization, and there
were more patients with coronary disease in the recanalization group in our dataset. There-
fore, unlike previous studies on patients with AF stroke, the ATRIA and CHA2DS2-VASc
scores likely did not outperform and the Essen score likely underperformed compared to
the CHADS2 score. The significance of this result suggests that most of the factors related
to unsuccessful recanalization in EVT patients overlap with most factors related to the
occurrence of stroke in AF patients. Therefore, these different factors should be taken into
account when creating a new scoring system that predicts recanalization after EVT. An
existing pre-admission stroke risk score or suitable new scoring system can be used in
addition to the current image-based patient’s selection system, which can contribute to
lower recanalization failure rates by appropriately selecting patients.

Limitations

First, although some of the patients included in our study were prospectively included
and the registry itself consecutively included stroke patients who received reperfusion
therapy, we performed a retrospective evaluation. Therefore, there may be selection bias,
l and the possibility of a causal relationship cannot be concluded. Second, this registry
is a nationwide observational registry that reflects real-world evidence; however, there
may be a selection bias because it is not a randomized controlled study. To reduce the
selection bias, we consecutively included patients eligible for EVT according to the valid
guidelines [1,29,30]. Third, because our registry enrolled only the Korean population, it is
difficult to generalize our findings to all races.

5. Conclusions

The pre-admission CHADS2, CHA2DS2VASc, ATRIA, and Essen scores were associ-
ated with unsuccessful recanalization after EVT. Therefore, these results suggest that stroke
risk scores, especially the CHADS2 score, could predict recanalization in stroke patients
undergoing EVT.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11010274/s1, Table S1: Univariate logistic regression analysis
of the risk of an unsuccessful recanalization; Table S2: Clinical and imaging characteristics according
to the degree of recanalization (Only atrial fibrillation-related stroke); Table S3: Multivariate analysis
for stroke risk score associated with the unsuccessful recanalization among atrial fibrillation-related
stroke with endovascular thrombectomy; Table S4: Comparison of the area under curve (AUC)
of each stroke risk score by two. (Univariate ROC analysis); Table S5: Comparison of area under
the curve (AUC) of each stroke risk score by two in AF-related stroke. (Univariate ROC analysis);
Table S6: Receiver-operating characteristics curve analysis (area under curve), net reclassification
improvement, and integrated discrimination improvement of predictive models for unsuccessful
recanalization in endovascular thrombectomy patients.
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Abstract: Advanced neuroimaging is one of the most important means that we have in the attempt
to overcome time constraints and expand the use of intravenous thrombolysis (IVT). We assessed
whether, and how, the prior use of advanced neuroimaging (AN), and more specifically CT/MR
perfusion post-processed with RAPID software, regardless of time from symptoms onset, affected
the outcomes of acute ischemic stroke (AIS) patients who received IVT. Methods. We retrospectively
evaluated consecutive AIS patients who received intravenous thrombolysis monotherapy (without
endovascular reperfusion) during a six-year period. The study population was divided into two
groups according to the neuroimaging protocol used prior to IVT administration in AIS patients (AN+
vs. AN−). Safety outcomes included any intracranial hemorrhage (ICH) and 3-month mortality.
Effectiveness outcomes included door-to-needle time, neurological status (NIHSS-score) on discharge,
and functional status at three months assessed by the modified Rankin Scale (mRS). Results. The rate
of IVT monotherapy increased from ten patients per year (n = 29) in the AN− to fifteen patients per
year (n = 47) in the AN+ group. Although the onset-to-treatment time was longer in the AN+ cohort,
the two groups did not differ in door-to-needle time, discharge NIHSS-score, symptomatic ICH, any
ICH, 3-month favorable functional outcome (mRS-scores of 0–1), 3-month functional independence
(mRS-scores of 0–2), distribution of 3-month mRS-scores, or 3-month mortality. Conclusion. Our
pilot observational study showed that the incorporation of advanced neuroimaging in the acute
stroke chain pathway in AIS patients increases the yield of IVT administration without affecting the
effectiveness and safety of the treatment.

Keywords: acute stroke; intravenous thrombolysis; perfusion imaging; CT perfusion; MR perfu-
sion; RAPID

1. Introduction

Intravenous thrombolysis (IVT) with alteplase in acute ischemic stroke (AIS) adminis-
tered within the first 4.5 hours following symptom onset remains the mainstay of acute
reperfusion therapies [1–3]. Despite tissue plasminogen activator (tPA) effectiveness, only
a small number of AIS patients worldwide benefit from IVT [4,5]. Short therapeutic time
window, strict inclusion and exclusion criteria of the pivotal randomized controlled clinical
trials (RCTs), as well as health care system disparities, such as public awareness on how to
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act in case of stroke symptoms, organization of emergency medical services, and the paucity
of organized stroke centers in rural areas [6], have been significant barriers to overcome.
Nevertheless, off-label use of IVT [7,8] is increasingly incorporated in the everyday clinical
practice of many stroke practitioners.

Advanced neuroimaging may help us overcome time constraints and expand the
implementation of acute reperfusion therapies [9]. CT and MR perfusion with automated
post-processing software (RAPID, iSchemaView, Menlo Park, CA, USA) have proven effec-
tive in recent RCTs, for both mechanical thrombectomy candidates in the late time window
(6–24 h) [10,11] and for IVT (4.5–9 h and wake-up patients) [12–14]. Advanced neuroimag-
ing provides a ”brain physiology snapshot in time” that can guide decisions for recanaliza-
tion therapies in clinical practice [15]. Numerous stroke centers and stroke units worldwide
have incorporated the use of CT and MR perfusion in their acute therapeutic pathways.

In view of the former considerations, we assessed the differences in the use of
IVT monotherapy and the outcomes of the AIS patients with or without the use of
advanced neuroimaging.

2. Materials and Methods

We retrospectively evaluated consecutive AIS patients who received IVT admitted to
our European Stroke Organization certified stroke unit. We also participate in the SITS (Safe
Implementation of Thrombolysis in Stroke) and RES-Q (Registry of Stroke Care Quality)
international registries [16,17]. Patients were included if they fulfilled the following criteria:
(1) aged over 18 years old; (2) clinically diagnosed with AIS with a measurable neurologic
deficit on the National Institute of Health Stroke Scale (NIHSS) presenting within the
4.5 h window from symptom onset; (3) AIS patients were considered eligible for the
extended time window of 4.5–9 h if they presented after 4.5 h and sooner than 9 h from
last-seen-well (late window patients), according to the clinical and neuroimaging inclusion
criteria of the EXTEND trial [10]; (4) AIS patients who woke up with symptoms of stroke
(«wake-up stroke») were treated according to the WAKE-UP trial [18] protocol; and (5) AIS
patients treated with IVT monotherapy. All patients with large vessel occlusion (LVO) who
underwent mechanical thrombectomy were excluded. Transient ischemic attacks and stroke
mimics were excluded from the current study based on clinical and neuroimaging criteria.

The study population was divided into two different groups according to the neu-
roimaging protocol used on admission and prior to IVT administration in AIS patients (with
prior Advanced Neuroimaging (AN+) vs. without prior advanced neuroimaging (AN−)).
Of note, the neuroimaging protocol was modified in our center on December 2017 after
the introduction of perfusion imaging (with RAPID software) and on August 2018 after
the publication of the WAKE-UP trial. Patients in the first study group (AN−) underwent
baseline emergent neurovascular imaging using either non-contrast-enhanced computed
tomography (NCCT), with or without CT angiography (CTA), or magnetic resonance
imaging (MRI) with magnetic resonance angiography based on the treating physician’s
decision. Patients in the second study group (AN+) underwent NCCT/CTA/computed to-
mography perfusion (CTA/CTP) or magnetic resonance angiography/magnetic resonance
perfusion (MRA/MRP) unless they presented certain contraindications (e.g., renal insuf-
ficiency, severe allergic reactions to iodinised agents, etc.). CT perfusion was performed
using two continuous 2.5 cm slabs, starting at the level of the circle of Willis for most
patients, lower for those presenting with symptoms suggesting posterior fossa ischemia,
and higher for those presenting with symptoms suggestive of cortical ischemia. Ischemic
core (rCBF < 30%), critically hypoperfused ischemic region (Tmax > 6 s), and mismatch
volume corresponding to ischemic penumbra, were estimated by using RAPID as previ-
ously described [19]. The hyperdense vessel sign (HVS), a highly specific marker of arterial
obstruction [20], was identified on non-contrast CT if the lumen of any, non-calcified,
intracranial artery appeared denser than adjacent or equivalent contralateral arteries. Clot
length was quantified based on CT angiography by using standard methodology [21]. The
LVO was defined as the occlusion of the internal carotid artery (ICA), basilar artery (BA),
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and the first segment of the Middle Cerebral Artery (MCA-M1). CT/MR findings were
interpreted and extracted independently by experienced neurologists or neuroradiologists
that were blinded to clinical outcomes.

The following parameters were recorded for all included patients: (1) demographic
characteristics; (2) history of vascular risk factors (diabetes mellitus, hypertension, current
smoking, hypercholesterolemia, coronary artery disease, peripheral artery disease, con-
gestive heart failure, and valvular disease) as previously described [22]; (3) prior history
of stroke or Transient Ischemic Attack (TIA); (4) laboratory test values on admission (to-
tal platelet count, glucose, and low-density lipoprotein (LDL) levels); and (5) admission
systolic and diastolic blood pressures, measured using automated blood pressure cuffs.
Stroke severity was assessed with the NIHSS (National Institute of Health Stroke Scale)
score at admission, 2 h and 24 h post IVT, and at discharge. Safety outcomes included
prevalence of symptomatic intracranial hemorrhage (sICH), prevalence of any intracranial
hemorrhage in the 24-h post thrombolysis neuroimaging studies, and 3-month mortality.
sICH was defined using standard SITS registry definitions (local or remote parenchymatous
hemorrhage type 2 combined with an NIHSS-score increase of >4 points or leading to
death\22–36 h) [14]. Any intracranial hemorrhage was recorded according to the ECASS
criteria [23]. Effectiveness outcomes included door-to-needle time, neurological improve-
ment at 24 h and on discharge, and functional status at discharge and at 3 months by using
the modified Rankin Scale (mRS). Functional independence (FI) and favorable functional
outcome (FFO) were defined as an mRS-score of 0–2 or an mRS-score of 0–1 at 3 months,
respectively. Stroke severity and functional outcome (mRS) at discharge and at 3 months
were assessed by certified vascular neurologists as previously described [24].

All follow-up evaluations occurred at 90 ± 10 days from symptom onset at the Stroke
Outpatient Clinic of our institution as previously described [25]. The evaluation of the
mRS-score was performed by certified vascular neurologists who were unaware of the
neuroimaging protocol that was implemented at baseline.

Statistical Analysis

All binary variables were presented as percentages, while continuous variables were
presented with their corresponding mean values and standard deviations (SDs), in cases of
normal distributions, or as medians with interquartile ranges (IQRs) in cases of skewed
distributions. Statistical comparisons between the two groups were performed using
the unpaired t test, Mann–Whitney U-test, χ2 test, and Fisher exact test, as appropriate.
The distribution of the 3-month mRS scores between patients treated before and after
RAPID implementation was compared using the Cochran–Mantel–Haenszel test and the
univariable/multivariable ordinal logistic regression (shift analysis).

All efficacy and safety outcomes of interest were further assessed in univariable and
multivariable binary logistic regression models adjusting for the a priori defined con-
founders of the age and baseline NIHSS-score. The final variables that were independently
associated in the multivariable logistic and the ordinal regression analyses with the out-
come of interest, were selected using an alpha value of 0.05 and adjusted associations were
provided as odds ratios (ORs) or common odds ratios (cORs), with their corresponding
95% confidence intervals (95% CI).

All statistical analyses were conducted with the Stata Statistical Software Release 13
(StataCorp LP, College Station, TX, USA).

3. Results

A total of eight hundred and nineteen patients were screened in the setting of an
acute stroke code between February 2015 and January 2021. The complete flowchart of
our study is shown in Figure 1. Three hundred and seventy-seven patients were screened
before December 2017 (AN implementation) and twenty-six received IVT, whereas four
hundred and forty-two were screened after December 2017 and fifty patients among them
received IVT (three of them were not screened with prior AN due to contraindications).
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Our final cohort was comprised of 76 AIS patients who received IVT throughout the entire
study period. All patients who received endovascular reperfusion therapy with mechanical
thrombectomy were excluded from our analysis (n = 71). Twenty-nine patients received
IVT without prior advanced neuroimaging (AN−) and forty-seven patients with the use of
advanced neuroimaging (AN+). The rate of IVT monotherapy increased from ten patients
per year in the AN− to fifteen patients per year in the AN+ group. Baseline characteristics
of the two treatment groups are summarized in Table 1. Patients in the AN+ group were
significantly (p = 0.003) older than patients in the AN− group (mean age 73 years vs.
63 years, respectively). Median admission NIHSS-scores were 4 points (IQR: 2–7) in the
AN− group and 5 points (IQR: 4–9) in the AN+ group, a difference that was also significant
(p = 0.047). The prevalence of large vessel occlusions was 17.2% in the AN− group and
19.1% in the AN+ group (p = 0.835). The location of stroke in posterior circulation was
more frequent in the AN− group (34.5%) than in the second study group (19.1%). The
median elapsed time between symptom onset (or last-seen-well) to initiation of IVT was
significantly longer in the second group (198 min (IQR: 151–240)) in AN+ vs. 121 min
((IQR: 130–220) in AN−; p < 0.001), whereas the door-to-needle time was almost identical
between the two groups (median 44 min (IQR: 36–60)) in AN− vs. 45 min ((IQR: 30–61) in
AN+; p = 0.956). The rate of patients treated according to the EXTEND trial or WAKE-UP
protocol was significantly higher in the second study group (23.4% vs. 3.4%; p = 0.020). All
patients were treated with alteplase, except for four patients in the AN+ with large vessel
occlusions who were treated with tenecteplase.

Figure 1. Flowchart of the study population. Acute Ischemic Stroke, AIS; Large vessel occlusion, LVO; intravenous
thrombolysis, IVT; Advanced Neuroimaging, AN.
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Table 1. Baseline characteristics in patients treated before and after the implementation of advanced
neuroimaging.

Baseline Characteristics
AN−

(n = 29)
AN+

(n = 47)
p-Value

Age, years (mean, SD) 63 ± 16 73 ± 13 0.003

Weight, kg (mean, SD) 82 ± 18 80 ± 21 0.631

Smoking (%) 27.6% 25.5% 0.850

Hypertension (%) 72.4% 57.4% 0.189

Diabetes (%) 31.0% 17.0% 0.154

Hypercholesterolemia (%) 27.6% 42.6% 0.189

Prior stroke (%) 3.4% 4.3% 0.861

Prior TIA (%) 0.0% 6.4% 0.165

Congestive heart failure (%) 3.0% 0.0% 0.200

Valvular disease (%) 6.9% 0.0% 0.068

Coronary artery disease (%) 10.3% 4.3% 0.298

Peripheral Arterial Disease (%) 3.4% 6.4% 0.578

Extended window 4.5–9 h (%) 0.0% 14.9% 0.029

Wake up stroke (%) 3.4% 8.5% 0.387

Extended window or wake up 3.4% 23.4% 0.020

NIHSS-score on admission, points
(median, IQR) 4 (2–7) 5 (4–9) 0.047

Systolic BP on admission, mmHg (mean ± SD) 152 ± 34 153 ± 21 0.837

Diastolic BP on admission, mmHg (mean ± SD) 80 ± 15 82 ± 14 0.549

Platelet count on admission, ×109/L
(mean ± SD)

267 ± 152 228 ± 83 0.477

LDL on admission, mg/dL (mean ± SD) 137.5 ± 49 129.5 ± 34 0.554

Glucose on admission, mg/dL (mean ± SD) 129 ± 39 129 ± 39 0.174

Onset-to-imaging time, min (median, IQR) 105 (87.5–161) 160
(120–202.5) 0.011

Door-to-needle time, min (median, IQR) 43.5 (36–60) 45 (30–61) 0.956

Onset-to-treatment time (median, IQR) 121 (110–153) 197.5
(151–240) <0.001

ASPECTS (median, IQR) 10 (9–10) 10 (9–10) 0.278

Duration of Hospitalization (median, IQR) 10 (8–18) 9.5 (5–16.5) 0.725

Location of stroke in the left hemisphere (%) 43.2% 56.8% 0.564

Location of stroke in posterior circulation (%) 34.5% 19.1% 0.199

Hyperdense vessel sign in CT (%) 3.6% 4.3% 0.870

MR imaging (%) 6.9% 10.6% 0.584

Thrombus length, mm (median, IQR) 8.5 (5.75–14) 12 (9–20) 0.053

Large Vessel occlusion (%) 17.2% 19.1% 0.835

Medium Vessel Occlusion (%) 44.8% 40.4% 0.706
Blood pressure, BP; National Institute of Health Stroke Scale, NIHSS; interquartile range, IQR; Alberta Stroke
Program Early CT score, ASPECTS; standard deviation, SD.

The neuroimaging characteristics are summarized in Tables 1 and 2. The median
thrombus length tended to be higher in the AN+ group (12 vs. 9 mm, p = 0.053). The
median ASPECTS score and the presence of a hyperdense vessel sign were similar across
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the study groups. MR imaging was performed in 6.9% of AN− and 10.3% of AN+ patients
(p = 0.584). In patients who underwent perfusion imaging, the mean ischemic core vol-
ume was calculated at 2.1 ± 1.2 mL and the mean volume of critical hypoperfusion was
16.3 ± 4.0 mL (Table 2).

Table 2. Neuroimaging characteristics of patients treated after the implementation of
perfusion imaging.

Mean ischemic core volume (rCBF < 30%)
(mean ± SD) (mL) 2.1 ± 1.2

Mean volume of critical hypo perfusion
(Tmax > 6 s) (mean ± SD) (mL) 16.3 ± 4

Mean mismatch volume (mean ± SD) (mL) 13.5 ± 3.3

Table 3 summarizes the effectiveness and the safety outcomes in the two patient
groups. There was only one missing 3-month follow-up evaluation in each treatment
group. Neurological status assessed by NIHSS at 2 h, 24 h, and at hospital discharge
was similar between the two groups. The rates of sICH (3.4% vs. 0%; p = 0.2) and any
intracranial hemorrhage (6.9% vs. 10.6%; p = 0.584) were similar between the two groups.
The rates of 3-month favorable functional outcome (75% vs. 78.3%; p = 0.746), 3-month
functional independence (82.1% vs. 89.1%; p = 0.394), and 3-month mortality (0% vs. 4.3%;
p = 0.263) did not differ between the two groups either. A secondary analysis restricted to
the patients in the early time window shows similar results (Supplemental Table S1).

Table 3. Outcomes in patients treated before and after the implementation of AN.

Outcomes
AN−

(n = 29)
AN+

(n = 47)
p-Value

Any Hemorrhagic
transformation (%) 6.9% 10.6% 0.584

Symptomatic
Intracranial

Hemorrhage (%)
3.4% 0.0% 0.200

NIHSS-score 2 h,
points (median, IQR) 2 (0.5–3.5) 3 (1–5.25) 0.230

NIHSS 24 h, points
(median, IQR) 1 (0–4) 1.5 (0–4) 0.697

Discharge NIHSS
(median, IQR) 0 (0–2.5) 0 (0–3) 0.977

3-month mRS-score,
points (median, IQR) 2 (1–4) 3 (1–5) 0.614 ***

3-month Functional
Independence (%) * 82.1% 89.1% 0.394

3-month Favorable
Functional Outcome

(%) **
75.0% 78.3% 0.746

3-month Mortality
(%) 0.0% 4.3% 0.263

National Institute of Health Stroke Scale, NIHSS. * mRS-scores of 0–2. ** mRS-scores of 0–1. *** Cochran–Mantel–
Haenszel test.

The distribution of 3-month mRS-scores was similar between the two groups (p for
Cochran–Mantel–Haenszel test: 0.466). Table 4 shows the univariable and multivariable as-
sociations of the neuroimaging protocol with safety and efficacy outcomes in multivariable
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logistic regression models adjusting for the age and admission NIHSS-score. There was no
association between the advanced neuroimaging protocol and any ICH (crude OR 1.60,
95% CI: 0.29–8.88; p = 0.586), functional independence at three months (crude OR 1.78, 95%
CI: 0.47–6.8; p = 0.398), and favorable functional outcome at three months (crude OR 1.20,
95% CI: 0.40–3.63; p = 0.747). In adjusted analysis AN was associated with better functional
independence at 3 months (adjusted OR 12.89, 95% CI: 1.47–113; p = 0.021).

Table 4. Univariable and multivariable binary logistic regression analyses evaluating the association of the use of advanced
neuroimaging in acute stroke chain pathway with outcomes.

Outcomes Crude OR (95% CI) p-Value Adjusted * OR (95% CI) p-Value

Any ICH 1.60 (0.29, 8.88) 0.586 1.30 (0.21, 8.01) 0.840

Functional Independence at
3 months 1.78 (0.47, 6.80) 0.398 12.89 (1.47, 113.00) 0.021

Favorable Functional Outcome
at 3 months 1.20 (0.40, 3.63) 0.747 1.97 (0.54, 7.17) 0.304

Odds ratio, OR; confidence intervals, CI. * Adjusted for the age and baseline NIHSS score.

4. Discussion

Our pilot observational single-center study showed that the shift in our clinical prac-
tice, with the incorporation of advanced neuroimaging in AIS patients, increases the yield
of IVT administration by approximately 50% without major effectiveness and safety reper-
cussions. On the contrary, all comparisons showed that it is equally safe, and even in a
population with more negative prognostic factors (higher admission NIHSS-score, older
age, longer thrombus), we documented a trend towards better functional outcomes without
any delays in door-to-needle time. Better outcomes in patients with prior AN possibly
reflect the comparison between different study periods and the accumulating experience of
the stroke team through the years. It might also encompass the more favorable prognosis
of patients treated in the extended time window, already proven by large clinical trials [12].
However, this result should be treated with caution given the large confidence intervals
due to our small study sample and the fact that it was not demonstrated in the crude
analysis as well.

Almost 25% of patients in the advanced neuroimaging group were treated based
on neuroimaging criteria (either extended time window 4.5–9 h or wake-up strokes, see
Figure 2) and this further substantiates our previous observations [20]. Considering that
the extra time needed to perform the CT perfusion and to acquire the RAPID templates
is at least ten min, it is striking that the median door-to-needle time was only one min
longer in the advanced neuroimaging group compared to the median door-to-needle time
in the standard neuroimaging group. This observation reflects the interplay of many other
important key factors: the acquired experience of the personnel who are involved in the
acute stroke chain, the increased use of perfusion imaging particularly in “borderline” cases
(e.g., stroke mimics) [26] that otherwise would necessitate two different imaging modalities
(CT and MRI), and the fact that the clinical decision in most cases was made immediately
after the non-contrast CT and IVT could be initiated in the radiology department before
completion of the perfusion imaging.
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Figure 2. This is an illustrative case of a patient fulfilling both neuroimaging and clinical EXTEND eligibility criteria
who was treated successfully with intravenous thrombolysis in the extended time window. An 80-year-old woman was
transferred from an island to the emergency department 5 h after an acute onset of expressive aphasia, mild right facial
paresis, and mild right upper arm paresis (NIHSS score 9 points). (a) Her CT-perfusion mismatch map post-processed with
RAPID software demonstrated a hypoperfused region of 11 mL in the Broca’s area (shown in green) and no area of reduced
cerebral blood flow, resulting in a 11 mL mismatch difference (infinite mismatch ratio). (b,c) CT angiogram revealed no
large vessel occlusion. The patient fulfilled all EXTEND eligibility criteria; IVT with alteplase started 5 h and 45 min after
symptom onset with partial resolution of symptoms at the end of tPA infusion (NIHSS-score of 6 points). (d) Repeat MRI at
24 h demonstrated a small insular infarct and another acute infarct in the left temporoparietal region which was captured in
the Tmax maps of initial perfusion imaging as Tmax > 4 s prolongation (c/arrow). The patient’s mRS-score at three months
was 0.

The present study investigated the effect of advanced neuroimaging on IVT monother-
apy. Patients who received endovascular reperfusion therapy were excluded from our
analyses. Consequently, our cohort included predominantly mild to moderate severity
strokes with a small ischemic core and penumbra volumes or patients with LVO who
responded to IVT with successful reperfusion and did not need further endovascular
treatment. This probably induces a selection bias by excluding AIS patients with a more
“unfavorable prognosis”. Previous studies [27,28] that served as pilot studies for the major
MT RCTs, have underscored the feasibility of this physiologic imaging approach in cases
with LVO-attributed ischemic stroke. Major RCTs that also used the same approach in the
early time window [29,30] showed even greater treatment effects, substantially enhancing
the use of this approach in clinical practice.

The use of perfusion imaging in AIS patients who present in the first 4.5 h after symp-
toms onset is still controversial. In our cohort, patients who did not present with a favorable
profile (based on neuroimaging criteria) in the early time window, were still offered tPA
according to current recommendations. The majority of these patients (n = 19) had no
ischemic core or had only hypoperfusion that did not meet the Tmax > 6 s typical criteria
of the penumbra. Some of these patients (4/19, 21%) had a “benign oligemia” profile with
Tmax prolongation > 4 s, but with either ongoing clinical symptoms or symptoms in partial
resolution. This could be due to technical issues (lesion outside the selected slabs when
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CT perfusion was used), lacunar infarcts [31], spontaneous recanalization before imaging,
or small lesions in the posterior circulation [32] where CT perfusion has lower sensitivity.
However, it may also imply that among the “benign oligemia” regions, there might exist
grey zones close to the Tmax 6 s threshold delay that correspond more to critical hypop-
erfused areas, and which, if left untreated, may lead to permanent neurological deficits.
Indeed, the DEFUSE study [33] showed that among patients who did not experience early
reperfusion, Tmax > 4 s threshold was more accurate in predicting final infarct volume.
Even though Tmax > 6 s has been proven to be the best perfusion measurement marker in
predicting clinical outcome [34,35] after successful recanalization, infarct growth is perhaps
a more complex process influenced by many clinical and pathological factors.

Based on current knowledge, perfusion imaging may not be critical for therapeutic
decisions in the early time window by excluding patients with large ischemic core or those
with no or minimal perfusion deficit. For instance, the “too good to treat” pattern [36]
of small distal perfusion lesions with no vessel occlusion, needs to be studied in larger
populations and with more potent thrombolytic agents, including tenecteplase. Even
though time since last-seen-well is a poor proxy for perfusion status, we are far from
changing the paradigm of IVT administration and endovascular treatment in the early time
window from time-based to imaging-based. Nevertheless, in the era of precision medicine
and shared decision-making [37], perfusion imaging may still provide additional support
to the clinician: for instance, to communicate the decisions with the patient and the patient
proxies, strengthen the diagnostic confidence by excluding stroke mimics, accelerate the
processes in fast-progressors, and possibly, predict prognosis.

Certain limitations of the present pilot study need to be acknowledged including
the single-center retrospective design and analysis of a prospectively maintained patient
database, the relatively small sample size, the lack of randomization, and blinding in the
evaluation of clinical outcomes. In addition, a major limitation is the heterogeneity induced
by the comparison of data from different time periods where practices and experiences of
the involved personnel are changing and protocols are reviewed and updated periodically.

5. Conclusions

In conclusion, the implementation of advanced neuroimaging in unselected AIS
patients receiving reperfusion monotherapy with IVT, results in an increase of tPA ad-
ministration rates without delaying door-to-needle time and without raising safety or
effectiveness concerns.
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Abstract: In ischemic brain tissue, hypoperfusion severity can be assessed using the hypoperfusion
intensity ratio (HIR). We evaluated the link between HIR and clinical outcomes after successful
recanalization by endovascular treatment. We retrospectively reviewed 162 consecutive patients who
underwent endovascular treatment for intracranial large vessel occlusion. The HIR was calculated
using an automated software program, with initial computed tomography perfusion images. The
HIR was compared between patients with and without favorable outcomes. To observe the modifying
effect of the HIR on the well-known major outcome determinants, regression analyses were performed
in the low and high HIR groups. The median HIR value was significantly lower in patients with a
favorable outcome, with an optimal cut-off point of 0.54. The HIR was an independent factor for a
favorable outcome in a specific multivariable model and was significantly correlated with the Alberta
Stroke Program Early Computed Tomography Score (ASPECTS). In contrast to the high HIR group,
the low HIR group showed that ASPECTS and onset-to-recanalization time were not independently
associated with a favorable outcome. Finally, the low HIR group had a more favorable outcome even
in cases with an unfavorable ASPECTS and onset-to-recanalization time. The HIR could be useful in
predicting outcomes after successful recanalization.

Keywords: hypoperfusion; collaterality; stroke; outcome; thrombectomy

1. Introduction

Hypoperfusion severity and duration are important factors affecting the clinical out-
come of patients with acute ischemic stroke who undergo endovascular treatment (EVT).
Collateral status is a commonly used method that reflects hypoperfusion severity. Robust
collateral flow is associated with smaller ischemic core lesions and slower progression,
which may lead to improved clinical outcomes [1–4]. Moreover, time windows for EVT eli-
gibility can be determined based on the collateral status. Patients with better collateral flow
may have a more favorable outcome, even in cases in which recanalization is delayed [5].

Hypoperfusion severity can be assessed directly using the hypoperfusion intensity
ratio (HIR) [6]. The HIR reflects the proportion of the critically hypoperfused lesion
(Tmax > 10 s) in the whole hypoperfused lesion (e.g., Tmax > 6 s) on perfusion images [7,8].
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The HIR correlates well with the quality of the collateral status and is considered a quanti-
tative marker of the collateral status [7,9,10]. Furthermore, the HIR has been reported to
be significantly associated with initial stroke severity, target mismatch profile, and infarct
growth [6–8,11]. Based on the collateral nature of the HIR, we assumed that the clinical
outcome after EVT may be affected by the HIR, as in the case of the collateral status.

Accordingly, we hypothesized that a low HIR is associated with a favorable outcome,
even in patients with a lower Alberta Stroke Program Early Computed Tomography Score
(ASPECTS) or longer onset-to-recanalization time in patients who achieved recanalization
through EVT.

2. Materials and Methods

2.1. Participants

We retrospectively reviewed consecutive patients with acute stroke who underwent
EVT for intracranial large artery occlusion in the anterior circulation between January
2016 and April 2020. All patients had been registered to a prospectively maintained
registry of a tertiary stroke center. EVT was considered for patients who met the following
criteria: (1) Computed tomography (CT) angiography-confirmed, endovascularly accessible
intracranial occlusions associated with neurological symptoms; (2) in the earlier study
period, within 8 h from stroke onset; patients within 8–12 h were also considered if they
had an ASPECTS ≥ 7; (3) the eligibility criteria of the Diffusion and Perfusion Imaging
Evaluation for Understanding Stroke Evolution 3 (DEFUSE 3) and DWI or CTP Assessment
with Clinical Mismatch in the Triage of Wake-Up and Late Presenting Strokes Undergoing
Neurointervention with Trevo (DAWN) trials were applied to patients within 6–24 h from
stroke onset; and (4) initial National Institutes of Health Stroke Scale (NIHSS) score ≥ 4. We
also preferably performed EVT for patients with a premorbid modified Rankin Scale (mRS)
score ≤ 3. Patients eligible for intravenous tissue plasminogen activator treatment were
treated with 0.9 mg/kg tissue plasminogen activator. EVT procedures were performed
under local anesthesia. In most cases, a stent retriever was used as the front-line EVT
modality and a balloon-guiding catheter was routinely used. The detailed procedure is
described elsewhere [12].

We included patients with intracranial large vessel occlusion, which was defined
as occlusion of the intracranial internal carotid artery or middle cerebral artery M1 or
proximal M2 segment, and those in whom the occlusion was successfully recanalized by
EVT. Successful recanalization was defined as modified Thrombolysis in Cerebral Infarction
grade 2b or 3.

2.2. Imaging and Clinical Data

All patients underwent CT as soon as they arrived at the hospital. The pretreatment
CT scan included non-contrast CT images, CT angiography, and CT perfusion images.
To obtain the HIR, hypoperfusion lesion volumes were quantitatively assessed from CT
perfusion images using an automated software (RAPID, iSchemaView, Menlo Park, CA,
USA). The lesion volume was measured by a stroke neurologist without any manual
correction. The HIR was calculated as the ratio of the lesion volume with Tmax > 10 s to
Tmax > 6 s [7].

Data on all variables used in this study were collected from the prospective registry
of patients with acute stroke. The functional outcome was assessed based on the mRS
score at 3 months after stroke onset and was primarily evaluated by stroke neurologists
during the patient’s routine clinical follow-up at 3 months ± 2 weeks. If a patient was
unable to present to the follow-up appointment, a stroke neurologist or a trained nurse
interviewed the patient or their family via telephone to determine the mRS score using
a standard questionnaire. A favorable outcome was defined as an mRS score of 0–2.
Intracerebral hemorrhage (ICH) was assessed on follow-up CT or magnetic resonance
images obtained 24 ± 6 h after EVT. The assessment of ICH was based on the consensus
of stroke neurologists, neurointerventionalists, and neuroradiologists during the regular
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stroke conference. The determination of ICH was immediately entered into the prospective
registry. ICH was regarded as symptomatic if the patient’s NIHSS score increased by ≥ 4
according to the European Cooperative Acute Stroke Study III [13].

The ASPECTS was reassessed by two independent neurointerventionalists and stroke
neurologists [14], who only had access to the initial non-contrast CT images and who were
completely blinded to any endovascular outcome and clinical information, except for the
lesion side. The interrater agreement for the ASPECTS was good (intraclass correlation
coefficient, 0.657). Discrepancies in the assessment of cases were resolved by consensus.

2.3. Statistical Analysis

Based on the study hypotheses, we performed the following analyses step by step.
First, to evaluate the association between the HIR and clinical outcomes, patients were
assigned to the favorable outcome group or the unfavorable outcome group. Then, (1) HIR
values were compared among groups along with patient demographics, risk factors for
stroke, clinical and radiological severity of stroke, and symptomatic ICH. Student’s t-test,
the Mann–Whitney U test, the chi-square test, and Fisher’s exact test were used for group
comparisons. (2) We calculated the optimal cut-off point of the HIR for a favorable outcome
using the Youden index. Through the receiver operating characteristic curve analysis, the
area under the curve was also calculated. (3) To quantify the association between the HIR
and a favorable outcome, we performed univariable binary logistic regression analyses for
a favorable outcome. Multivariable analysis was also performed to identify whether the
HIR was an independent variable for a favorable outcome. Variables with a p-value of < 0.1
in univariable analyses were entered in the multivariable model.

Second, to evaluate whether the HIR can modify the effect of the well-established out-
come determinants (the ASPECTS and onset-to-recanalization time) on clinical outcomes,
the HIR was dichotomized into low and high by its optimal cut-off point for a favorable
outcome. According to the low HIR group and the high HIR group, the association be-
tween the ASPECTS and a favorable outcome was analyzed by logistic regression analyses.
The association between onset-to-recanalization time and a favorable outcome was also
analyzed in the same way. We also plotted regression curves by combining the HIR, the
ASPECTS, onset-to-recanalization time, and a favorable outcome. For this, patients were
assigned to one of the four groups according to the HIR and ASPECTS: (1) the low HIR
and small core (ASPECTS ≥ 8) group, (2) the low HIR and large core (ASPECTS < 8) group,
(3) high HIR and small core group, and (4) the high HIR and large core group. Regression
curves of onset-to-recanalization time for a favorable outcome in the respective groups
were compared.

A p-value of < 0.05 was considered statistically significant for 95% confidence intervals
(CIs). All statistical analyses were performed using R software (version 4.0.1, The R
Foundation, r-project.org, Vienna, Austria).

3. Results

Of the 188 patients who underwent successful recanalization of intracranial large
vessel occlusion, perfusion images of 26 (13.9%) were not analyzable due to poor quality,
including motion artifacts (n = 24) and undetectable Tmax > 6 s perfusion lesions (n = 2).
A total of 162 patients (mean age, 70.7 ± 12.8 years; male, 51.9%) who met the inclu-
sion criteria were analyzed (Figure 1). The median imaging-to-recanalization time was
126.0 min (interquartile range [IQR], 97.0–153.5). The mean lesion volumes of Tmax > 6 s and
Tmax > 10 s were 160.8 mL (IQR, 104.2–205.2) and 80.3 mL (IQR, 30.3–136.0), respectively.
The median HIR value was 0.51 (IQR, 0.29–0.68).
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Figure 1. Patients selection flow chart.

3.1. Association between the HIR and Clinical Outcomes

Of the patients included, 85 (52.5%) patients had a favorable outcome. The median
HIR value was significantly lower in patients with a favorable outcome than those with
an unfavorable outcome (0.45 [IQR, 0.15–0.54] vs. 0.60 [IQR, 0.44–0.73]; p < 0.001; Table 1).
The optimal cut-off point of the HIR for a favorable outcome was 0.54 (sensitivity, 63.6%;
specificity, 74.1%). The area under the curve of the HIR to predict a favorable outcome was
0.728 (95% CI, 0.651–0.805; p < 0.001).

In univariable logistic regression analysis, the HIR was significantly associated with
a favorable outcome (odds ratio [OR], 0.69 per 0.1; 95% CI, 0.59–0.81; p < 0.001; Figure 2),
although it was not an independent factor for a favorable outcome after adjustment (ad-
justed OR [aOR], 0.84 per 0.1; 95% CI, 0.68–1.03; p = 0.094; Model 1 in Table 2). We found
that the HIR was significantly correlated with the ASPECTS (correlation coefficient, −0.49;
p < 0.001; Figure 3). Considering the collinearity, the HIR was independently associated
with a favorable outcome in a model without the ASPECTS (aOR, 0.76 per 0.1; 95% CI,
0.62–0.92; p = 0.006; Model 2 in Table 2).
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Table 1. Comparison of clinical variables and hypoperfusion intensity ratio between patients with and without favor-
able outcome.

Variables
All Patients

(n = 162)
Favorable Outcome

(n = 85)
Unfavorable Outcome

(n = 77)
p-Value

Age 70.7 (± 12.8) 67.6 (± 12.9) 74.1 (± 11.8) 0.001
Sex, male 84 (51.9) 48 (56.5) 36 (46.8) 0.216

Hypertension 122 (75.3) 65 (76.5) 57 (74.0) 0.719
Diabetes 75 (46.3) 31 (36.5) 44 (57.1) 0.008

Hypercholesterolemia 77 (47.5) 39 (45.9) 38 (49.4) 0.659
Smoking 31 (19.1) 21 (24.7) 10 (13.0) 0.058

Coronary artery disease 29 (17.9) 19 (22.4) 11 (14.3) 0.187
Atrial fibrillation 80 (49.4) 38 (44.7) 42 (54.5) 0.211

Occlusion site 0.406
Internal carotid artery 64 (39.5) 31 (36.5) 33 (42.9)
Middle cerebral artery 98 (60.5) 54 (63.5) 44 (57.1)

Initial NIHSS score 15.0 [11.0; 19.8] 12.0 [7.0; 16.0] 19.0 [15.0; 20.0] <0.001
Use of intravenous tPA 78 (48.1) 50 (58.8) 28 (36.4) 0.004

ASPECTS 7.0 [5.0; 9.0] 8.0 [7.0; 9.0] 6.0 [4.0; 7.0] <0.001
Onset-to-recanalization, min 298.5 [197.0; 583.5] 274.0 [190.0; 434.0] 336.0 [212.0; 674.0] 0.045

Symptomatic ICH 10 (6.2) 4 (4.7) 6 (7.8) 0.520
Volume of rCBF < 30% (mm3) 33.7 (± 53.6) 12.0 (± 21.7) 57.6 (± 66.7) <0.001
Volume of Tmax > 6 s (mm3) 160.8 (± 76.7) 140.4 (± 67.6) 183.2 (± 80.2) <0.001

Hypoperfusion intensity ratio 0.51 [0.29; 0.68] 0.45 [0.15; 0.54] 0.60 [0.44; 0.73] <0.001

Values in parentheses represent the standard deviation (±) or number of patients (%); brackets represent first and third quartiles, respectively.
NIHSS, National Institutes of Health Stroke Scale; tPA, tissue plasminogen activator; ASPECTS, Alberta Stroke Program Early Computed
Tomography Score; ICH, intracerebral hemorrhage; rCBF, relative cerebral blood flow.

Table 2. Multivariable analyses for a favorable outcome.

Variables
Model 1

p-Value
Model 2

p-Value
aOR (95% CI) aOR (95% CI)

Age 0.97 (0.94–1.01) 0.153 0.98 (0.94–1.01) 0.171
Diabetes 0.95 (0.40–2.25) 0.899 0.77 (0.34–1.76) 0.531
Smoking 2.35 (0.75–7.37) 0.142 1.74 (0.59–5.14) 0.314

Initial NIHSS score 0.81 (0.74–0.89) <0.001 0.82 (0.74–0.90) <0.001
Use of intravenous tPA 2.72 (1.06–6.97) 0.037 2.66 (1.07–6.65) 0.036

ASPECTS 1.33 (1.10–1.61) 0.003
Onset-to-recanalization time (per 30 min) 0.97 (0.93–1.00) 0.086 0.96 (0.93–1.00) 0.069

Hypoperfusion intensity ratio (per 0.1) 0.84 (0.68–1.03) 0.094 0.76 (0.62–0.92) 0.006

aOR, adjusted odds ratio; CI, confidence interval; NIHSS, National Institutes of Health Stroke Scale; tPA, tissue plasminogen activator;
ASPECTS, Alberta Stroke Program Early Computed Tomography Score.

Figure 2. Association between the hypoperfusion intensity ratio and a favorable outcome.
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Figure 3. Association between hypoperfusion intensity ratio and Alberta Stroke Program Early CT
Score (ASPECTS).

3.2. Association between the ASPECTS, Onset-To-Recanalization Time, and Clinical Outcomes
According to the HIR

Based on the optimal cut-off point of the HIR for a favorable outcome, 91 (56.2%)
patients were assigned to the low HIR group (HIR < 0.54). The effect of the ASPECTS and
onset-to-recanalization time on a favorable outcome was different between the low and
high HIR groups. In the low HIR group, only the initial NIHSS score was associated with a
favorable outcome. The ASPECTS (aOR, 1.20; 95% CI, 0.92–1.56; p = 0.178) and onset-to-
recanalization time (aOR, 0.97 per 30 min; 95% CI, 0.94–1.01; p = 0.194) were not significantly
associated with a favorable outcome (Table 3; Figure 4A,B). In contrast, in the high HIR
group, the ASPECTS was an independent factor for a favorable outcome (aOR, 1.49; 95%
CI, 1.09–2.03; p = 0.012). Although onset-to-recanalization time was not independently
associated with a favorable outcome (OR, 0.92 per 30 min; 95% CI, 0.79–1.07; p = 0.283)
in the high HIR group, the probability of a favorable outcome decreased sharply when
onset-to-recanalization time was relatively short (Figure 4B). As a whole, 3-dimensional
regression planes showed that the probability of a favorable outcome was still above 20%
even under the lower ASPECTS and longer onset-to-recanalization time in the low HIR
group (Figure 5). In contrast, the combined probability of a favorable outcome was sharply
decreased as the ASPECTS and onset-to-recanalization time changed in the high HIR group.

Table 3. Effects of the Alberta Stroke Program Early Computed Tomography Score (ASPECTS) and onset-to-recanalization
time on a favorable outcome in the low hypoperfusion intensity ratio (HIR) group and the high HIR group.

Variables

Low HIR Group
(n = 91) p-Value

High HIR Group
(n = 71) p-Value

aOR (95% CI) aOR (95% CI)

Age 0.96 (0.92–1.01) 0.137
Diabetes 0.26 (0.07–1.01) 0.051
Smoking 2.70 (0.42–17.6) 0.298

Initial NIHSS score 0.82 (0.73–0.93) 0.002 0.80 (0.68–0.95) 0.010
Use of intravenous tPA 2.34 (0.67–8.16) 0.182 4.27 (0.76–23.9) 0.098

ASPECTS 1.20 (0.92–1.56) 0.178 1.49 (1.09–2.03) 0.012
Onset-to-recanalization time (per 30 min) 0.97 (0.94–1.01) 0.194 0.92 (0.79–1.07) 0.283

aOR, adjusted odds ratio; CI, confidence interval; NIHSS, National Institutes of Health Stroke Scale; tPA, tissue plasminogen activator;
ASPECTS, Alberta Stroke Program Early Computed Tomography Score.
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Figure 4. Influence of the Alberta Stroke Program Early CT Score (ASPECTS) and onset-to-recanalization time on clinical
outcomes based on the hypoperfusion intensity ratio (HIR). (A) Although the ASPECTS was not significantly associated
with a favorable outcome in the low HIR group (p = 0.178), it was an independent factor for a favorable outcome in the
high HIR group (p = 0.012). (B) For patients with a high HIR, the chances of a favorable outcome sharply decrease when
the onset-to-recanalization time is relatively short. (C) Considering both the HIR and ASPECTS, patients with a low HIR
(<0.54) and small core (ASPECTS ≥ 8) have the best clinical outcome in all ranges of onset-to-recanalization time (p < 0.05).
In contrast, patients with a high HIR (≥ 0.54) and large core (ASPECTS < 8) have the worst outcome in all ranges of
onset-to-recanalization time. Patients with a high HIR and small core have a more favorable outcome than those with a low
HIR and large core when onset-to-recanalization time is relatively short. However, for patients with a high HIR and small
core, the chance of a favorable outcome decreases more drastically with the course of time and then finally reverses from a
particular point of onset-to-recanalization time.
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Figure 5. The probability of a favorable outcome according to Alberta Stroke Program Early CT Score (ASPECTS) and
onset-to-recanalization time in the low hypoperfusion intensity ratio (HIR) group (A) and the high HIR group (B). (A)
In the low HIR group, the probability of a favorable outcome was still above 20% even under the lower ASPECTS and
longer onset-to-recanalization time. (B) The probability of a favorable outcome was sharply decreased as the ASPECTS and
onset-to-recanalization time changed in the high HIR group.

Based on the HIR and ASPECTS, 55 (34.0%) patients had a low HIR and small core,
12 (7.4%) patients had a high HIR and small core, 36 (22.2%) patients had a low HIR
and large core, and 59 (36.4%) patients had a high HIR and large core. The decreasing
trend of a favorable outcome was significantly different between the groups (p < 0.05).
Patients with a low HIR and small core had the highest probability of a favorable outcome
throughout the study period, while patients with a high HIR and large core had the lowest
probability. Patients with a high HIR and small core had a more favorable outcome than
those with a low HIR and large core when the onset-to-recanalization time was relatively
short. However, their clinical outcomes were reversed after the onset-to-recanalization
time of 493 min since the probability of a favorable outcome decreased substantially in
patients with a high HIR and small core (Figure 4C).

4. Discussion

In this study, we found that clinical outcomes were substantially different based on the
HIR value. A low HIR led to a favorable outcome even in cases with a low ASPECTS and
longer onset-to-recanalization time. In contrast, in patients with a high HIR, the ASPECTS
was still important for clinical outcome. In addition, the chance of a favorable outcome
drastically decreased when the onset-to-recanalization time was relatively short in the high
HIR group. Although a study simply reported the association between the HIR and the
clinical outcome [7], our study showed more specifically that the probability of a favorable
outcome based on the onset-to-recanalization time and the ASPECTS was clearly disparate
according to the HIR. The HIR might be an ancillary preprocedural marker to predict the
clinical outcomes after EVT.

The collateral nature of HIR was more clearly observed in patients with a high HIR
and small core. They had a more favorable outcome than patients with a large core in the
shorter onset-to-recanalization time, where the clinical outcome was mainly determined
by their core size. However, in the high HIR group, clinical outcome was less favorable
despite a small core. Patients with good collaterals could have a favorable outcome even
with a longer onset-to-recanalization time; however, the probability of a favorable outcome
was substantially reduced in patients with poor collaterals [5]. In addition, the effect
of rapid recanalization on a favorable outcome was deliberated in patients with good
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collaterals, similar to that seen in the low HIR group in our study. In the same manner, it
appears that a low HIR may also have a favorable effect on infarct development and its
progression. In a previous study, a high HIR was significantly associated with greater infarct
growth [7,15–17]. Our study showed that the HIR alone was an independent factor for a
favorable outcome in the multivariable model without considering the ASPECTS. After
adjusting the ASPECTS, the HIR was not an independent factor for a favorable outcome,
which would be mainly because of tight correlation between the HIR and the ASPECTS.

Specific perfusion deficit volumes—for examples, ischemic core volume (relative
cerebral blood flow < 30%) and penumbral volume (Tmax > 6 s) can be associated with
clinical outcome. In fact, also in this study, ischemic core volume was independently
associated with a favorable outcome, as ASPECTS does. Although such a perfusion
parameter is still important in determining clinical outcome, HIR seems still valuable
in clinical practice. Along with the common perfusion deficit parameters, HIR could be
one of the influencing factors for clinical outcome. Based on its collateral nature, HIR
might differentially affect clinical outcome even under the similar ischemic core status or
onset-to-recanalization time.

Calculation of the HIR can be clinically advantageous compared to the evaluation of
the collateral status, a typical marker reflecting hypoperfusion severity. First, although
the assessment of collateral status is easy to perform on pretreatment CT angiography
images, quantifying the collateral status are inconsistent and may be qualitative or merely
categorical. Most importantly, the evaluation of the collateral status is subjective and
reviewer dependent. In contrast, the HIR is more objective in nature. The use of an
automated software for the calculation of the HIR can minimize the potential interrater
variability and is associated with greater generalization capacity. In addition, the HIR is
essentially quantitative as a continuous value, which enables quantitative analysis and can
reveal subtle differences in hypoperfusion severity. Furthermore, the HIR can be assessed
even in a magnetic resonance-based eligibility strategy. Typical CT angiography-based
collateral assessment methods cannot be applied to time-of-flight magnetic resonance
angiography. However, the HIR can be calculated with perfusion-weighted images taken
using the magnetic resonance technique; thus, its use may be more generalizable. Second,
based on the specific cut-off point for a favorable outcome, the HIR may constitute a
clinical element that can be used to determine EVT eligibility. In a retrospective study,
patients eligible for EVT had a more favorable HIR value than those ineligible for EVT [18].
The HIR may also be a dependable eligibility factor in interfacility transfer since the HIR
can significantly predict future infarct growth [8]. According to the recent guidelines
for EVT, perfusion imaging with lesion volume analysis has been widely performed to
determine the EVT eligibility. Unlike the earlier situation where simple neuroimaging
is favored, advanced neuroimaging, including software-based lesion volume analysis,
has been increasingly used for EVT eligibility since the DEFUSE 3 and DAWN trials.
Although lesion volume analysis is not available in all stroke centers, it is becoming
increasingly popular.

In previous studies, a cut-off point of the HIR to predict a favorable functional outcome
were not calculated; the cut-off points of the HIR for the collateral status and infarct growth
were calculated as 0.40 and 0.50, respectively [7–9]. Most studies merely dichotomized
the HIR by its median value, with a range of 0.30–0.45, to evaluate the association of the
dichotomized HIR value with the fluid-attenuated inversion recovery (FLAIR) hyperintense
vessel sign, infarct growth, or first-pass effect in mechanical thrombectomy [7,19–21]. In
these studies, a median HIR value of <0.40 was significantly associated with a positive
outcome [7]. In our study, the cut-off point of the HIR for a favorable outcome was
calculated as 0.54, which was higher than the 0.40 value, although direct comparison is
limited. This may be due to the fact that our study included only patients who underwent
successful recanalization. Successful recanalization may give a more favorable clinical
outcome in patients with higher HIR values than those with lower HIR values.
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This study has several limitations. First, this study was performed retrospectively
using prospectively collected data on consecutive patients diagnosed with acute ischemic
stroke. The treatment eligibility criteria and protocol were revised during the study period
according to the guidelines. Furthermore, the study results from a single center can limit
generalizability. Although the HIR value was a rather objective finding obtained from an
automated software, the cut-off point of the HIR for a favorable outcome and its significance
may be limited to the specific study population. Thus, the results of this study should
be interpreted with caution. Second, we evaluated the significance of the HIR only in
patients who underwent successful recanalization; however, considering its collateral
nature, the HIR may also influence the clinical outcomes in cases of EVT failure, because
good collaterals were significantly associated with a favorable outcome even for patients in
whom recanalization was unsuccessful [22]. Further studies are needed to demonstrate
that the HIR could be a marker in case of EVT failure and to validate the current cut-off in
that group.

5. Conclusions

The HIR was associated with clinical outcomes in patients who underwent successful
recanalization using EVT. Specifically, a low HIR was associated with a favorable outcome.
EVT might need to be considered for patients with a low HIR despite the relatively unfa-
vorable ischemic core status and time profile. Further prospective studies are needed to
establish the EVT eligibility criteria based on HIR.
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Abstract: Background: This study was to evaluate the correlation of the hypoperfusion intensity ratio
(HIR) with the collateral score from multiphase computed tomography angiography (mCTA) among
patients with large vessel stroke. Method: From February 2019 to May 2020, we retrospectively
reviewed the patients with large vessel strokes (intracranial carotid artery or proximal middle cerebral
artery occlusion). HIR was defined as a Tmax > 10 s lesion volume divided by a Tmax > 6 s lesion
volume, which was calculated by automatic software (Syngo.via, Siemens). The correlation between
the HIR and mCTA score was evaluated by Pearson’s correlation. The cutoff value predicting the
mCTA score was evaluated by receiver operating characteristic analysis. Result: Ninety-four patients
were enrolled in the final analysis. The patients with good collaterals had a smaller core volume
(37.3 ± 24.7 vs. 116.5 ± 70 mL, p < 0.001) and lower HIR (0.51 ± 0.2 vs. 0.73 ± 0.13, p < 0.001) than
those with poor collaterals. A higher HIR was correlated with a poorer collateral score by Pearson’s
correlation. (r = −0.64, p < 0.001). The receiver operating characteristic (ROC) analysis suggested that
the best HIR value for predicting a good collateral score was 0.68 (area under curve: 0.82). Conclusion:
HIR is a good surrogate of collateral circulation in patients with acute large artery occlusion.

Keywords: hypoperfusion index ratio; collateral circulation; collateral scoring; CTA; CTP;
large vessel occlusion

1. Introduction

Evaluating pial (leptomeningeal) collateral status is of great importance in predicting
the evolution of infarction [1], predicting the prognosis of acute ischemic stroke [2], and
selecting eligible patients for endovascular thrombectomy (EVT) [3]. Leptomeningeal
collateral flow can be assessed by conventional angiography, computed tomography an-
giography (CTA) (including single-phase CTA, dynamic CTA, and multiphase CTA) and
magnetic resonance imaging (MRI) [4]. Different scoring systems have been proposed,
and most of them are semiquantitative measures [5]. In clinical practice, multiphase CTA
(mCTA) has become one of the most reliable and rapid techniques to visualize collateral
circulation [6]. However, there may be potentially an interrater difference in reading the
result of mCTA and obtaining collateral scores on mCTA in real-world setting.

Along with mCTA, computed tomography perfusion (CTP) plays a role in decision
making regarding the management of acute stroke, especially before EVT [7]. The develop-
ment of automatic postprocessing software for CTP gives physicians more quantitative and
rapid measures to evaluate the infarct core and potentially salvageable tissue. Calculated by
automatic software, the hypoperfusion intensity ratio (HIR) was defined as the Tmax > 10 s
lesion volume (Tmax10) divided by the Tmax > 6 s lesion volume (Tmax6) [8]. The HIR has
been shown to predict the rate of infarct growth and functional outcome at 90 days after
stroke in the DEFUSE 2 cohort; thus, it is thought to be a clinical parameter that evaluates
the degree of collateral circulation [8]. In another retrospective study, patients who met
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the American Heart Association guidelines for thrombectomy were more likely to have a
lower HIR [9].

A recent study showed that HIR was correlated with collateral circulation in digital
subtraction angiography (DSA), suggesting a cutoff value (HIR < 0.4) as the best prediction
for good DSA collaterals [10]. There may be a correlation between collateral scores on
mCTA and HIR, but the cutoff value of HIR for the prediction of good collaterals on mCTA
may be different from the cutoff value to predict good DSA collaterals.

On the other hand, the studies above all used RAPID software (iSchemaView, Menlo
Park, CA, USA) as postprocessing software. Although other software programs have
been developed and have shown some degree of agreement with RAPID [11,12], no study
has demonstrated that the HIR calculated by other automatic software correlates with
collateral status.

In this study, we aimed to establish the association between the HIR calculated by
Syngo.via and the collateral score by mCTA and determine the best cutoff value for pre-
dicting good collaterals on mCTA.

2. Materials and Methods

2.1. Patient Inclusion, Population, and Clinical Data

National Cheng Kung University Hospital (NCKUH) is a 1320-bed tertiary medical
center in southern Taiwan that can provide intravenous tissue plasminogen activator injec-
tion (IV-tPA) and endovascular thrombectomy (EVT). Between 800 and 900 patients with
acute ischemic stroke are admitted to our stroke ward annually. As a participating hospi-
tal of the nationwide Taiwan Stroke Registry (TSR) [13], NCKUH has been maintaining
prospective stroke registries according to the TSR protocol since 2006. Our comprehensive
stroke center prospectively enrolls patients who present to our hospital within 10 days after
stroke onset and receive CT and/or MRI for the index stroke. The patients’ demographic
characteristics and medical history were recorded according to a predefined system.

In this study, we retrospectively identified consecutive patients receiving CTA and
CTP scans on arrival at our emergency department for acute stroke management between
February 2019 and May 2020. By assessing each patient’s CTA data, we enrolled patients
with occlusions in either the internal carotid artery (ICA) or the M1 and M2 branches
of the middle cerebral artery (MCA). Patients without large vessel occlusion (LVO) or
with occlusion in the anterior cerebral artery (ACA), posterior cerebral artery (PCA),
posterior circulation, or multiple sites were excluded because the collateral scores were
non applicable. The demographic data, last known well time or onset time, initial National
Institutes of Health Stroke Scale (NIHSS) score, comorbidities, details of IV-tPA and/or EVT,
and modified Rankin scale (mRS) at discharge, were obtained from our registry system.

All patients needed to complete written consents prior to receive brain imaging. This
study was approved by the Institutional Review Board of National Cheng Kung University
Hospital (B-ER-109192).

2.2. Multiphase Computed Tomography Angiography Collateral Score, Hypoperfusion Intensity
Ratio, and the Eligibility of EVT

The mCTA protocol was described in a previous study [6]. In brief, three phases (peak
arterial phase, peak venous phase, and late venous phase) of consecutive scanning with an
interval of 8 s were obtained, allowing for time-resolved assessment. The mCTA collateral
scores (range from 0 to 5) are defined as follows: Grade 5—no filling delay compared to
the asymptomatic contralateral hemisphere, normal pial vessels in the affected hemisphere;
Grade 4—a filling delay of one phase in the affected hemisphere, but the extent and
prominence of pial vessels is the same; Grade 3—a filling delay of two phases in the
affected hemisphere, or a delay of one phase with a significantly reduced number of vessels
in the ischemic territory; Grade 2—a filling delay of two phases in the affected hemisphere
with a significantly reduced number of vessels in the ischemic territory, or one phase delay
showing regions without visible vessels; Grade 1—only a few vessels are visible in the
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affected hemisphere in any phase; Grade 0—no vessels visible in the affected hemisphere
in any phase.

The mCTA collateral scores were independently assessed by two raters (Wang C-M
and Chang Y-M). Those results with different mCTA collateral scores were further discussed
at the research conference by these two raters. A final mCTA collateral score was given
after discussion and agreement. An mCTA collateral score of 3 or lower indicates poor
collateral status [14].

The CTP images were postprocessed by the software Syngo.via CT Neuro Perfusion
(version VB30 HF03; Siemens Healthcare, Erlangen, Germany). Tmax is defined as the time
to maximum of the residue function obtained by deconvolution [15]. The volume of the
ischemic core, penumbra and perfusion mismatch were automatically calculated based on
cerebral blood flow (<30%) and Tmax (>6 s) lesion volume. The HIR was defined as the
Tmax > 10 s lesion volume divided by the Tmax > 6 s lesion volume.

The eligibility criteria of EVT at our site are mainly based on the guidelines from the
American Heart Association/American Stroke Association (AHA/ASA) [16] and Taiwan
Stroke Society [17]. In brief, for patients with LVO within 6 h of stroke onset and an Alberta
stroke program early CT score (ASPECTS) ≥ 6, EVT was considered unless patients had
poor baseline conditions, such as a pre-mRS score greater than 2, terminal cancer status,
unstable vital signs or multiple comorbidities. Perfusion imaging may provide complemen-
tary information alongside CTA for neurointerventionists, especially for patients within 6
h to 24 h of last known normal. For those patients, EVT was considered case by case based
on the criteria of the DAWN [18] or DEFUSE 3 trial [19].

2.3. Outcome and Statistical Analysis

The continuous variables (age, NIHSS score, time after stroke onset, HIR, mCTA
collateral score, ischemic core, penumbra, and perfusion mismatch volume) are expressed
as the means ± standard deviation (SD) or median, quartiles and interquartile range (IQR).
The nominal variables (medical history of comorbidity and medication, occlusion sites,
IV-tPA and EVT) were summarized as frequency descriptive analyses. The interrater
reliability of mCTA score was measured by using Cohen’s kappa coefficient.

The subjects were divided into subgroups based on the mCTA collateral score (good
collaterals (scores 4–5) vs. poor collaterals (scores 0–3)). Univariate analyses were per-
formed to compare the age, initial stroke severity assessed by initial NIHSS score, ischemic
core volume, penumbra volume, perfusion mismatch volume and perfusion ratio between
groups by using independent T-test or Mann–Whitney U-test; the sex, comorbidity, medi-
cation history, treatment with IV-tPA or EVT, and post-EVT TICI score between groups by
using Pearson’s chi-squared test. The correlation between the HIR and mCTA collateral
score was calculated using Pearson’s correlation. Statistical tests are considered significant
at a < 0.05 level. Receiver operating characteristic (ROC) curve analysis was performed to
determine an HIR threshold for predicting good collaterals, which was defined as mCTA
collateral scores of 4–5.

3. Results

From February 2019 to May 2020, 341 patients with acute ischemic stroke underwent
CTA and CTP at NCKUH. After excluding those without LVO (n = 153), those with stroke
in the posterior circulation and PCA territory (n = 56), those in the ACA territory (n = 9),
those with bilateral or multiple occlusion sites (n = 3) and those with poor image quality
(e.g., failure to be processed by software, poorly enhanced vessels, severe motion artifacts,
etc.) or missing data (n = 26), 94 patients were enrolled in the final analysis (male/female:
n = 59/36) (Figure 1). The mean age was 72 (SD: 12.9, range: 30–94), and the median NIHSS
score was 21 (IQR: 14–27). The occlusion sites were at the ICA (n = 23), M1 (n = 42) and M2
(n = 29). The median HIR was 0.65 (IQR: 0.47–0.74), and the median mCTA score was 4
(IQR: 2–4). The mCTA score showed substantial agreement between the two raters with a
kappa value of 0.64.
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Figure 1. The flow chart of enrollment. CTP, computed topography perfusion; mCTA, multiphase
computed topographic angiography; ACA anterior cerebral artery; ICA, internal carotid artery;
M1/M2, M1, and M2 segments of the middle cerebral artery.

There were no significant differences in age, sex, history of hypertension, diabetes
mellitus, coronary artery disease, congestive heart failure, prior antiplatelet or anticoag-
ulant use, or tobacco use between patients with good and poor collaterals (Table 1). The
patients with good collaterals had significantly lower stroke severity (median NIHSS = 14,
IQR: 10–21) than those with poor collaterals (median NIHSS = 25, IQR: 21–30, p < 0.001).
There were also more patients with good collaterals receiving IV-tPA (44.2% versus 16.7%,
p = 0.004). There were no significant differences in the percentage of patients receiving EVT
between the two groups.

Table 1. Demographic characteristics of patients with poor collaterals (score 0–3) and good collaterals
(score 4–5) based on multiphase CT angiography collateral score in acute ischemic stroke.

Characteristics
All

(n = 94)
Poor Collaterals

(n = 42)
Good Collaterals

(n = 52)
p Value

Age (years) (mean (SD)) 71.9 (12.9) 73.0 (11.3) 71.0 (14.1) 0.439

Male 55 (58.5%) 23 (54.8%) 32 (61.5%) 0.507

Medical history

Hypertension 71 (75.5%) 32 (76.2%) 39 (75%) 0.894

Diabetes Mellitus 35 (37.2%) 15 (35.7%) 20 (38.5%) 0.784

Hyperlipidemia 64 (68.1%) 25 (59.5%) 39 (75%) 0.110

Atrial fibrillation 42 (44.7%) 24 (57.1%) 18 (34.6%) 0.029

Coronary artery disease 19 (20.2%) 12 (28.6%) 7 (13.5%) 0.070
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Table 1. Cont.

Characteristics
All

(n = 94)
Poor Collaterals

(n = 42)
Good Collaterals

(n = 52)
p Value

Congestive heart failure 10 (10.6%) 7 (16.7%) 3 (5.8%) 0.088

Prior AP 25 (26.9%) 11 (26.2%) 14 (26.9%) 0.936

Prior AC 13 (13.8%) 7 (16.7%) 6 (11.5%) 0.474

Smoker 24 (25.8%) 7 (16.7%) 17 (33.3%) 0.095

Initial NIHSS
(median (IQR)) 20.5 (14–27) 25 (21–30) 14 (10–21) <0.001

Lesion site 0.021

ICA 23 (24.5%) 11 (26.2%) 12 (23.1%)

M1 42 (44.7%) 24 (57.1%) 18 (34.6%)

M2 29 (30.9%) 7 (16.7%) 22 (42.3%)

Initial SBP (mmHg)
(median (IQR))

152.5
(137.75–171.25) 154 (137–180) 151.5(137.5–167.75) 0.451

IV-tPA 30 (31.9%) 7 (16.7%) 23 (44.2%) 0.004

EVT 32 (34.0%) 12 (28.6%) 20 (38.5%) 0.314

Onset to ER
(median (IQR)) 154 (61–311.75) 172.5

(123–277.75) 111.50 (37.5–364.25) 0.050

Onset to CTP
(median (IQR))

40.50
(23.75–75.25) 30.50 (20–49.5) 52 (31.50–82.75) 0.005

NIHSS, National Institutes of Health Stroke Scale; ICA, internal carotid artery; M1/M2, M1, and M2 segments of
the middle cerebral artery; EVT, endovascular thrombectomy; CTP, computed tomography perfusion.

The patients with good collaterals had smaller cores (37.3 ± 24.7 vs. 116.5 ± 70 mL,
p < 0.001) and Tmax6 (120 ± 64.9 vs. 203.5 ± 88 mL, p < 0.001) and Tmax10 volumes
(59.2 ± 31.1 vs. 152 ± 82.6 mL, p < 0.001) and lower HIRs (0.51 ± 0.2 vs. 0.73 ± 0.13,
p < 0.001), as well as lower mRS scores (2 (IQR: 1–3.75) vs. 5 (IQR: 2–6), p = 0.02) at
discharge (Table 2).

Table 2. Core volume, Tmax > 6- and 10-s lesion volume, hypoperfusion index ratio (HIR) and
modified Rankin scale (mRS) at discharge in patients with poor collaterals (score 0–3) and good
collaterals (score 4–5) based on the multiphase CT angiography collateral score.

Characteristics
All

(n = 94)
Poor Collaterals

(n = 42)
Good Collaterals

(n = 52)
p Value

Core volume (mL) (SD) 72.7 (63.7) 116.5 (70.0) 37.3 (24.7) <0.001

Tmax > 6 volume (mL) (SD) 157.3 (86.4) 203.5 (88.0) 120.0 (64.9) <0.001

Tmax > 10 volume (mL) (SD) 100.7 (75.2) 152.0 (82.6) 59.2 (31.1) <0.001

HIR (SD) 0.61 (0.20) 0.73 (0.13) 0.51 (0.20) <0.001

Discharge mRS (IQR) 4 (1.25–5) 5 (2–6) 2 (1–3.75) 0.021
HIR, hypoperfusion intensity ratio.

A higher HIR was correlated with a poorer collateral score by Pearson’s correlation
(r = −0.64, p < 0.001) (Figure 2). The ROC analysis suggested that the best value for
predicting a good collateral score was 0.68, with a sensitivity of 0.76, specificity of 0.81, and
area under the curve of 0.82 (Figure 3).
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Figure 2. Scatter plot of hypoperfusion index (HIR) and multiphase CT angiography (mCTA)
collateral score. Pearson’s r = –0.64, p < 0.001.

 

Figure 3. Receiver operating characteristic (ROC) analysis of the hypoperfusion index (HIR) to
predict good collateral by multiphase CT angiography (mCTA) collateral score (4 or 5). The best
predicted value of HIR was 0.68, with a sensitivity of 76%, specificity of 81% and area under curve
(AUC) of 0.82.
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4. Discussion

Our study found that the HIR is correlated with the mCTA collateral score in patients
with acute occlusions at the ICA, M1, or M2 segment of the MCA, with 0.68 being the best
value that predicts a good collateral score by Syngo.via CT Neuro Perfusion software.

In clinical practice, we may evaluate collateral status directly via CTA, and the collat-
eral scores were correlated with clinical outcomes, even with reperfusion by IV-tPA and
EVT [2,20,21]. However, there are some pitfalls in scoring the collateral status from CTA. It
is somehow subjective and rater-dependent, and the raters need to be trained to reduce the
interrater variability. Objective automatic software may be helpful in the clinical scenario
of managing acute ischemic stroke. HIR, automatically calculated by software, is defined
as Tmax10 divided by Tmax6. Tmax6 was shown to predict penumbra well in a previous
study [22], while Tmax10 was found to represent the most endangered tissue with ex-
tremely delayed perfusion [23]. HIR may be considered a quantitative measure of collateral
blood flow to the brain as “tissue-level collaterals”. One previous study demonstrated that
HIR was correlated with collateral circulation in DSA in patients during EVT [10]. Another
analysis of the SWIFT PRIME study also showed that collateral status was correlated with
relative blood volume and HIR by using RAPID software [24]. Our findings confirm the
concept of using HIR as an indicator for collateral circulation even with a different software
package and provide a particular cutoff value of HIR to predict good collateral status by
using Syngo.via software.

In the study mentioned above [8], the ROC analysis showed that an HIR > 0.4 had
a sensitivity of 0.66 and a specificity of 0.70 for predicting poor collateral flow. Another
study [10] also revealed that an HIR < 0.403 best predicted good angiographic collaterals
with a sensitivity of 0.79 and specificity of 0.56. Both reports used RAPID software. We
found that the cutoff value for predicting good collaterals in mCTA was 0.68 by using
Syngo.via software. This may result from the different algorithms of image processing and
chosen parameters in different software packages. A study reported that the infarct core
predicted by Syngo.via will meet good agreement with RAPID if changing the parameters
to CBV < 1.2 mL/100 mL and applying an additional smoothing filter [12], while another
study suggested that the predicted volume of the infarct core calculated by Syngo.via
could be concordant with RAPID if the relative cerebral blood flow threshold is changed to
<20% [25]. In the same study, when analyzed as a subgroup, in patients with LVOs (ICA
and M1 occlusion), there was no statistically significant difference between the calculated
values for the core and hypoperfusion volumes. To the best of our knowledge, there
have been no studies comparing and correlating the Tmax10 or HIR of the two software
packages. Further study is warranted to correlate the HIR acquired by different software
programs. Despite some difference in predicted volume of core and penumbra, Syngo.via
and RAPID software showed high concordance in correctly triaging patients into “go or
no-go” for EVT in real-world settings [26].

Potential delay may exist between activating the thrombectomy team and the actual
reperfusion time. Better collateral circulation may extend the survival period of the penum-
bra. A study showed that patients with good collaterals had a smaller infarct core and
higher mismatch ratio in ICA and M1/M2 occlusion and within 12 h of stroke onset [27]. In-
terestingly, in the DEFUSE 3 cohort, good collaterals were associated with reduced ischemic
core growth but not neurologic outcome in the late therapeutic window [28]. Another
study also showed that in patients with LVO who underwent endovascular intervention,
collateral status was strongly associated with MCA territory final infarct volumes but not
correlated with favorable outcomes at discharge [24]. The authors’ explanation was that
good collaterals preserved the watershed area of the ACA/MCA and MCA/PCA but had
no influence on certain critical brain regions (such as the precentral gyrus and the posterior
limb of the internal capsule), which have larger impacts on functional independence. On
the other hand, in the DEFUSE 2 cohort, final infarction volume increased in association
with HIR quartiles as well as infarct growth regardless of reperfusion. After adjusting for
the factor of early reperfusion, a favorable outcome was still associated with a low HIR [8].
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Therefore, by using HIR as a surrogate for “tissue-level collateral assessment”, a stroke
neurologist may have additional information to accelerate the patient selection of EVT
and predict the outcome. If our result is further validated in other independent database,
multiphase CTA may not be necessary in most of the cases because the HIR could already
represent the collateral status and even correlate prognosis better. Patients could benefit
from reduced exposure of radiation and contrast medium, and we may save more time
during pre-EVT evaluation.

There were some limitations of our study. First, this was a retrospective observational
study in a single medical center, and sampling bias was inevitable, although we collected
consecutive acute stroke patients who received CTA/CTP. Second, despite the specific
definition, the mCTA score is a subjective scoring system that may have interrater differ-
ences, and there are different scoring systems for collaterals in CTA [29], which are not
fully comparable. Third, we only included patients with acute stroke and large vessel
occlusion patients. Those with occlusion sites other than the ICA or MCA were excluded;
thus, the correlation of the mCTA score and HIR may not be reliable at other occlusion sites
or in post-acute stage of stroke. Fourth, the proportion of patients undergoing EVT was
comparable between good and poor collaterals in our study. This may be due to the higher
proportion of M2 occlusion in patients with good collaterals, and EVT in patients with M2
occlusions is optional at our sites. Fifth, the sensitivity and specificity of this threshold by
Syngo.via has not been validated in other independent database. Furthermore, the chronic
stenosis of large vessels, old stroke and poor cardiac output tremendously affect the image
quality of CTP. Therefore, the above conditions may interfere with the relationship between
collateral status and HIR. Last but not least, this study was performed in an Eastern Asian
population; thus, extrapolating our findings to other ethnicities must be done with caution.

5. Conclusions

In our study, we found that a lower HIR correlates with a good mCTA collateral core in
patients with occlusions in the ICA and M1 and M2 segments of the MCA. The best cutoff
value of HIR is 0.68 to predict good collaterals by Syngo.via. The HIR is a good surrogate of
tissue-level collateral status, even in different automatic software packages. However, the best
HIR cutoff value to predict good collaterals may be adjusted by different software programs.
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Abstract: While the penumbra zone is traditionally assessed based on perfusion–diffusion mismatch,
it can be assessed based on machine learning (ML) prediction of infarct growth. The purpose of this
work was to develop and validate an ML method for the prediction of infarct growth distribution
and volume, in cases of successful (SR) and unsuccessful recanalization (UR). Pre-treatment
perfusion-weighted, diffusion-weighted imaging (DWI) data, and final infarct lesions annotated
from day-7 DWI from patients with middle cerebral artery occlusion were utilized to develop and
validate two ML models for prediction of tissue fate. SR and UR models were developed from data in
patients with modified treatment in cerebral infarction (mTICI) scores of 2b–3 and 0–2a, respectively.
When compared to manual infarct annotation, ML-based infarct volume predictions resulted in an
intraclass correlation coefficient (ICC) of 0.73 (95% CI = 0.31–0.91, p < 0.01) for UR, and an ICC of 0.87
(95% CI = 0.73–0.94, p < 0.001) for SR. Favorable outcomes for mismatch presence and absence in
SR were 50% and 36%, respectively, while they were 61%, 56%, and 25%, respectively, for the low,
intermediate, and high infarct growth groups. The presented method can offer novel and alternative
insights into selecting patients for recanalization therapy and predicting functional outcome.

Keywords: stroke; ischemia; machine learning; cerebral infarction

1. Introduction

Measurement of ischemic core and penumbra volumes in acute ischemic stroke provides clinicians
with important clues for predicting clinical response after successful recanalization (SR) and selecting
patients for treatments, such as intravenous thrombolysis and endovascular therapy (EVT) [1–3].
Diffusion-weighted imaging (DWI) and perfusion-weighted imaging (PWI) in magnetic resonance
imaging (MRI) are neuroimaging modalities that can visualize the location and extent of ischemic
stroke lesions with high sensitivity and specificity. The target mismatch criteria help determine patient
selection for EVT and are evaluated using DWI and PWI lesion volumes [2].

Besides measurement of the PWI–DWI mismatch zone, estimation of infarct growth would
provide a direct approach to the prediction of penumbra areas and the final infarct lesion volume [4].
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There have been conflicting results on whether mismatch volume predicts infarct growth volume. It
was reported that the infarct growth volume was greater than the mismatch volume, and half of the
patients without target mismatch suffered from infarct growth regardless of the revascularization [5,6],
while a recent randomized trial of EVT showed a good correlation between the predicted infarct
volume and the 27-h infarct volume in target mismatch patients [7]. A clinical trial with a serial MRI
study reported that ischemic lesion volume increased, by various degrees, from baseline to 12 weeks in
untreated patients [8].

Machine learning (ML) has emerged as a promising methodology in acute stroke neuroimaging
to predict ischemic stroke growth by interpolation of shape representations [9], and to predict the
voxel-based tissue outcome [10,11] and the clinical outcome [12]. In particular, an ML method,
referred to as fully automated stroke tissue estimation using random forest classifiers (FASTER) [13],
showed potential to accurately predict final lesion volumes in cases of SR and unsuccessful
recanalization (UR). However, the study did not investigate the performance of ML-based infarct
growth estimation in comparison with target mismatch based on PWI–DWI mismatch volume and did
not evaluate the prediction of clinical outcomes according to ML-based infarct growth estimation.

In the present study, we investigated the feasibility of an ML-based tissue outcome prediction
technique using features derived from DWI and PWI data. Based on the ML method, we evaluated the
performance of predicting final infarct volumes and infarct growth in the SR and UR cases. We also
investigated how well the selection based on the ML-predicted infarct growth volume corresponded
with the target mismatch classification in actual infarct growth and functional outcome distributions.

2. Materials and Methods

2.1. Patients

This study included patients who were admitted to a university medical center between 5 June
2005 and 31 December 2016. The study inclusion criteria were as follows: (1) symptomatic middle
cerebral artery (MCA) occlusion, (2) MRI scan including DWI and PWI sequences prior to treatment
and including DWI at 7 days after symptom onset, and (3) baseline MRI within 6 h of symptom onset.

Patients were divided into two groups: UR and SR. The UR group consisted of patients with
modified treatment in cerebral infarction (mTICI) scores of 0–2a. The SR group consisted of patients
with mTICI scores of 2b–3. For patients treated with EVT, the mTICI score was determined based on
post procedural digital subtraction angiography (DSA), and for patients treated with intravenous (IV)
tissue plasminogen activator (tPA), it was determined based on 24 h MRI and MR angiography (MRA).

The UR group was divided into the UR development and UR external validation groups, and the
SR group was divided into the SR development and SR external validation groups. All patients in the
SR group underwent EVT. The development/validation division criterion was based on the chronology
of acute ischemic stroke occurrence: The UR and SR development groups corresponded to stroke onset
dates prior to 31 December 2010 and 31 December 2011, respectively.

Demographic information including age and sex, baseline National Institutes of Health Stroke
Scale (NIHSS) scores, and the 90-day modified Rankin Scale (mRS) scores were collected. The baseline
NIHSS score is used to quantify the impairment due to a stroke and ranges from no symptoms at all (0)
to the most severe stroke (42). The 90-day mRS score is used to assess clinical outcome and ranges
from no symptoms at all (0) to death (6). Radiologic information, such as time interval from symptom
onset to MRI, was obtained from electronic medical records.

All patients or patient guardians provided informed consent for inclusion before they participated
in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the institutional review board of the Samsung Medical Center (IRB no. 2016-08-064).
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2.2. Data Acquisition

MRI data were acquired on a 3T scanner system (Philips Achieva, Best, the Netherlands). DWI sequence
parameters were as follows: repetition time = 3 s, echo time = 81–88 ms, number of slices = 22, image
matrix size = 256 × 256, pixel spacing = 0.9375 mm × 0.9375 mm, and spacing between slices = 6.5 mm.
The apparent diffusion coefficient (ADC) was calculated in a pixel-by-pixel manner from DWI acquired
with b = 0 and b = 1000 s/mm2. The PWI sequence was based on the commonly used T2*-weighted
dynamic susceptibility contrast with the injection of a bolus of extracellular gadolinium contrast agent,
and the parameters were as follows: repetition time = 1.5–1.7 s, echo time = 35 ms, number of slices = 22,
spacing between slices = 6.5 mm, echo train length = 67, number of frames = 50, image matrix = 256 × 256,
pixel spacing = 0.9375 mm × 0.9375 mm, and spacing between slices = 6.5 mm.

2.3. ADC/rTTP and Data Preprocessing

Typically, ADC and time-to-maximum (Tmax) are used to determine diffusion and perfusion
lesion volumes, respectively. A recent study suggested that relative time to peak (rTTP) > 4.5 s was
empirically identical to Tmax (>6 s) in determining perfusion lesion volume and resulted in > 90%
accuracy, when compared with the conventional Tmax (>6 s) [14]. Notably, in the present study we
used the statistics of rTTP as features for ML training, as opposed to a previous study, which used
the statistics of Tmax, cerebral blood flow (CBF), cerebral blood volume (CBV), and time to peak
(TTP) values as features for ML training [13]. Tmax, CBF, and CBV calculations involve numerical
deconvolution with arterial input function (AIF), which is known to be sensitive to image artifacts
and the choice of region of interest in major cerebral arteries [15]. The present study only considered
the calculation of rTTP (i.e., the TTP delay relative to the contralateral region) for the extraction of
PWI-related imaging features, and it did not consider estimating the AIF and performing numerical
deconvolution. We sought to evaluate the correspondence between the rTTP-derived PWI lesion
volume and the Tmax-derived PWI lesion volume, and the rTTP > 4.5 s volume showed Pearson
correlation coefficient of 0.84 with the Tmax > 6 s volume in the subjects considered in the study
(Figure A1).

Baseline DWI/ADC, PWI, and day-7 DWI images were co-registered using Statistical Parametric
Mapping (SPM) 12 [16]. The rTTP maps from baseline PWI data were automatically calculated as
follows. At each voxel, the MR signal was converted to contrast agent concentration, and TTP was
measured from the concentration curve. Median TTP values were computed from the right and left
hemispheric regions, respectively. The hemisphere with the lower median TTP value was defined as
the contralateral region, and the median TTP value in this region served as the baseline TTP. The rTTP
maps were calculated by voxel-wise subtraction of the baseline TTP from TTP values.

The midsagittal plane in the axial brain slice was automatically estimated after determining the
optimal values of the translation and rotation parameters. The parameter values were used to identify
the midline of an image. The midline helped to identify the correct location of a symmetric contralateral
voxel, given a stroke lesion voxel, when feature extraction was performed for ML model development.

2.4. ML Model Development

A schematic of the presented ML method is illustrated in Figure 1B, in comparison with the
traditional approach based on the PWI/DWI target mismatch (Figure 1A).

Feature extraction was conducted as follows. Seven consecutive axial slices covering the brain tissue in
the MCA territory were considered for feature extraction. All the voxels in the tissue of the lesion hemisphere
were considered as candidates, where the infarct voxels were labeled as “1”, and the non-infarct voxels were
labeled as “0”. For training, to avoid class imbalance issues, we set the number of infarct voxels to be equal
to the number of non-infarct voxels. For each candidate voxel, we considered its neighborhood as 5 × 5 × 3
voxels surrounding the candidate voxel. From the ADC values of the neighborhood, a set of 12 features
was computed, consisting of range, mean, median, min, max, standard deviation (SD), skew, kurtosis, 10th
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percentile, 25th percentile, 75th percentile, and 90th percentile. Another set of 12 features was computed
from the rTTP values in the neighborhood. These 24 features were also computed from a neighborhood of
the voxel in the contralateral hemisphere. Hence, the number of features was 24 × 2= 48. For the UR model,
the dimensions of (# of samples) × (# of features) in the training dataset were 297,192 × 48, which provided
the input for the UR model. For the SR model, the dimensions in the training dataset were 193,510 × 48,
which provided the input for the SR model. Binary infarct masks, manually delineated while referring to
the day-7 DWI images, were obtained from all the datasets using the ITK-SNAP software [17]. The output
class labels for supervised ML were obtained from the binary infarct masks.

Figure 1. Schematics of two approaches for the estimation of final infarct volume and functional
outcome. (A) Traditional approach of penumbra zone estimation. (B) Machine learning (ML)-based
infarct prediction.

With the training dataset, a five-fold cross-validation was performed to evaluate the performance
of the UR and SR models. The splitting in the cross-validation folds was constructed on the basis of
patients rather than voxels. The assignment of patients to each fold was performed randomly. The ML
model of the random forest classifier, provided by the Python scikit-learn module, was used for
cross-validation [18]. After hyperparameter selection of the model using a random search, the mean
and SD of cross-validation accuracy was computed for each model.
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2.5. External Validation

For external validation, we used baseline DWI and PWI images from the 12 UR and the 27 SR
patients. Candidate voxels were chosen, and for each candidate voxel, the feature extraction procedures
were performed in the same manner as those for the model development. For each voxel, the extracted
features were input to the trained UR and SR models to result in a tissue outcome probability score p,
where p ≥ 0.5 indicated an infarct voxel, and p < 0.5 indicated a non-infarct voxel. After processing
all the candidate voxels, we obtained binary infarct prediction maps for both the UR and SR cases.
The final infarct volume was calculated as the number of predicted infarct voxels multiplied by the
voxel volume. Two final infarct volumes were calculated: one for the UR case and the other for the
SR case.

For the UR (or SR) patient group, the final infarct volumes from the UR (or SR) model were
compared with the final infarct volumes from the manually annotated day-7 DWI infarct masks.
The Dice similarity coefficient (i.e., Dice score) was computed for each patient to evaluate the overlap
between the ML predicted infarct mask and the manually segmented day-7 DWI infarct mask.

2.6. Mismatch and Infarct Growth Estimation

Target mismatch classification requires information on baseline diffusion and perfusion lesion volumes.
We computed the Tmax > 6 s volume (i.e., perfusion lesion volume), the Tmax > 10 s volume (i.e., severe
ischemic lesion volume), and the ischemic core volume based on the ADC < 600 × 10−6 mm2/s threshold.
Target mismatch criteria were defined as (1) a perfusion lesion volume to ischemic core volume ratio of 1.8
or more, (2) a difference between perfusion lesion volume and ischemic core volume of 15 mL or more,
(3) the ischemic core volume less than 70 mL, and (4) the Tmax > 10 s volume less than 100 mL.

Actual infarct growth volume was calculated as the difference between the day-7 final infarct
volume and the baseline diffusion lesion volume (i.e., ischemic core volume). The day-7 final infarct
volume was measured after manual segmentation of the infarct lesions. Predicted infarct growth
volume was calculated as the difference between the SR (or UR) predicted infarct volume and the
baseline diffusion lesion volume. The SR (or UR) patients were categorized into tertiles according to
the predicted infarct growth volume.

The percentage of favorable functional outcome was evaluated for the patient groups with and
without target mismatch and for the patient groups categorized into tertiles based on SR (or UR)
predicted infarct growth. Favorable functional outcome was defined as a 90-day mRS score of ≤ 1.

2.7. Statistical Analysis

We conducted statistical analysis using the R software package (R Foundation for Statistical
Computing, Vienna, Austria). Descriptive demographics, and clinical and radiological data are shown
as mean ± SDs, numbers, or median and interquartile ranges. An unpaired two-sample Student’s
t-test was performed to determine if the development and external validation data were significantly
different in terms of age, NIHSS score, lesion volume, or onset to MRI time. A p-value < 0.05 was
considered statistically significant. The intraclass correlation coefficient (ICC) and its 95% confidence
interval (CI) were computed between the two infarct volume measurements. A p-value < 0.05 was
considered to identify a statistically significant correlation, given the null hypothesis of no relationship
between the two measurements. Bland–Altman analysis was performed by computing the mean
difference and 95% limits of agreement (LOA) between the two volume measurements.

2.8. Data Statement

The datasets in the present study are not publicly available since they have private patient
information. The de-identified data are available from the corresponding author upon request after
approval of the institutional review board of Samsung Medical Center.
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3. Results

A total of 102 patients satisfied the criteria of < 6 h stroke onset to MRI time, MCA occlusion,
and baseline NIHSS score of ≥ 4. Of 102 patients, 40 patients had an mTICI score of 0–2a (comprising
the UR group), and 62 patients had an mTICI score of 2b–3 (comprising the SR group). A total of
10 patients were excluded, since their image data were problematic in terms of (1) severe motion
artifacts in PWI data (n = 8), (2) susceptibility artifact near frontal brain regions (n = 1), and (3) infarcts
detected in unexpected locations on day-7 DWI, which were related to stroke recurrence or procedural
complications (n = 1). Hence, out of 92 patients, the final numbers of SR and UR patients were 56
and 36, respectively (Table 1). In both the SR and UR groups, there were no statistically significant
differences in age, male sex, baseline NIHSS score, onset to MRI time, baseline DWI and PWI lesion
volumes, and day-7 DWI lesion volumes between the development and external validation groups,
except for the baseline NIHSS score between the UR development and external validation groups
(Table 1).

Table 1. Patient characteristics for machine learning (ML) model development and external validation.

SR (mTICI 2b−3) UR (mTICI 0–2a)

Development External Validation p-value Development External Validation p-value

Number of patients 29 27 - 24 12 -
Age (years), mean ± SD 63 ± 13 67 ± 11 0.17 64 ± 14 67 ± 18 0.62

Male sex, n (%) 19 (66) 15 (56) 0.46 17 (71) 7 (58) 0.49
NIHSS score at baseline * 15 (11–18) 16 (10–20) 0.84 13 (9–18) 18 (15–19) 0.03
Onset to MRI time (m) * 131 (99–173) 97 (70–140) 0.20 187 (113–225) 138 (124–216) 0.75

DWI lesion vol (mL), initial * 15 (6–33) 11 (5–28) 0.88 9 (5–18) 15 (6–38) 0.58
PWI lesion vol (mL), initial * 93 (59–133) 104 (72–146) 0.73 83 (53–143) 96 (81–125) 0.93
DWI lesion vol (mL), day-7 * 17 (8–57) 21 (14–79) 0.20 61 (32–118) 124 (84–173) 0.12

Mode of treatment
No, n (%) 0 (0) 0 (0) - 4 (17) 0 (0) -

IV tPA only, n (%) 0 (0) 0 (0) - 1 (4) 3 (25) -
EVT ± IV tPA, n (%) 29 (100) 27 (100) - 19 (79) 9 (75) -

* Median (IQR), Abbreviations: SR, successful recanalization; UR, unsuccessful recanalization; mTICI, modified
treatment in cerebral infarction; SD, standard deviation; NIHSS, National Institutes of Health Stroke Scale; IQR,
interquartile range; MRI, magnetic resonance imaging; DWI, diffusion-weighted imaging; PWI, perfusion-weighted
imaging; IV, intravenous; tPA, tissue plasminogen activator; EVT, endovascular treatment.

For the UR model, the five-fold cross-validation resulted in a mean accuracy (SD) of 74.6% (2.5%)
and a 95% CI of 69.8%–79.4%. For the SR model, the five-fold cross-validation resulted in a mean
accuracy (standard deviation) of 76.4% (6.5%) and a 95% CI of 63.7%–89.2%.

Final infarct predictions using the UR and SR models are shown for four different cases (Figure 2;
patient A: UR with large infarct growth; patient B: SR with small infarct growth; patient C: UR
with small infarct growth; and patient D: SR with large infarct growth). The large differences
between the UR-predicted and SR-predicted volumes were observed in both patients A and B, but the
failure of revascularization led to the large final infarct volume (243 mL) and unfavorable outcome
(90-day mRS = 5) in patient A, whereas the success of revascularization led to the small final infarct
volume (4 mL) and favorable outcome (90-day mRS = 0) in patient B. Regarding the actual infarct
growth, patient A’s (239 mL) was significantly larger than patient C’s (28 mL), while patient D’s (69
mL) was significantly larger than patient B’s (3 mL). All four cases had target mismatch and showed
substantial differences in infarct growth volume, regardless of recanalization status.
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Figure 2. Sample external validation cases of SR- and UR-based infarct predictions. (A) A case of large
infarct growth in a UR patient (intravenous thrombolysis, modified treatment in cerebral infarction
(mTICI) = 0, and 90-day modified Rankin Scale (mRS) = 5). (B) A case of small infarct growth in an SR
patient (endovascular therapy, mTICI = 2b, and 90-day mRS = 0). (C) A case of small infarct growth in a
UR patient (endovascular therapy, mTICI = 1, and 90-day mRS = 2). (D) A case of large infarct growth
in an SR patient (endovascular therapy, mTICI = 2b, and 90-day mRS = 5). Predicted infarct masks,
shown in red, are overlaid on pre-treatment DWI images for UR and SR model predictions. All four
patients had target mismatch presence but showed various degrees of infarct growth. The yellow
numbers indicate the following volumes: (from left to right) baseline DWI lesion volume, baseline PWI
lesion volume, UR-predicted infarct volume, SR-predicted infarct volume, and day-7 infarct volume.

In the UR model validation, the ICC between manual infarct volume and UR-predicted infarct
volume was 0.73 (95% CI = 0.31–0.91, p < 0.01; Figure 3A). In the SR model validation, the ICC
between manual infarct volume and SR-predicted infarct volume was 0.87 (95% CI = 0.73–0.94,
p < 0.001; Figure 3B). The mean difference (95% LOA obtained from Bland–Altman analysis) was
−32.5 mL (−126.9 mL, 61.9 mL) for the UR model validation and 3.5 mL (−48.2 mL, 55.2 mL) for the SR
model validation.

In all the external validation subjects, the presented ML model had a median Dice similarity
coefficient (DSC) of 0.49 (IQR, 0.37–0.59), which was comparable to the DSC of 0.53 (IQR, 0.31–0.68)
in the study by Yu et al. [19]. The presented ML model had a median DSC of 0.43 (IQR, 0.20–0.52)
in the SR external validation subjects and a median DSC of 0.58 (IQR, 0.55–0.67) in the UR external
validation subjects.

In external validation SR patients (n = 27), there was a statistically significant difference in actual
infarct growth volume between the mismatch and non-mismatch groups (p = 0.02; Figure 4A). It was
also observed that there was a statistically significant difference in actual infarct growth volume
between the low and high SR predicted infarct growth volume groups (p = 0.01; Figure 4B). p-values
between the low and intermediate groups and between the intermediate and high groups were 0.08
and 0.15, respectively (Figure 4B).
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Figure 3. Correlation plots of (A) the UR-predicted infarct volume and (B) the SR-predicted infarct
volume on the external validation UR and SR cohorts, respectively. The manual infarct volume
measurement on day-7 DWI served as the reference.

Figure 4. Infarct growth distribution in the external validation SR patients (n = 27). (A) Target mismatch
classification. (B) SR-predicted infarct growth classification. In (A), the mismatch absence group shows
a heterogeneous distribution of actual infarct growth. In (B), the high group (SR-predicted infarct
growth ≥ 35 mL) shows a heterogeneous distribution of actual infarct growth, and the low group
(SR-predicted infarct growth < 15 mL) shows the narrowest distribution of the actual infarct growth.

The percentage values of favorable clinical outcomes of the day-90 mRS score ≤ 1 for the mismatch
presence and absence groups in overall SR patients were 50% and 36%, respectively (Figure 5A).
The percentage values of favorable clinical outcomes were 61%, 56%, and 25%, respectively, for the low,
intermediate, and high SR-predicted infarct growth groups (Figure 5A). In UR patients, the percentage
values of favorable outcomes for the mismatch presence and absence groups were 14% and 0%,
respectively, while they were 9%, 18%, and 7%, respectively, for the low, intermediate, and high
UR-predicted infarct growth groups (Figure 5B).
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Figure 5. Distribution of modified Rankin Scale (mRS) scores at day-90 by target mismatch (top) and
ML-predicted infarct growth (bottom). In both (A) SR and (B) UR patients, a lower ML-predicted
infarct growth was related to a lower mRS score at day 90.

4. Discussion

This study suggests that the ML-predicted infarct growth volumes can offer a novel insight into
selecting patients and predicting clinical outcome. The method may be a useful alternative to target
mismatch, as it provides a direct way to measure infarct distribution and growth. Although the number
of the mismatch absence group is small in this study, it indicates that the patient selection based on the
ML-predicted infarct growth volume may have the infarct growth prediction performance comparable
to target mismatch-based selection. In particular, the low infarct growth group showed a narrow
distribution of the actual infarct growth, and this may indicate that once a patient was classified into
the low group, a small infarct growth as well as a favorable clinical outcome would be highly likely.
It is important to note that traditional PWI–DWI mismatch is evaluated only based on baseline DWI
and PWI images without consideration of the final infarct images, while, in the presented approach,
the SR and UR infarct volumes are estimated using ML models trained on baseline DWI and PWI
images and the final infarct annotated images.

Ischemic penumbra is defined as a hypoperfused area that can regain function with rapid
reperfusion [20]. This area is at a risk of infarction without rapid reperfusion, and infarct growth
occurs in the absence of reperfusion. In the present study, mean infarct growth in the UR group was
higher than that in the SR group, but the degree of infarct growth was highly variable in both UR
and SR groups. The large variability of infarct growth within the SR (or UR) group may be attributed
to the variable degrees of perfusion defect severities and ischemic damage in the penumbra zone or
ischemic core.

Traditional threshold-based lesion volume estimation approaches have limitations, since the
appropriate threshold values often depend on MRI sequence parameters, scanner vendors, and software
analysis tools. ML takes a different perspective by learning a non-linear function from input/output
relationships and has the potential to overcome the limitations of traditional threshold-based volume
estimation approaches. Although the evaluation regarded traditional threshold-based methods
used for target mismatch assessment as a reference, it is expected that the ML-based method could
provide additional information in cases where threshold-based volume estimation is unsatisfactory.
Until now, the Diffusion and perfusion imaging Evaluation For Understanding Stroke Evolution
(DEFUSE) trial, Echo-Planar Imaging Thrombolytic Evaluation Trial (EPITHET), and other studies have
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attempted to find the optimal Tmax threshold and mismatch ratio [1,2,21,22]. Similarly, Olivot and
colleagues showed that besides mismatch volume, lesion geography and structure also determine
infarct growth [23]. Lastly, the rate of infarct growth during the few days after stroke onset varies
substantially between patients, and certain patients have slow infarct growth while others have rapid
infarct growth [24]. ML-based prediction has the potential to overcome the limitations of traditional
approaches of estimating ischemic penumbra.

Current mismatch concepts provide information on the likelihood ratio and number needed to
treat for a favorable outcome. In the Highly Effective Reperfusion evaluated in Multiple Endovascular
Stroke trials (HERMES), a meta-analysis of individual patient data from five randomized trials of
EVT, the odds ratio was 2.49 and the number needed to treat with EVT to reduce disability by at
least one level of the mRS for one patient was 2.6 [25]. On the contrary, our ML-based prediction
method can produce the visualization of the degree of DWI lesion growth, which can be shown to
patients or their guardians, prior to revascularization therapy. ML predictions using our custom tool
via post processing typically took approximately 8 min. Using the current strict recanalization criteria
based on the mismatch concept, we can calculate treatment effect sizes, but at the cost of limiting
the benefit to a small portion of our stroke patients [26]. With ML, treatment approaches may be
more customized, rather than dichotomized into either withholding or offering treatment. In addition,
Oppenheim and colleagues showed that in patients without SR, DWI volume > 145 mL within 14 h
of onset reliably predicted a malignant MCA infarction [27]. ML-based prediction of infarct volume
at the peak time of cytotoxic edema (at 3–4 days after the infarction) may guide early management,
such as decompressive hemicraniectomy.

This study has several limitations. First, a larger mean difference of predicted infarct volume
was observed for UR than for SR. The inaccuracy may be attributed to the large variability of infarct
growth rate, which varies from person to person and is highly unpredictable [28]. It may be worth
investigating the division of patient grouping based on the infarct growth rate and develop individual
ML models. Second, a custom software tool was used to measure the pre-treatment PWI and DWI
lesion volumes based on Tmax and ADC thresholds, for the target mismatch assessment. ML-based
methods for lesion volume estimation may be alternative tools for mismatch evaluation [29,30]. Third,
only ADC and rTTP were used for the ML model development in the present study. Consideration of
other MRI sequences, such as fluid-attenuated inversion recovery (FLAIR), may improve the accuracy
of infarct growth prediction [31]. Onset to imaging time can affect the volume of the ischemic penumbra
zone, as well as the final infarct volume. Recently, the infarct growth rate estimated from the baseline
DWI lesion volume and time of stroke onset was reported to be associated with penumbral salvage
and clinical outcomes after EVT reperfusion [28]. In a similar fashion, we are currently investigating
the feasibility of an improved prediction of infarct growth with the incorporation of relative FLAIR,
which is indicative of a ‘tissue clock’, into the prediction model. Fourth, Lev and colleagues reported
the importance of ‘location-weighted’ scoring over simple volumetric data of penumbra areas [32,33].
For instance, in patients with similar infarct volumes, different severities of neurologic deficits can
be observed, depending on the clinical features and lesion site. Hence, location-weighted ML-based
prediction of functional outcome is worthy of investigation. Fifth, clinical variables were not used
in this study. Previous studies demonstrated the effectiveness of clinical variables in the prediction
of infarct growth [34] and clinical outcome [35], while our study was solely based on image features.
The inclusion of clinical variables may help improve the outcome prediction. Finally, this was a
single-center study performed on a 3T scanner, with only a small number of patients available for
analysis. A larger prospective study is necessary to evaluate the benefit of the ML-based method.

5. Conclusions

ML-based prediction of tissue fate was demonstrated using two ML models trained on data from
patients with and without recanalization. The presented ML-based method provides the estimations
of voxel-wise infarct distributions and final infarct volumes in cases of SR and UR. The classification of
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patients in terms of ML-predicted infarct growth offers novel and alternative ways to predict infarct
growth and functional outcome, when compared with the traditional target mismatch classification.
As ML is data-driven and allows sophisticated feature engineering, the ML prediction is expected to
improve as more data are collected and careful ML modeling is made based on multi-modal MRI.
The advancement of technology will implicate more accurate predictions of the final infarct distribution,
potentially providing clinicians with precise information for the guidance of treatment selection and
the prediction of clinical outcome.
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Appendix A

Comparison of Tmax > 6 s Volume and rTTP > 4.5 s Volume

A custom MATLAB (Mathworks, Natick, MA, USA) module was developed to calculate Tmax
from PWI time series image data and compare it with rTTP. An axial slice with middle cerebral arteries
was selected, and an arterial input function (AIF) was automatically calculated by the cluster analysis
proposed by Mouridsen et al. [36]. Standard singular value decomposition (SVD) [37] was used to
estimate Tmax, defined to be the delay of the peak of the residue function. Figure A1-A compares
Tmax > 6 s volume with rTTP > 4.5 s volume. Pearson correlation coefficient between Tmax > 6 s and
rTTP > 4.5 s volumes was 0.84 (95% CI = 0.75–0.89, p-value < 0.0001). The mean difference (95% limits
of agreement from Bland-Altman analysis) was −2.4 mL (−66.3 mL, 61.5 mL). Figure A1-B compares
Tmax > 10 s volume with rTTP > 9.5 s volume. Pearson correlation coefficient between Tmax > 10 s
and rTTP > 9.5 s volumes was 0.81 (95% CI = 0.72–0.87, p-value < 0.0001). The mean difference (95%
limits of agreement from Bland–Altman analysis) was 7.5 mL (−42.9 mL, 57.9 mL).

Figure A1. Comparison of time-to-maximum (Tmax) and relative time to peak (rTTP) lesion volumes.
(A) Perfusion lesion volumes measured by Tmax and rTTP. (B) Severe ischemic lesion volumes measured
by Tmax and rTTP.
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Abstract: Mobile brain perfusion ultrasound (BPU) is a novel non-imaging technique creating only
hemispheric perfusion curves following ultrasound contrast injection and has been specifically de-
signed for early prehospital large vessel occlusion (LVO) stroke identification. We report on the first
patient investigated with the SONAS® system, a portable point-of-care ultrasound system for BPU.
This patient was admitted into our stroke unit about 12 h following onset of a fluctuating motor
aphasia, dysarthria and facial weakness resulting in an NIHSS of 3 to 8. Occlusion of the left middle
cerebral artery occlusion was diagnosed by computed tomography angiography. BPU was performed
in conjunction with injection of echo-contrast agent to generate hemispheric perfusion curves and in
parallel, conventional color-coded sonography (TCCS) assessing MCAO. Both assessments confirmed
the results of angiography. Emergency mechanical thrombectomy (MT) achieved complete recanaliza-
tion (TICI 3) and post-interventional NIHSS of 2 the next day. Telephone follow-up after 2 years found
the patient fully active in professional life. Point-of-care BPU is a non-invasive technique especially
suitable for prehospital stroke diagnosis for LVO. BPU in conjunction with prehospital stroke scales
may enable goal-directed stroke patient placement, i.e., directly to comprehensive stroke centers
aiming for MT. Further results of the ongoing phase II study are needed to confirm this finding.

Keywords: prehospital stroke diagnosis; large vessel occlusion; ultrasound; thrombectomy; brain
perfusion; SONAS®; prehospital stroke scales; point-of-care diagnostics

1. Introduction

Mechanical thrombectomy (MT) has evolved as the most efficient therapy in cerebral
ischemic stroke due to large vessel occlusion (LVO) achieving a 20–27% absolute increase
in patients regaining functional independence compared to patients without receiving MT
mboxciteB1-jcm-1747802,B2-jcm-1747802. These impressive results, however, are being
achieved by rigorous patient selection by cerebral perfusion imaging, achievement of
successful recanalization and short symptom to recanalization times including transport to
comprehensive stroke centers (CSC) [3,4]. In rural areas, stroke units (SU) and telestroke
networks have been established only with intravenous thrombolysis (IVT) capabilities
more than 20 years ago, and further transfer to CSC for MT is time-consuming, causing
delay in the initiation of recanalization therapy.

Still, prehospital stroke detection algorithms employ clinical scales deemed imperfect
for detecting LVO. Thus, transfer of severe stroke patient to either CSCs or the next regional
SU remains a complex decision [5]. Ultrasound is currently the only mobile imaging
modality widely available for brain vascular diagnostics. Our group demonstrated that
transcranial color-coded sonography (TCCS) using mobile color-Duplex point-of care
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ultrasound (POCUS) can be performed in the prehospital phase with very high sensitivity
and specificity for the detection of middle cerebral artery (MCA) occlusion [6,7]. Another
highly efficient alternative, the mobile stroke units (mSU) with computed tomography
(CT), including CT-angiography installed in an ambulance to perform at the patient’s site,
is of limited availability, costly and has a rather small range. The air-mobile SU version
of the mSU is still in the concept phase [8,9]. However, the drawback of TCCS is the high
neurological expertise requiring extensive practical and theoretical training programs for
paramedics to employ the pathophysiological driven diagnostic concept for TCCS, i.e.,
focusing on the right middle cerebral artery in left-sided hemiparesis and neglect [10].

We recently published the results of a phase I study using a mobile battery driven
brain perfusion ultrasound (BPU) device SONAS® (BURL Concepts, Inc., San Diego, CA,
USA) in healthy volunteers with good correlation of measured hemispheric brain perfusion
to perfusion weighted MRI [11]. This case report describes the BPU finding in a patient
with acute MCA occlusion confirmed by CT-angiography and TCCS prior to MT.

2. Materials and Methods

During initiation of a phase I–II study at the University of Regensburg, Department
of Neurology at the medbo Bezirksklinikum (approval by the local ethics committee,
IRB protocol number 2018-001279-19, in accordance with the World Medical Association
Declaration of Helsinki), an acute stroke patient was admitted and individual informed
consent in the presence of his parents as well as post-hoc consent for publication 1 year later
given. The phase I–II study SONAS enrolled acute stroke patients with perfusion CT and
was registered at ClinicalTrials.gov (NCT03897153). In brief, patients with acute ischemic
stroke within 24 h will be investigated using the SONAS® device after confirmation of an
either proximal, middle or distal MCA main stem occlusion or distal internal carotid artery
occlusion (including carotid-T occlusion). Confirmation of the LVO will be performed by
cerebral magnetic resonance imaging (cMRI) or cerebral imaging computed tomography
(cCT), including perfusion weighted (pw) imaging sequences. The study has now been
completed and data analysis is in preparation.

2.1. Case Report

The 46-year-old male patient was transferred for suspected left hemispheric ischemia
as on admission, he presented with moderate dysarthria, motor aphasia and mild facial
paresis (NIHSS 3) starting early in the morning. He reported that about 4–5 weeks prior,
one side of the face had felt strange for 10–15 min, suggestive of a transient ischemic attack.
Admission was approximately 12 h after stroke onset. At this time, cCT was almost unre-
markable (ASPECTS Score 9), while CT-angiography revealed proximal MCA occlusion (M1
segment) on the left side with good collateralization (collateral score 3–4, Figure 1). With
fluctuating symptoms between progressive global aphasia and brachiocephalic hemiparesis
(NIHSS 3 to 8), and an overall deficit relevant to daily living, the decision was made for MT,
especially since no intravenous thrombolysis was initiated. Informed consent for additional
ultrasonography was obtained from the patient and his parents and retrospectively. Both
TCCS and BPU were performed in parallel to MT preparation in general anesthesia without
causing a time delay.

Digital subtraction angiography demonstrated proximal MCA occlusion with good
cortical collaterals via leptomeningeal anastomosis predominantly from the anterior cere-
bral artery (Figure 2). After successful MT (TICI 3), the patient was extubated and presented
only mild word finding difficulties and minimal facial paresis (NIHSS 2). On telephone
follow up two years later, he was back to work and neurologically unremarkable (modified
Rankin Scale 0).
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Figure 1. Left: unenhanced CT, putaminal hypodensity (arrow), ASPECTS score 9; middle: axial
maximum intensity projection (MIP) reconstruction of CT-angiography showing left MCA occlusion
(arrow); right: coronal MIP reconstruction of left MCA occlusion (arrow), good leptomeningeal
collaterals can be seen.

Figure 2. Digital subtraction angiography. Left to right: phase after contrast injection showing
proximal MCA occlusion (arrow); demonstration of extensive leptomeningeal collaterals arising from
the ACA (arrows); immediately after mechanical thrombectomy by first use of the stent retriever
showing suspicious residual thrombus with mild lumen narrowing (arrow) and, right, complete
recanalization with mild stenosis/vasospasm (TICI 3).

2.2. Transcranial Color-Coded Sonography (TCCS)

TCCS was performed using a standard color Duplex ultrasound system equipped
with a low-frequency phased array transducer (Philips, Affiniti 70, S5-1 cardiac sector
probe, Amsterdam, The Netherlands). Transtemporal insonation for detection of the basal
cerebral arteries was performed as previously described [12]. In brief, after detection of a
sufficient temporal bone window by identification of the mesencephalic peduncle and the
contralateral skull in B-mode color Duplex mode helped to identify patent cerebral arteries
with flow towards the transducer depicted in red, and flow away from the transducer in
blue. Pulsed Doppler measurements were performed to quantify flow velocities. An oc-
cluded MCA can be assumed when the anterior cerebral artery can be depicted confirming
a diagnostic useful temporal bone window.

2.3. Brain Perfusion Ultrasound (BPU) Using SONAS®

BPU was performed as previously described employing the CE-certified (Class IIa),
non-imaging ultrasound device SONAS®, a portable, battery-powered device to generate
hemispheric time intensity curves after injection of an ultrasound enhancing agent, which
in this case was SonoVue® [11,13]. In brief, bilateral low-frequency transducer with low
transmit frequencies and power (220 kHz, 2% alternating duty cycle from right to left, TIC
and MI < 1.0) measure the 4th to 6th harmonic frequencies generated by intravenous 2.4 mL
microbubble injection. Time to peak (TTP) curves are generated based on measurements
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contralateral, that is transmission and reception are on opposite sides of the head, and
ipsilateral measurement, where transmission and receiving are ipsilateral (Figure 3). Using
an automatic peak detection algorithm for both brain hemispheres separately, hemispheric
TTP values are compared. The differential of peaks is computed and shown as a delta-TTP
(dTTP) value.

Figure 3. Upper figure: signal transmission and recording from both ultrasound transducers after
injection of echo-enhancing agents demonstrating the mode of operation. R—right, L—left. Lower
figure: time intensity curves after contrast agent injection with X-axis time after injection and Y-axis
maximum signal backscatter analyzed automatically by BPU machine (SONAS®). The first peak is
due to the first appearance of contrast agent while the second and third peaks are to due systemic
reflow phenomenon.

3. Results

Prior to embolectomy and 30 min after neurological deterioration, both, BPU und
TCCS were performed. BPU demonstrated significant delay in left hemispheric perfusion
with a delay of 6.6 s (Figure 4).
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Figure 4. Analysis of time intensity curves representing brain perfusion ultrasound using SONAS®.
Upper row: 1—first time-to-peak (TTP) in the “healthy” right hemisphere, 2—delayed left hemi-
spheric peak, 3—peak of the whole brain, and 4—delayed second peak probably representing right
anterior cerebral artery crossflow as the primary collateral pathway. Middle row: absolute time
values of the peaks. Lower row: expression of the difference in time-to-peak values (delta-TTP)
expressing the absolute perfusion deficit in the left hemisphere.

Conventional TCCS demonstrated only only slow proximal pseudo-venous flow in
the proximal MCA (peak systolic flow less than 10 cm/s) consistent with MCA occlusion
and relatively normal flow in the left ACA (Figure 5).

Figure 5. TCCS scan through the left temporal bone window with transcranial color-coded sonogra-
phy in the upper and Doppler spectrum from the Doppler gate. Left: Doppler gate placed at the origin
of the middle cerebral artery with absent color filling (arrow) in the M1 segment and pseudo-venous
flow at the beginning of the M1-Segment (Doppler gate depth 55 mm). Right: anterior cerebral artery
color-coded in red due to aliasing due to increased flow velocities with the Doppler gate placed at a
depth of 66 mm in the A1-segment showing increased flow of 63 cm/s mean maximum flow and
decreased resistance index of 0.39 all suggestive of collateral flow.
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Case Report Continued

Decision for embolectomy under general anesthesia was made based on the persistent
MCA occlusion and fluctuating course of neurological deficits (NIHSS 3 to 8). The first
angiographic image was made at 20:45 h and complete TICI 3 recanalization was noted at
21:17 h. After extubation, NIHSS score was 3 and 2 in the following days. Neuropsycholog-
ical testing showed mild cognitive impairment and indication for neurorehabilitation. At
telephone follow-up 2 years later, the patient was again able to work and independent in
daily life (mRS score of 0–1).

4. Discussion

This is the first report describing the application of BPU in a patient with acute MCA
occlusion shown by CT-angiography and later digital subtraction angiography using a
portable POCUS device for BPU (SONAS®) with comparison to standard TCCS as another
mobile method for acute stroke diagnosis, while TCCS allowed MCA occlusion imaging
with similar information as CT-angiography and DSA BPU depicts the subsequent brain
perfusion changes. If replicated in the ongoing phase II study, BPU may be feasible in
prehospital stroke diagnostics.

The progressive developments in the field of MT with high recanalization rates along
with decreasing peri-interventional risk challenge the identification and allocation of acute
stroke patients in the prehospital phase. In stroke patients in need for MT, direct transfer to
an endovascular MT-capable center may be preferred as opposed to transport to the closest
primary stroke center and secondary transport for MT [14]. To date, efforts have been
made to identify LVO employing prehospital stroke scales as shown in the PRESTO study
comparing eight scales employed by paramedics in the prehospital phase and identifying
three scales with acceptable-to-good accuracy [15]. In another prospective study on patients
with ischemic stroke entered in the Dyon stroke registry, Duloquin et al. applied 16 different
prehospital stroke scales; however, a priori excluding patients with ICH severely reducing
its value as a prehospital study [16]. Even with this drawback sensitivities of scales were
still low (identification of LVO ranging between 0.64 to 0.79, sensitivity 59% to 93%, and
specificity ranging from 34% to 89%, c-statistic) with 174 of 971 patients (17.9%) had LVO
(defined as occlusion of M1 and M2-segment of the MCA and basilar artery occlusion). In
a topical review from 2020, van Gaal and Demchuck listed common flaws of studies on
the validity of prehospital stroke scales, among them, exclusion of ICH patients, lack of
prospective studies in the field as opposed to application of stroke scales to pure ischemic
stroke databases (exclusion, i.e., TIA, ICH, stroke mimics, amongst others), and whether or
not these scales have indeed been tested by paramedics [17]. However, in a recent pilot
study in the Baltimore metro area patients were re-routed CSCs for MT upon application of
the Los Angeles Motor Scale. Consequently, significantly shorter procedural times from
symptom to MT onset of 119 min were achieved [18]. While the faster initiation of MT
showed a strong non-significant trend for better outcome, more than 50% of patients were
allocated to the wrong clinic.

However, fast and goal-directed prehospital point-of-care diagnostics such as blood
serum biomarkers and TCCS have been advocated to further accelerate the diagnostic and
therapeutic stroke pathways in stroke patients [19–22]. Apart from mobile stroke units, only
portable TCCS is a neuroimaging tool capable of visualizing LVO in the field, preferentially
employing echo-enhancing agents [23,24]. In the patient described here, conventional
TCCS identified left MCA occlusion in line with CT-angiography and digital subtraction
angiography. BPU, which involves single-slice transcranial ultrasound using phased-array
transducers and echo-enhancing agents to produce perfusion maps comparable to perfusion
CT, is not currently mature enough to be used for routine practice, let alone prehospital
use [25,26]. Yet, for conventional TCCS, detailed pathophysiological hypothesis of the
stroke location and hands-on expertise in identifying an adequate temporal bone window
is needed. However, many of these obstacles may be solved by employing telemetric and
artificial intelligence support [27,28]. BPU using the SONAS® device differs significantly
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from TCCS and other transcranial ultrasound techniques as it lacks anatomical information
and presents only perfusion curves [11]. However, the demonstrated delay in time-to-peak
times of the left hemisphere together with the clinical information can be easily gathered
with little expertise, ideal for application in the prehospital phase. Table 1 compares the
basic findings, techniques, advantages and disadvantages of TCCS and non-imaging BPU
using SONAS®.

Table 1. Comparison of TCCS and BPU.

Brain Perfusion Ultrasound Transcranial Color-Coded Sonography

Information Hemispheric brain perfusion Ipsilateral intracranial arteries

Operator qualification Low due to automated analysis High, requires anatomical knowledge for interpretation

Controls Single button, sequential operation Variable keyboard complexity, pro–grammable presets

Bone penetration High Low to high, can be increased using echo-enhancing agents

Echo-enhancing agents Required Optional

Presentation Generation of time-intensity curves
on-site Real-time depiction of vessel occlusion

Potential additional
information Raised intracranial pressure

Intracerebral hemorrhage
Brain parenchymal shift (i.e., midline displacement,

intracerebral hemorrhage, hydrocephalus)

5. Conclusions

This is the first patient with MCA occlusion in whom both the BPU technique with
the SONAS® device and standard TCCS were used to visualize MCA occlusion and the
resulting perfusion deficit. The results of BPU using the SONAS® device were compared
with conventional imaging (CT angiography, TCCS and DSA) and revealed a similar result.
The user-friendly mode of operation of BPU requiring little additional skills indicate the
potential of SONAS® to fasten stroke treatment when positively identifying LVO at the
earliest time point possible after symptom onset. Goal-directed hospital admission for MT
and fewer secondary transportations may enable faster symptom to recanalization times,
and eventually better outcome. The results of the ongoing phase II study with the SONAS®

device in acute ischemic stroke patients as well as further studies on lacunar infarction,
intracerebral hemorrhage, minor strokes and stroke mimics are the prerequisite to define
the full potential of BPU.

Author Contributions: M.K. and F.S. contributed equally to the patient investigation and data
collection, analysis of the results, and writing of the manuscript. C.W., S.W., D.O. and R.A.L.
contributed to the analytical methods and data analysis. The main draft was written by M.K. and F.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Consent to publish the results was given by all included participants
especially the patient.

Data Availability Statement: The raw data underlying this article are intended for publication on a
suitable platform and can be made available by the corresponding author on reasonable request.

Acknowledgments: The authors would like to thank the patient for approving the investigation and
publication, and Burl Concepts, Inc. for technical support and data analysis of this extra patient.

Conflicts of Interest: The authors declare no conflict of interest.

73



J. Clin. Med. 2022, 11, 3384

References

1. Goyal, M.; Menon, B.K.; van Zwam, W.H.; Dippel, D.W.; Mitchell, P.J.; Demchuk, A.M.; Davalos, A.; Majoie, C.B.; van der Lugt,
A.; de Miquel, M.A.; et al. Endovascular thrombectomy after large-vessel ischaemic stroke: A meta-analysis of individual patient
data from five randomised trials. Lancet 2016, 387, 1723–1731. [CrossRef]

2. Jovin, T.G.; Nogueira, R.G.; Lansberg, M.G.; Demchuk, A.M.; Martins, S.O.; Mocco, J.; Ribo, M.; Jadhav, A.P.; Ortega-Gutierrez, S.;
Hill, M.D.; et al. Thrombectomy for anterior circulation stroke beyond 6 h from time last known well (AURORA): A systematic
review and individual patient data meta-analysis. Lancet 2022, 399, 249–258. [CrossRef]

3. Holodinsky, J.K.; Patel, A.B.; Thornton, J.; Kamal, N.; Jewett, L.R.; Kelly, P.J.; Murphy, S.; Collins, R.; Walsh, T.; Cronin, S.; et al.
Drip and ship versus direct to endovascular thrombectomy: The impact of treatment times on transport decision-making. Eur.
Stroke J. 2018, 3, 126–135. [CrossRef] [PubMed]

4. Weber, R.; Eyding, J.; Kitzrow, M.; Bartig, D.; Weimar, C.; Hacke, W.; Krogias, C. Distribution and evolution of acute interventional
ischemic stroke treatment in Germany from 2010 to 2016. Neurol. Res. Pract. 2019, 1, 4. [CrossRef] [PubMed]

5. Jauch, E.C.; Schwamm, L.H.; Panagos, P.D.; Barbazzeni, J.; Dickson, R.; Dunne, R.; Foley, J.; Fraser, J.F.; Lassers, G.; Martin-Gill,
C.; et al. Recommendations for Regional Stroke Destination Plans in Rural, Suburban, and Urban Communities from the
Prehospital Stroke System of Care Consensus Conference: A Consensus Statement from the American Academy of Neurology,
American Heart Association/American Stroke Association, American Society of Neuroradiology, National Association of EMS
Physicians, National Association of State EMS Officials, Society of NeuroInterventional Surgery, and Society of Vascular and
Interventional Neurology: Endorsed by the Neurocritical Care Society. Stroke 2021, 52, e133–e152.

6. Schlachetzki, F.; Herzberg, M.; Holscher, T.; Ertl, M.; Zimmermann, M.; Ittner, K.P.; Pels, H.; Bogdahn, U.; Boy, S. Transcranial
ultrasound from diagnosis to early stroke treatment: Part 2: Prehospital neurosonography in patients with acute stroke: The
Regensburg stroke mobile project. Cerebrovasc. Dis. 2012, 33, 262–271. [CrossRef] [PubMed]

7. Herzberg, M.; Boy, S.; Holscher, T.; Ertl, M.; Zimmermann, M.; Ittner, K.P.; Pemmerl, J.; Pels, H.; Bogdahn, U.; Schlachetzki, F.
Prehospital stroke diagnostics based on neurological examination and transcranial ultrasound. Crit. Ultrasound J. 2014, 6, 3.
[CrossRef]

8. Audebert, H.; Fassbender, K.; Hussain, M.S.; Ebinger, M.; Turc, G.; Uchino, K.; Davis, S.; Alexandrov, A.; Grotta, J.; Group, P. The
PRE-hospital Stroke Treatment Organization. Int. J. Stroke 2017, 12, 932–940. [CrossRef]

9. Walter, S.; Zhao, H.; Easton, D.; Bil, C.; Sauer, J.; Liu, Y.; Lesmeister, M.; Grunwald, I.Q.; Donnan, G.A.; Davis, S.M.; et al.
Air-Mobile Stroke Unit for access to stroke treatment in rural regions. Int. J. Stroke 2018, 13, 568–575. [CrossRef]

10. Kilic, M.; Pflug, K.; Theiss, S.; Webert, M.; Hirschmann, N.; Wagner, A.; Boy, S.; Ertl, M.; Linker, R.A.; Schlachetzki, F.; et al.
Prehospital Identification of Middle Cerebral Artery Occlusion—A Stroke Education Program and Transcranial Ultrasound for
Paramedics. Austin. J. Clin. Neurol. 2020, 7, 1142.

11. Kilic, M.; Scalzo, F.; Lyle, C.; Baldaranov, D.; Dirnbacher, M.; Honda, T.; Liebeskind, D.S.; Schlachetzki, F. A mobile battery-
powered brain perfusion ultrasound (BPU) device designed for prehospital stroke diagnosis: Correlation to perfusion MRI in
healthy volunteers. Neurol. Res. Pract. 2022, 4, 13. [CrossRef]

12. Gerriets, T.; Postert, T.; Goertler, M.; Stolz, E.; Schlachetzki, F.; Sliwka, U.; Seidel, G.; Weber, S.; Kaps, M. DIAS I: Duplex-
sonographic assessment of the cerebrovascular status in acute stroke. A useful tool for future stroke trials. Stroke 2000, 31,
2342–2345. [CrossRef]

13. Bogdahn, U.; Holscher, T.; Rosin, L.; Gotz, B.; Schlachetzki, F. Contrast-Enhanced Transcranial and Extracranial Duplex Sonogra-
phy: Preliminary Results of a Multicenter Phase II/III Study with SonoVuetrade mark. Echocardiography 1999, 16 Pt 2, 761–766.
[CrossRef] [PubMed]

14. Goyal, M.; Marko, M. Optimising prehospital stroke triage in a changing landscape. Lancet Neurol. 2021, 20, 166–168. [CrossRef]
15. Duvekot, M.H.C.; Venema, E.; Rozeman, A.D.; Moudrous, W.; Vermeij, F.H.; Biekart, M.; Lingsma, H.F.; Maasland, L.; Wijnhoud,

A.D.; Mulder, L.; et al. Comparison of eight prehospital stroke scales to detect intracranial large-vessel occlusion in suspected
stroke (PRESTO): A prospective observational study. Lancet Neurol. 2021, 20, 213–221. [CrossRef]

16. Duloquin, G.; Graber, M.; Garnier, L.; Mohr, S.; Giroud, M.; Vergely, C.; Bejot, Y. Assessment of Clinical Scales for Detection
of Large Vessel Occlusion in Ischemic Stroke Patients from the Dijon Stroke Registry. J. Clin. Med. 2021, 10, 5893. [CrossRef]
[PubMed]

17. Van Gaal, S.; Demchuk, A. Clinical and Technological Approaches to the Prehospital Diagnosis of Large Vessel Occlusion. Stroke
2018, 49, 1036–1043. [CrossRef]

18. Haight, T.; Tabaac, B.; Patrice, K.A.; Phipps, M.S.; Butler, J.; Johnson, B.; Aycock, A.; Toral, L.; Yarbrough, K.L.; Schrier, C.; et al.
The Maryland Acute Stroke Emergency Medical Services Routing Pilot: Expediting Access to Thrombectomy for Stroke. Front.
Neurol. 2021, 12, 663472. [CrossRef]

19. Yperzeele, L.; Van Hooff, R.J.; De Smedt, A.; Valenzuela Espinoza, A.; Van de Casseye, R.; Hubloue, I.; De Keyser, J.; Brouns, R.
Prehospital stroke care: Limitations of current interventions and focus on new developments. Cerebrovasc. Dis. 2014, 38, 1–9.
[CrossRef]

20. Antipova, D.; Eadie, L.; Macaden, A.; Wilson, P. Diagnostic accuracy of clinical tools for assessment of acute stroke: A systematic
review. BMC Emerg. Med. 2019, 19, 49. [CrossRef]

74



J. Clin. Med. 2022, 11, 3384

21. Ramos-Pachon, A.; Lopez-Cancio, E.; Bustamante, A.; de la Ossa, N.P.; Millan, M.; Hernandez-Perez, M.; Garcia-Berrocoso, T.;
Cardona, P.; Rubiera, M.; Serena, J.; et al. D-Dimer as Predictor of Large Vessel Occlusion in Acute Ischemic Stroke. Stroke 2021,
52, 852–858. [CrossRef] [PubMed]

22. Luger, S.; Jaeger, H.S.; Dixon, J.; Bohmann, F.O.; Schaefer, J.; Richieri, S.P.; Larsen, K.; Hov, M.R.; Bache, K.G.; Foerch, C.; et al.
Diagnostic Accuracy of Glial Fibrillary Acidic Protein and Ubiquitin Carboxy-Terminal Hydrolase-L1 Serum Concentrations for
Differentiating Acute Intracerebral Hemorrhage from Ischemic Stroke. Neurocrit. Care 2020, 33, 39–48. [CrossRef] [PubMed]

23. Diaz-Gomez, J.L.; Mayo, P.H.; Koenig, S.J. Point-of-Care Ultrasonography. N. Engl. J. Med. 2021, 385, 1593–1602. [CrossRef]
[PubMed]

24. Valaikiene, J.; Schlachetzki, F.; Azevedo, E.; Kaps, M.; Lochner, P.; Katsanos, A.H.; Walter, U.; Baracchini, C.; Bartels, E.; Skoloudik,
D. Point-of-Care Ultrasound in Neurology—Report of the EAN SPN/ESNCH/ERcNsono Neuro-POCUS Working Group.
Ultraschall Med. 2022. [CrossRef] [PubMed]

25. Meairs, S. Contrast-enhanced ultrasound perfusion imaging in acute stroke patients. Eur. Neurol. 2008, 59 (Suppl. S1), 17–26.
[CrossRef]

26. Rim, S.J.; Leong-Poi, H.; Lindner, J.R.; Couture, D.; Ellegala, D.; Mason, H.; Durieux, M.; Kassel, N.F.; Kaul, S. Quantification of
cerebral perfusion with "Real-Time" contrast-enhanced ultrasound. Circulation 2001, 104, 2582–2587. [CrossRef]

27. Antipova, D.; Eadie, L.; Makin, S.; Shannon, H.; Wilson, P.; Macaden, A. The use of transcranial ultrasound and clinical assessment
to diagnose ischaemic stroke due to large vessel occlusion in remote and rural areas. PLoS ONE 2020, 15, e0239653. [CrossRef]

28. Mort, A.; Eadie, L.; Regan, L.; Macaden, A.; Heaney, D.; Bouamrane, M.M.; Rushworth, G.; Wilson, P. Combining transcranial
ultrasound with intelligent communication methods to enhance the remote assessment and management of stroke patients:
Framework for a technology demonstrator. Health Inform. J. 2016, 22, 691–701. [CrossRef]

75





Journal of

Clinical Medicine

Article

Acute Management Should Be Optimized in Patients with Less
Specific Stroke Symptoms: Findings from a Retrospective
Observational Study

Simona Halúsková 1, Roman Herzig 1,*, Dagmar Krajíčková 1, Abduljabar Hamza 2, Antonín Krajina 3,
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Abstract: Anterior circulation stroke (ACS) is associated with typical symptoms, while posterior
circulation stroke (PCS) may cause a wide spectrum of less specific symptoms. We aim to assess
the correlation between the initial presentation of acute ischemic stroke (AIS) symptoms and the
treatment timeline. Using a retrospective, observational, single-center study, the set consists of 809
AIS patients treated with intravenous thrombolysis (IVT) and/or endovascular treatment (EVT).
We investigate the impact of baseline clinical AIS symptoms and the affected vascular territory on
recanalization times in patients treated with IVT only and EVT (±IVT). Regarding the IVT-only group,
increasing the National Institutes of Health Stroke Scale (NIHSS) score on admission and speech
difficulties are associated with shorter (by 1.59 ± 0.76 min per every one-point increase; p = 0.036, and
by 24.56 ± 8.42 min; p = 0.004, respectively) and nausea/vomiting with longer (by 43.72 ± 13.13 min;
p = 0.001) onset-to-needle times, and vertigo with longer (by 8.58 ± 3.84 min; p = 0.026) door-to-needle
times (DNT). Regarding the EVT (±IVT) group, coma is associated with longer (by 22.68 ± 6.05 min;
p = 0.0002) DNT, anterior circulation stroke with shorter (by 47.32 ± 16.89 min; p = 0.005) onset-
to-groin time, and drooping of the mouth corner with shorter (by 20.79 ± 6.02 min; p = 0.0006)
door-to-groin time. Our results demonstrate that treatment is initiated later in strokes with less
specific symptoms than in strokes with typical symptoms.

Keywords: acute ischemic stroke; clinical symptoms; intravenous thrombolysis; endovascular ther-
apy; recanalization times; clinical outcome

1. Introduction

Acute ischemic stroke (AIS) typically presents with the sudden onset of neurological
deficit. Clinical manifestation depends mainly on the AIS localization and the volume
of the affected brain tissue, which are associated with the involved vascular territory.
Occlusion of the internal carotid arteries (ICA), middle cerebral arteries (MCA), and of
the anterior cerebral arteries (ACA) or their branches results in anterior circulation stroke
(ACS), accounting for approximately 70–80% of all AIS. Posterior circulation stroke (PCS)
refers to any infarction localized in the regions supplied by the vertebrobasilar arterial
system with reported prevalence ranging from 20 to 30% [1–4]. Symptoms of ACS include
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contralateral hemiparesis and/or hemianesthesia, central facial palsy, forced gaze deviation
toward the lesion site, dysarthria, aphasia (dominant hemisphere), and neglect syndrome
(non-dominant hemisphere). To contrast to ACS, PCS causes a wide spectrum of less
specific symptoms, such as vertigo, headache, nausea and vomiting, diplopia, visual field
disturbances, slurred speech, gait and limb ataxia, or alteration of consciousness [3,5].

Although the most common symptoms of ACS and PCS are well described, reliable
differentiation between ACS and PCS can be challenging. How the stroke symptoms are
described and how a patient presents at the emergency room affects the delay between
stroke onset and the start of treatment. Several randomized controlled trials demonstrated
that both intravenous thrombolysis (IVT) with the administration of recombinant tissue
plasminogen activator (rtPA) and endovascular therapy (EVT) were highly time-sensitive
treatments—the earlier they are commenced the better is the chance for achieving a favor-
able outcome [6,7]. Nevertheless, only a few studies assessed the impact of specific AIS
symptoms on the recanalization times within the limited treatment window [8,9].

Our aim is to investigate the impact of initial presentation of AIS symptoms and the
affected vascular territory on recanalization times in patients treated with IVT only and
with EVT (±IVT).

2. Materials and Methods

2.1. Data Source and Study Population

All relevant data used for this retrospective analysis were manually extracted from
hospital information systems and available individual patient medical charts, including
documentation from the referring hospital (in the case of patients with secondary transport),
emergency physician notes, neurology notes, and medication administration records.

During a retrospective, observational, single-center study, prospectively collected data
of 809 consecutive AIS patients aged ≥18 years and treated with IVT only or EVT (±IVT)
between 1 January 2013 and 31 December 2018 were analyzed. All EVT procedures were
performed at the Comprehensive Stroke Center (CSC), Hradec Králové, Czech Republic.
Ninety-eight patients from the EVT group received IVT in the primary stroke centers
(PSC) according to the geographic area and then were subsequently transferred to our
CSC. Patients experiencing in-hospital stroke (38) also were enrolled in this analysis. Each
stroke was considered an independent event, regardless of whether it was the first hospital
stay or a readmission. Patients were considered eligible for the analysis if data about the
involvement of the particular territory (ACS or PCS) were available. Patients with an un-
clear stroke territory (e.g., thalamic infarcts or border zone infarcts in the posterior cerebral
artery (PCA)/MCA watershed) or AIS involving both anterior and posterior circulation
were excluded in the data collection phase already. ACS was classified as symptomatic
ischemia involving the ICA, MCA, or ACA territories. PCS was defined as symptomatic
ischemia occurring within the territory of the vertebral artery (VA), basilar artery (BA),
or PCA. No additional exclusion criteria were applied. Initial routine investigation in
the emergency room comprised neurological, physical, and laboratory examinations and
assessment of the admission neurological deficit using the National Institutes of Health
Stroke Scale (NIHSS) [10] performed by a certified neurologist.

2.2. Neuroimaging

All patients underwent the standardized stroke imaging protocol for the assessment
of the eligibility for IVT and endovascular treatment EVT, as described in detail previ-
ously [11]. This protocol included non-enhanced computed tomography (CT) of the brain
with the assessment of the Alberta Stroke Program Early CT Score (ASPECTS) and CT
angiography (CTA) of the cervical and intracranial arteries. Patients treated beyond 6
h after the onset of the first symptoms, or with an unknown time of stroke onset, also
underwent a perfusion CT scan [12]. Regarding patients needing secondary transport to the
CSC and with preceding IVT administration in the PSC, a non-enhanced brain CT control
was performed in the CSC prior to an intended EVT to exclude IVT-related hemorrhagic
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complications or the development of an extensive brain infarction only if the transport took
more than one hour, and/or the patient’s neurological status deteriorated significantly.

2.3. Recanalization Treatment

Recanalization treatment was performed in agreement with the valid national and
international guidelines [13–17]. IVT with a standard dose of 0.9 mg/kg (maximum dose
of 90 mg) of rtPA (Actilyse®; Boehringer Ingelheim, Ingelheim am Rhein, Germany) was
administered within 4.5 h from the “last-known-well” condition, with 10% of the dose
given as an intravenous initial bolus and the remaining 90% of the dose as a 60-min infusion
in all patients fulfilling the inclusion and exclusion criteria.

A mechanical thrombectomy (MT) using stent-retrievers was started as soon as pos-
sible, without waiting for the effect of the IVT (if applied) and within a standard 6-h
time window from AIS symptom onset in ACS patients with an ASPECTS ≥ 6 on a non-
enhanced brain CT. Regarding ACS patients treated more than 6 h after AIS symptom
onset, or with an unknown AIS onset time, a MT was indicated based on the perfusion CT
results—it was performed in patients with a small ischemic core (≤70 mL) [18] and with the
presence of ischemic penumbra. Regarding patients with PCS due to BA occlusion, a MT
was performed within a 24-h time window in the case of the absence of an extensive brain
infarction. The choice of the particular stent-retriever used for clot extraction was at the
discretion of the treating interventional neuroradiologist. Concerning most patients, a MT
was performed under conscious sedation and general anesthesia was avoided whenever
possible after evaluation by a dedicated anesthesiology team.

Concerning patients with concurrent ICA occlusion (so called “tandem occlusion”),
carotid artery stenting was performed under local anesthesia using a standard catheteriza-
tion approach from the femoral artery via an 8F or 9F sheath introduced into the common
carotid artery. During most procedures a self-expandable carotid stent was implanted
after predilatation using a low profile balloon as the first step, followed by a MT using a
balloon-guiding catheter placed in the ICA above the level of the carotid stent.

2.4. Observed Parameters

The following parameters were observed in both the IVT only and EVT (±IVT) groups:
patient age and sex, baseline neurological deficit (assessed using the NIHSS score), in-
volved vascular territory (anterior/posterior), and the presence of nine selected clinical
symptoms—limb weakness (mono- or hemiparesis/hemiplegia; HEMIPAR), facial palsy
(drooping of the corner of the mouth; N VII), speech difficulties (dysarthria/phatic disor-
der; SPEECH), sensory impairment (hypoesthesia/anesthesia/paresthesias; SENSATION),
visual disturbances (diplopia/visual field defects; VISION), vertigo (VERTIGO), headache
(HEADACHE), nausea/vomiting (VOMIT), and loss of consciousness (COMA). Regarding
patients with a previous stroke, only the occurrence of new symptoms or a clear progres-
sion of possible residual symptoms were included in the analysis. Concerning the EVT
group, we additionally evaluated the use of IVT before the EVT and localization of the
arterial occlusion—in the extracranial ICA (ICAe), intracranial ICA (ICAi), M1 segment of
the MCA (MCA/M1), M2 segment of the MCA (MCA/M2), ACA, PCA, VA, or BA.

Regarding both groups, times of symptoms onset, times of arrival to the emergency
department in our hospital, times of IVT bolus dose administration and, in the EVT (±IVT)
group, arterial puncture times also were recorded. Based on these times, five time intervals
were evaluated—onset-to-door time (ODT), onset-to-needle time (ONT) and door-to-needle
time (DNT) in both groups and, onset-to-groin time (OGT) and door-to-groin puncture
time (DGT) in the EVT (±IVT) group. Regarding patients with an unknown time of stroke
onset, only the time intervals after their arrival to the hospital were analyzed.

2.5. Statistical Analysis

The IVT only and EVT (±IVT) groups were compared using a chi-square test of
independence for categorical variables (sex, clinical symptoms occurrence, vascular terri-
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tory). Group differences in medians were compared by a non-parametric Mann-Whitney
U test with non-pooled SDs for numeric parameters like time intervals, the NIHSS, and
age. The Benjamini-Hochberg procedure was used to minimize the false discovery rate.
Regarding the IVT only group, we investigated whether there was a significant relationship
between the key time intervals (ODT, ONT, DNT) and the independent variables (age, sex,
admission NIHSS, involved vascular territory, and initial presenting symptoms of AIS).
Regarding the EVT (±IVT) group, we determined five outcome time intervals (ODT, ONT,
DNT, OGT, DGT) and we aimed to assess the relationship between those time points and
specific independent variables (age, sex, admission NIHSS, involved vascular territory,
initial clinical symptoms, use of IVT, and localization of the occlusion in particular arter-
ies). The time-interval outcomes were log-transformed for regression modelling because
they were positively skewed. The series of univariate linear regression models in both
groups were fitted for logarithmized time intervals to identify the dependency on each
parameter (explanatory variable). To find a combination of explanatory variables that
were able to describe the dependent variable more precisely, we next used a multivariable
linear model. The suitable combinations of explanatory variables were detected by two
procedures—Stepwise selection (implemented in R package MASS) and by the “leapBack-
ward” cross-validated (5-folds) method from package leaps. The best multivariable model
was finally chosen according to three information criteria: adjusted R2 (index of determina-
tion), PRESS (predicted residual error sum of squares) and RMSE (Residual Mean Square
Error). All analyses were performed using the statistical software R (www.r-project.org/
(accessed on 9 March 2021).) version 3.5.3; the reported p values were two-tailed and a 5%
significance level was chosen.

2.6. Ethics

The entire study was conducted in accordance with the Declaration of Helsinki of 1964
and its later amendments (including the last in 2013). All procedures were performed in
accordance with institutional guidelines. The study was approved by the Ethics Committee
of the University Hospital Hradec Králové (approval No. 202005 S05P). All conscious
patients signed informed consent forms for the eligible and available diagnostics and
treatment. Independent witnesses verified the signatures in cases in which there were
technical problems.

3. Results

Out of 809 enrolled consecutive AIS patients, 398 (49.2%) patients were treated with
IVT only and 411 (50.8%) with EVT (±IVT). The baseline characteristics of the study
population are shown in Table 1. The majority (74.9%) of patients had isolated large vessel
occlusion. Nevertheless, in some patients, occlusion of several arteries was present. The
most common occlusion site was the MCA/M1 (found in 71.8% of patients), followed by
the ICAi (15.1%), MCA/M2 (13.1%), ICAe (11.2%), BA (8.3%), PCA (2.9%), VA (2.7%) and
ACA (1.9%). Tandem pathology (defined as ICA+MCA M1/M2 occlusion) was detected
in 11.2% of patients. The symptoms of SENSATION, VISION, VERTIGO, HEADACHE,
VOMIT, and COMA were significantly more frequent in the IVT only group, whereas
symptoms HEMIPAR and N VII occurred significantly more often in the EVT (±IVT)
group. Clinical symptoms HEMIPAR, N VII and SPEECH were significantly more frequent
in patients with ACS, while symptoms VISION, VERTIGO, HEADACHE, VOMIT and
COMA were detected more often in patients diagnosed with PCS (statistical evaluation
was not possible in the case of the last three mentioned symptoms due to their minimal
occurrence in the ACS group) (Table 2). Observed time intervals were available for the
following numbers of patients in the particular groups: ODT in 314 (78.9%) and in 239
(58.2%), ONT in 331 (82.2%) and in 204 (49.6%), respectively, DNT in 375 (94.2%) and in
214 (52.1%). Regarding the EVT (±IVT) group, OGT values were available in 295 (71.8%)
and DGT in 362 (88.1%) patients (Figure 1). ONT and DNT were significantly longer
(approximately by 18 and 9 min, respectively) in the IVT only group.
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Table 1. Baseline and outcome characteristics.

Characteristic IVT Only Group EVT (±IVT) Group p

N 398 (49.2) 411 (50.8) N/A
Age, (years) † 71.17 ± 12.75 (72.0) 71.99 ± 12.43 (74.0) 0.2354

Male sex 223 (56.0) 172 (41.8) 0.0001
NIHSS baseline † 7.68 ± 5.00 (6.0) 14.18 ± 6.04 (14.0) <0.0001
Vascular territory 0.7798

Anterior 346 (86.9) 361 (87.8)
Posterior 52 (13.1) 50 (12.2)

Clinical symptoms
Limb weakness (HEMIPAR) 314 (78.9) 388 (94.4) <0.0001

Drooping of the mouth corner (N VII) 283 (71.1) 342 (83.2) 0.0001
Speech difficulties (SPEECH) 313 (78.6) 341 (83.0) 0.1582

Sensory impairment (SENSATION) 61 (15.3) 18 (4.4) <0.0001
Visual problems (VISION) 28 (7.0) 14 (3.4) 0.0363

VERTIGO 37 (9.3) 9 (2.2) 0.0001
HEADACHE 16 (4.0) 2 (0.5) 0.0020

Nausea and/or vomiting (VOMIT) 29 (7.3) 9 (2.2) 0.0015
Loss of consciousness (COMA) 3 (7.5) 26 (6.3) 0.0001

IVT 398 (100.0) 253 (61.6) <0.0001
Time intervals (min)

Onset-to-door (ODT) † 97.14 ± 57.35 (80.5) 105.30 ± 70.82 (85.0) 0.4089
Onset-to-needle (ONT) † 143.57 ± 64.99 (135.0) 125.28 ± 45.51 (119.0) 0.0005
Door-to-needle (DNT) † 50.10 ± 21.70 (47.0) 41.17 ± 17.29 (40.0) <0.0001
Onset-to-groin (OGT) † N/A 207.13 ± 87.35 (185.0)
Door-to-groin (DGT) † N/A 75.17 ± 40.74 (73.0)

Data are N (%) for categorical variables or mean ± SD (median) for numerical variables †. Regarding categorical variables, the groups
are statistically compared by a chi-square test of independence; for numerical variables, differences in group medians are tested by a
Mann-Whitney t-test. All p-values (two-sided alternative hypothesis) are reported after Benjamini-Hochberg correction; EVT, endovascular
therapy; IVT, intravenous thrombolysis; N, number of patients; N/A, not applicable; NIHSS, National Institutes of Health Stroke Scale; SD,
standard deviation.

Table 2. Occurrence of presenting clinical symptoms in anterior circulation stroke (ACS) and posterior
circulation stroke (PCS) patients.

Clinical Symptom
Circulation

p
ACS (N = 707) PCS (N = 102)

Limb weakness (HEMIPAR) 636 (89.96) 66 (64.71) <0.0001
Drooping of the mouth corner (N VII) 588 (83.17) 37 (36.27) <0.0001

Speech difficulties (SPEECH) 593 (83.88) 61 (59.8) <0.0001
Sensory impairment (SENSATION) 64 (9.05) 15 (14.71) 0.105

Visual problems (VISION) 5 (0.71) 37 (36.27) <0.0001
VERTIGO 2 (0.28) 44 (43.14) <0.0001

HEADACHE 0 (0) 18 (17.65) N/A
Nausea and/or vomiting (VOMIT) 1 (0.14) 37 (36.27) N/A

Loss of consciousness (COMA) 9 (1.27) 20 (19.61) N/A

Data are N (%). Symptoms with sufficient frequencies (occurrences) were statistically compared by a chi-square
test of independence between ACS and PCS; all p-values (two-sided alternative hypothesis) are reported after
Benjamini-Hochberg correction; ACS, anterior circulation stroke; N, number of patients; N/A, not applicable;
PCS, posterior circulation stroke.
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Figure 1. Flowchart of the study. ACS, anterior circulation stroke; AIS, acute ischemic stroke; DGT, door-to-groin puncture
time; DNT, door-to-needle time; EVT, endovascular therapy; IVT, intravenous thrombolysis; N, Number; ODT, onset-to-door
time; OGT, onset-to-groin time; ONT, onset-to-needle time; PCS, posterior circulation stroke.

Table 3 shows the results of the univariate regression analysis assessing the depen-
dency of recanalization times on the observed parameters both in the IVT only and the
EVT (±IVT) groups. The results of the multivariable linear model for recanalization times
are presented in Table 4. Regarding the IVT only group, the ODT was best described by a
combination of four variables—the baseline NIHSS score (every one-point increase in the
NIHSS value is expected to shorten the ODT by 1.74 min) and the presence of clinical symp-
toms SPEECH (ODT shortening by 18.9 min), HEMIPAR (ODT shortening by 12.6 min)
and VOMIT (ODT prolongation by 31.2 min). Similarly, the ONT was best characterized by
a combination of four factors—admission NIHSS (every one-point increase in the NIHSS
value is expected to shorten the ONT by 1.59 min) and the presence of clinical symptoms
SPEECH (ONT shortening by 24.6 min), HEMIPAR (ONT shortening by 15.1 min) and
VOMIT (ONT prolongation by 43.7 min). The clinical symptoms SPEECH and VERTIGO
were defined as the best variables of DNT in IVT-treated patients, with DNT shortening by
5.2 min and prolongation by 8.6 min, respectively. Concerning the EVT (±IVT) group, no
significant ODT predictor was identified. Affected anterior circulation and the presence
of clinical symptom N VII had the highest predictive value for the ONT (with shortening
by 24.8 and 15.8 min, respectively). Concerning the same group, only one explanatory
variable was sufficient to accurately describe the remaining time intervals—presence of
symptom COMA for the DNT (prolongation by 22.7 min), affected the anterior vascular
territory for the OGT (shortening by 47.3 min) and presence of symptom N VII for the DGT
(shortening by 20.8 min).
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Table 4. Best multivariable models of observed time intervals.

Patient Group
Observed Time Interval

(Outcome)
Explanatory Variable (Predictor) Beta Standard Error p

IVT only

Onset-to-door time (ODT)

NIHSS −1.741 0.687 0.0118
Limb weakness (HEMIPAR) −12.608 8.161 0.1233
Speech difficulties (SPEECH) −18.927 7.619 0.0135

Nausea and/or vomiting (VOMIT) 31.159 11.748 0.0084

Onset-to-needle time (ONT)

NIHSS −1.5934 0.7575 0.036
Limb weakness (HEMIPAR) −15.0672 8.9026 0.092
Speech difficulties (SPEECH) −24.564 8.4185 0.004

Nausea and/or vomiting (VOMIT) 43.7237 13.1284 0.001

Door-to-needle time (DNT)
Speech difficulties (SPEECH) −5.163 2.737 0.060

VERTIGO 8.575 3.84 0.026

EVT (±IVT)

Onset-to-needle time (ONT)
Vascular territory—anterior −24.76 12.99 0.058

Drooping of the mouth corner (N VII) −15.76 10.43 0.132

Door-to-needle time (DNT) Loss of consciousness (COMA) 22.675 6.046 0.0002

Onset-to-groin time (OGT) Vascular territory—anterior −47.32 16.89 0.005

Door-to-groin time (DGT) Drooping of the mouth corner (N VII) −20.794 6.015 0.0006

Beta is the estimated regression coefficient of the multivariable regression model (OLS) that can be interpreted as the population (point)
estimate of the difference in the mean time from the reference group (no symptoms, posterior vascular territory). Beta for the NIHSS is the
estimate of the marginal (unit) change, i.e., every one-point increase in the NIHSS value is expected to shorten the mean ONT in the IVT
group by 1.59 min; EVT, endovascular therapy; IVT, intravenous thrombolysis; NIHSS, National Institutes of Health Stroke Scale.

4. Discussion

While there are many studies investigating the impact of the severity of the neurologi-
cal deficit assessed by the NIHSS [19–23] or AIS localization (PCS versus ACS) [8,19,24]
on specific treatment time intervals, studies focusing on individual stroke symptoms are
rare [8,9]. According to our knowledge, our study is just the second original research
manuscript dealing with this topic, as the study performed by Baraban et al. was published
in the form of an abstract only [9].

During this study we identified several variables (the NIHSS value, anterior circula-
tion, clinical symptoms HEMIPAR, N VII, SPEECH, VERTIGO, VOMIT, COMA) of five
observed time intervals. Aligned with the previous literature, we observed that presenting
symptoms did impact the treatment timeline [8,9,25]. Regarding AIS presenting with less
specific symptoms (VERTIGO, VOMIT, COMA), the treatment was initiated later than in
AIS with more defined clinical symptoms (HEMIPAR, N VII, SPEECH) related mainly to
ACS. Since nonspecific symptoms such as VERTIGO and VOMIT, commonly occurring
in PCS, overlap with more benign medical conditions like gastroenteritis, we assume that
these patients will not have ONT, OGT, DNT, DGT only, but also ODT due to an inap-
propriate response (delay in calling 911 by patient/relative/friend). This hypothesis was
confirmed by Baraban et al. who found that patients presenting with symptom SPEECH
arrived at the hospital 14.2% faster (p = 0.007) and also had a 6.0% faster DNT (p = 0.006)
than patients without these symptoms. Moreover, authors observed that those presenting
with HEMIPAR had a 9.3% faster DNT (p = 0.001) and patients with other neurologic
symptoms arrived 14.0% later than those without HEMIPAR (p = 0.009) [9]. According
to Sarraj et al. [8], ONT was statistically different for the following clinical symptoms: N
VII (153 versus 167 min in the case of its absence, p = 0.044), VOMIT (187 versus 156 min,
p = 0.009), and COMA (153 versus 171 min, p = 0.006). DNT was significantly associated
with HEMIPAR (74 versus 87 min in the case of its absence, p = 0.014) and VOMIT (96
versus 75 min, p = 0.005) [8]. Authors from Finland similarly demonstrated that AIS
patients with a positive Face Arm Speech Time (FAST) test had a shorter DNT as well
(48 versus 66 min, p < 0.001) [25]. Interestingly, in contrast to some previous reports in
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which HEMIPAR was associated with reduced DNT [8,9], in our study the presence of
this symptom only insignificantly influenced ODT and ONT, even though it seems to be
an easily recognizable stroke symptom. Conversely, the presence of the clinical symptom
SPEECH was associated with a shorter ODT, ONT, and DNT in our IVT only group, and
the presence of clinical symptom N VII was associated with a shorter ONT and DGT in
our EVT (±IVT) group. The SPEECH symptom included not only dysarthria, but also
phatic disorder, which represents a more remarkable neurological deficit. The symptom N
VII, although representing a “minor stroke symptom”, is easily recognizable by the public,
similar to HEMIPAR. Even an isolated phatic disorder can justify the IVT procedure, as
it might be associated with up to four points on the NIHSS, i.e., the cut-off point for rtPA
administration) [13–17]. Although significant variables for the observed time intervals were
slightly different in our and the above-mentioned studies, it was confirmed that patients
with less specific symptoms experienced treatment delays. The symptom COMA repre-
sented the only exception—it was responsible for DNT prolongation in our EVT (±IVT)
group by 22.7 min, but in the study by Sarraj et al., COMA significantly shortened ODT by
approximately 12 min and ONT by approximately 18 min [8]. One possible interpretation
could be the difference in the pre-hospital and intra-hospital management of comatose
patients. Since COMA is a serious medical condition usually recognizable by the general
public, the patient probably gets to the hospital quickly. However, the problem may be the
intra-hospital delays due to the need for a systematic multidisciplinary approach to the
unconscious patient, e.g., early physiological stabilization, activation of an anesthesia team,
intubation for respiratory failure or airway protection [26]. Hassan et al. found that the
mean time interval between the CT scan and the initiation of an endovascular procedure
was significantly longer in patients who underwent preprocedural intubation (132 ± 102
versus 111 ± 47 min, p < 0.0001) [27]. Ultimately, our findings reflect a real clinical practice.
There are several explanations of this phenomenon. Screening tools such as the FAST test
developed for prehospital identification of AIS patients by checking for facial and/or arm
weakness and speech disturbance are undoubtedly less sensitive for the identification of
PCS compared to ACS [24,28,29]. Since symptoms of PCS can mimic other disorders, they
can be misinterpreted easily and may lead to under-recognition considering initial nonfocal
and nonspecific symptoms [24,30,31]. Both ONT and DNT were significantly longer in the
PCS versus the ACS group (175 versus 155 min, p = 0.0121 and 90 versus 74 min, p = 0.0026,
respectively) in the study published by Sarraj et al. [8]. Likewise, DNT was, on average,
longer by 13 min in patients with PCS compared to ACS patients (p < 0.001) according to
data reported by Sommer et al. [24]. During the Czech study which aimed to determine
the predictors of calling 911 in reaction to stroke symptoms, responders identified SPEECH
(37%) and HEMIPAR (34%) as the most typical symptoms of AIS [32]. A Swedish study
reported that two-thirds of the population knew at least one stroke symptom, but only
one-tenth knew three stroke symptoms [33]. Although public awareness of stroke has
improved in recent years thanks to various mass media intervention campaigns advertising
AIS symptoms, there is still a lack of recognition of mainly PCS symptoms, which implies a
need for increased education not only of the general public, but also of paramedics and staff
working in the emergency departments. It is obvious that the initial assessment phase is cru-
cial, and better clinical recognition is urgently needed to optimize acute care. Even patients
with less specific stroke symptoms must be promptly diagnosed and treated, although this
still represents a challenge in emergency medicine. Last but not least, we found that every
one-point increase in the admission NIHSS value was expected to shorten ONT by 1.59 min
in the IVT only group. Most authors previously demonstrated that lower baseline NIHSS
scores in AIS patients were associated with longer treatment times [20,23,34]. This fact is
related to the above-discussed issue concerning an often difficult differential diagnosis of
PCS. Since the NIHSS is weighted more toward ACS symptoms, it tends to underestimate
the clinical severity in PCS, which is reflected by previous observations of overall lower
NIHSS scores in patients with PCS compared to ACS [8,24,35,36]. During our study, “more
defined” stroke symptoms, such as HEMIPAR, N VII and SPEECH were more frequent in

86



J. Clin. Med. 2021, 10, 1143

the ACS, while in the PCS, “less defined” stroke symptoms, such as VISION, VERTIGO,
HEADACHE, VOMIT and COMA were observed. However, ACS of low severity is also
difficult to diagnose. Thus, this problem is not restricted to PCS.

Several limitations of the present study should be mentioned. First, it has a retrospec-
tive character with a sample extracted from a single stroke center database; therefore, the
results may not be generalizable. Second, the data collection methods among databases
may be the source of selection bias. Our study has the same limits as all non-randomized
controlled trials. Third, reported data depend on the accuracy and the completeness of the
medical records. Unfortunately, data missingness was present for some time outcomes, as
mentioned above. We focused on five selected time intervals including onset-to-treatment,
although the time of the stroke onset is often inaccurate. Actually, some strokes may have
occurred during sleep and, in other cases, the witnesses were unable to recall the precise
time of symptom onset. Conversely, the strength of this study is that it included a relatively
large cohort of patients. We should note that, unlike other studies, we also evaluated the
clinical profile behind the NIHSS values.

5. Conclusions

Our results demonstrated that initial presenting symptoms of AIS did influence the
treatment timeline both in the pre-hospital and intra-hospital management phase. Patients
with less specific stroke symptoms associated with posterior circulation experienced treat-
ment delays. There is no doubt that the significant diagnostic ambiguity of PCS represents a
serious issue in the field of emergency medicine. Therefore, an important research question
for stroke specialists still remains regarding optimized logistics and acute phase manage-
ment strategies. Analysis of a larger nationwide registry and of international registries
would be beneficial to confirm our observations.
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pro intravenózní trombolýzu v léčbě akutního mozkového infarktu—Verze 2014. Cesk. Slov. Neurol. N. 2014, 77/110, 381–385.

15. Powers, W.J.; Derdeyn, C.P.; Biller, J.; Coffey, C.S.; Hoh, B.L.; Jauch, E.C.; Johnston, K.C.; Johnston, S.C.; Khalessi, A.A.; Kidwell,
C.S.; et al. 2015 American Heart Association/American Stroke Association focused update of the 2013 guidelines for the early
management of patients with acute ischemic stroke regarding endovascular treatment: A guideline for healthcare professionals
from the American Heart Association/American Stroke Association. Stroke 2015, 46, 3020–3035. [CrossRef]
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Abstract: We aimed to identify predictors of infarct growth and neurological deterioration (ND) in
vertebrobasilar occlusions (VBOs) with a focus on clinical-core mismatch. From 2010 to 2018, VBO
patients were selected from a university hospital registry. In total, 138 VBO patients were included.
In these patients, a posterior circulation Alberta Stroke Program Early CT score (PC-ASPECTS)
less than 6 was associated with futile outcome. Within patients with feasible cores, a decrease in
PC-ASPECTS score of 2 or more on follow-up imaging was classified as infarct growth and could be
predicted by a National Institutes of Health Stroke Scale (NIHSS) mental status subset of 1 or higher
(odds ratio (OR): 3.34, 95% confidence interval (CI) (1.19–9.38), p = 0.022). Among the 73 patients who
did not undergo reperfusion therapy, 13 patients experienced ND (increase in discharge NIHSS score
of 4 or more compared to the initial presentation). Incomplete occlusion (vs. complete occlusion,
OR 6.17, 95% CI (1.11–34.25), p = 0.037), poorer collateral status (BATMAN score, OR: 1.91, 95% CI
(1.17–3.48), p = 0.009), and larger infarct cores (PC-ASPECTS, OR: 1.96, 95% CI (1.11–3.48), p = 0.021)
were predictive of ND. In patients with VBO, an initial PC-ASPECTS of 6 or more, but with a decrease
in the mental status subset of 1 or more can predict infarct growth, and may be used as a criterion for
clinical-core mismatch. ND in VBO patients presenting with milder symptoms can be predicted by
incomplete occlusion, poor collaterals, and larger infarct cores.

Keywords: basilar artery; brain ischemia; intracranial atherosclerosis; embolism; infarction

1. Introduction

In anterior circulation stroke, endovascular treatment (EVT) for emergent large vessel occlusion is
a well-established treatment. The indication is relatively clear, and its effectiveness has been proven
through numerous randomized controlled trials (RCTs) [1]. While there have been no successful RCTs
demonstrating the effectiveness of EVT in vertebrobasilar occlusion (VBO), it is strongly recommended
that EVT be used for treating VBO [2]. In practice, however, decisions for EVT in VBO patients are
complicated by diversity in clinical courses, such as prodromal symptoms, late progressions, and a
wide range of clinical symptoms despite similar-looking vascular occlusions. Thus, there are some
issues to be further resolved for EVT of VBO.

One major issue is generation of a clinical-core mismatch criterion in VBO. Time-based selection
criteria for EVT in VBO may be complicated by heterogeneity in clinical presentation [3], and a
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clinical-core mismatch criterion can be supportive. The clinical-core mismatch criterion is used to
identify patients with significant neurologic deficits but with limited infarct core that may benefit from
EVT regardless of stroke onset-to-door time [4]. The clinical-core mismatch can predict infarct growth
and maximize the treatment effect of EVT [5]. For example, the original reports have described an
inclusion criteria of National Institutes of Health Stroke Scale (NIHSS) ≥10 with an infarct core of
<31cc for anterior circulation large vessel occlusion patients [4]. In the anterior circulation, clinical-core
mismatch is widely accepted as a predictor of infarct growth along with other methods such as
diffusion-perfusion mismatch [6], or collateral status [7]. Theoretically, a clinical-core mismatch criteria
can be superior to diffusion-perfusion mismatch or collateral status in VBO. Perfusion imaging of the
posterior circulation is limited by its low spatial resolution, while leptomeningeal collateral assessment
via noninvasive methods cannot be applied to the posterior circulation. However, whether to use the
total NIHSS score, or to use special subsets of neurological deficits for the mismatch criteria to predict
infarct growth, can be debatable. In the anterior circulation, cortical signs such as aphasia, extinction,
and gaze deviation may be considered as a marker of hemispheric hypoperfusion [5]. It is not clear
which neurological signs may represent this role in the posterior circulation.

A second major issue is neurological deterioration (ND). For VBO, even for patients that present
with lower clinical severity, there is a high rate of neurological deterioration (ND). High rates of
intracranial atherosclerotic occlusions are partly responsible. Owing to its longstanding diseased vessel
status, patients with intracranial atherosclerotic occlusions may present with a wide variety of clinical
severity, and experience a high rate of ND. While the pathomechanism underlying ND is diverse,
late perfusion failure following ND are comparatively more common and often lead to devastating
neurological outcomes. However, in VBO the actual frequency, the distributions of pathomechanism
of the ND, and potential predictors are not well reported. Identification of such factors are needed to
evaluate the feasibility of delayed or even preventive EVT.

The fact that there are high rates of intracranial atherosclerotic occlusions [7] in VBO is associated
with both issues. However, such associations have not been appropriately addressed in previous
studies; past literature describing clinical behaviors of VBO with regard to pathophysiology date
back to the pre-EVT era [8], while reports of EVT in VBO seldom address the heterogeneity in clinical
presentation. Further, the underlying occlusion etiology is difficult to verify in cases that do not
undergo EVT, for identification of underlying stenosis can only be performed after recanalization is
achieved [9]. However, recent studies focusing on pre-EVT identification of intracranial atherosclerotic
occlusions have reported occlusion type analysis based on the idea that an embolus would likely
become lodged at the site of an arterial bifurcation rather than being halted in the middle of the
artery [10]. This etiologic classification was shown to be well-matched with post-procedural diagnosis
especially in the VBO population [11], and used as a surrogate for intracranial atherosclerotic occlusions
in both the anterior [12] and posterior [13] circulations.

Thus, in VBO patients, we aimed to describe the overall clinical picture that may benefit from
reperfusion therapies, by addressing the issue of infarct growth and neurological deterioration.
To achieve this goal, this study identified VBO patients based on presenting angiographic imaging
and tissue imaging, rather than therapeutic modality or presenting time. In this population, we first
aimed to generate a clinical-core mismatch criteria through identification of futile infarct cores and
predictors of infarct growth, correcting for occlusion type. The total NIHSS score and its subsets were
compared in this analysis. Second, in patients that did not undergo revascularization, the frequency,
pathomechanism of ND, and its predictors were evaluated.

92



J. Clin. Med. 2020, 9, 3759

2. Materials and Methods

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

2.1. Patient Selection

The flow chart for patient inclusion is summarized in Figure 1. From January 2010 to December
2018, all posterior circulation stroke patients were identified from Ajou Stroke Registry, a prospectively
collected stroke registry from a university hospital stroke center. All patients admitted to the department
of neurology for the treatment of acute ischemic stroke were registered regardless of the treatment
or imaging. The basic demographics, the initial and follow-up NIHSS score at 2 h and 1, 3, 7, and 14
days, and the day of discharge, functional outcome as measured by modified Rankin scale (mRS) at
discharge and at 3 months, laboratory tests, and the location of the infarction were collected from
the registry. In all posterior circulation stroke patients included in the registry, patients with VBO
was identified through medical record search for keywords “occlusion”, or “stenosis” in baseline
CTA or MRA reports, and further reviewed by two investigators (S.K., senior resident and S.-J.L.,
interventional neurologist) to identify an occlusion or near total occlusion in the basilar artery, bilateral
vertebral artery, or dominant vertebral artery with no contralateral vertebral artery flow. Near total
occlusions in which antegrade blood flow cannot be ascertained, or only minimal flow is suspected,
was included because similar looking lesions present with a wide range of clinical severity, and in a
large number of cases, antegrade blood flow cannot be ascertained without conventional angiography.
Patients who had data regarding the initial and final infarct volumes available, which was assessed
magnetic resonance imaging (MRI) or CT, were selected. Ethics approval was obtained from the local
institutional review board, and the board waived the need for patient consent.

 

Figure 1. Flow chart of the patient selection process is provided in this flowchart. ND,
neurological deterioration.

2.2. Variables and Image Analysis

Variables being investigated were obtained retrospectively by reviewing medical records.
The NIHSS was divided into mental status, motor, and cranial and cerebellar subsets. The mental
status subset included level of consciousness (LOC), LOC questions, and LOC commands; the motor
subset included bilateral arm and leg scores; and the cranial and cerebellar subset included best
gaze, facial palsy, dysarthria, language, and ataxia scores. This subset classification is summarized in
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Figure 2. Prodrome was defined as a preceding fluctuation of neurological symptoms suggestive of a
vertebrobasilar transient ischemic attack.

 

Figure 2. Classification of the NIHSS subsets for mental status, motor, and cranial and cerebellar scores.

The image analyses were performed using commercial image-viewing software (Picture Archiving
and Communication System; Maroview 5.3 Infinitt Co., Seoul, Korea). It was performed by two
investigators (S.K. and S.-J.L.) who were blinded of clinical information at the time of analyses.
Disagreement was resolved by consensus. The location of the occlusion and the degree of occlusion
were analyzed. For baseline infarct volume measurements, diffusion-weighted imaging (DWI) on MRI
was used for all patients. For follow-up infarct volumes, DWI was utilized primarily, and non-contrast
CT was used when follow-up MRI was not available. Follow-up imaging was performed within a week
after the initial study. The infarct volume was semiquantitatively graded using a previously described
scoring system: posterior circulation Alberta Stroke Program Early CT score (PC-ASPECTS) [14].
This scoring system is the posterior circulation-equivalent of Alberta Stroke Program Early CT Score
used in the anterior circulation stroke, composed of 8 territories that are supplied by the vertebrobasilar
vasculature. In comparison to the anterior circulation, higher points are given to the brainstem, and due
to bone artifact or partial volume effect, it is commonly measured in MR DWI, where it has proven its
predictive power [15]. PC-ASPECTS was scored as previously described, subtracting each assigned
points when more than 20% involvement was found in the relevant territory [16]. Infarct growth was
defined as a decrease in PC-ASPECTS of ≥2 points from the initial imaging study to the follow-up
imaging study. Occlusion degree was classified into incomplete occlusion and complete occlusion
based on CTA maximal intensity projection images or magnetic resonance angiography (MRA); it was
classified as a complete occlusion when anterograde luminal flow was definitely missing and as
an incomplete occlusion when the presence of anterograde luminal flow was uncertain or minimal
flow was suspected. Occlusion types were classified into truncal type occlusion (TTO) suggestive
of intracranial atherosclerotic occlusions and branching site occlusion (BSO) suggestive of embolic
occlusions [7,17]: Non-visualization of the basilar artery bifurcation site due to thrombus indicates
BSO, and sparing of the bifurcation site indicates TTO [11]. Baseline collateral status and thrombus
burden were also evaluated based on CTA or MRA using the Basilar Artery on Computed Tomography
Angiography (BATMAN) score [18]. An example of determining the PC-ASPECTS and BATMAN
score in a patient is presented in Figures 3 and 4.
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Figure 3. An example of a BATMAN score from a truncal-type occlusion from the cohort. (A) Coronal
reconstruction of the MIP image of the basilar artery. Occlusion at the vertebrobasilar artery with
visualization of the distal part and the basilar top is seen. Both PCAs are visualized. For the BATMAN
score, each 1 point is given for the distal BA, and both PCAs. (B) Coronal MIP image of bilateral VAs.
Note that both VAs are occluded. Zero point was given. (C) Axial MIP image showing both posterior
communicating arteries. Two points for each communicating artery was given. (D) Sagittal MIP image
showing occluded proximal and mid-BA. Zero points were given for each part of the BA, constituting a
total BATMAN score of 7. BATMAN, Basilar Artery on Computed Tomography Angiography; BA,
basilar artery; MIP, maximal intensity projection; PCA, posterior cerebral artery; VA, vertebral artery.

 

Figure 4. An example of a calculation of PC-ASPECTS from diffusion-weighted image. (A) Diffusion
restriction is seen at the pontine level. Two points were subtracted at this level. Even though scattered
infarction was noted in the bilateral cerebellum, lesions did not exceed 20% of the territories. (B) No acute
infarction was noted at the midbrain level. (C) No acute infarction was noted in the bilateral thalami
and PCA territories. This constitutes a total score of 8. PC-ASPECTS, Posterior Circulation-Alberta
Stroke Program Early Computed Tomography Score; PCA, posterior cerebral artery.

2.3. Identification of the Clinical-Core Mismatch Criteria That Predicts Infarct Growth

For the generation of the clinical-core mismatch, the core criterion and clinical criterion was
sequentially generated. For the core criterion, the futile core was calculated with PC-ASPECTS,
by generating an initial PC-ASPECTS score that is highly specific to result in futile outcomes
(3 months mRS 5-6) irrespective of treatment. Infarct volumes that do not meet the futile core
criterion were considered feasible cores, and clinical mismatch criterion was evaluated within these
patients. Significant cut-off values of NIHSS scores and subset scores were generated, which was
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predictive of infarct growth. For this, area under the receiver operating characteristic curve (AUC)
analysis was performed along with expert opinion. Among the clinical scores, the best parameter
predictive of infarct growth with other potentially significant variables included in multiple logistic
regression analysis was identified as an optimal clinical-core mismatch criterion. The occlusion type
was included in the logistic regression analysis to account for occlusion etiology.

2.4. Identification of Factors Predictive of Neurological Deterioration

In patients that did not perform EVT, the presence of ND was assessed. ND was defined as an
increase in the NIHSS score by 4 or more points between the point of admission and discharge [19].
ND was classified according to its pathomechanism. Clinical profile and imaging findings were
compared between patients who experienced ND and those who did not. Multiple logistic regression
analysis was performed, including clinically important variables, to identify the independent predictors
of ND.

2.5. Statistical Analysis

Variables are expressed as numbers (percentage), and median (interquartile range) value.
Continuous variables were compared using Student’s t-test or the Mann-Whitney U test. Categorized
variables were compared using the chi-square test or Fisher’s exact test. Normality of the distribution
was assessed using the Kolmogorov-Smirnov test. Multiple logistic regression was performed for
identification of best clinical-core mismatch criteria predictive of infarct growth and for identification
of predictors of ND. Multiple logistic regression analysis included clinically important variables.
For the multivariate analysis, predictive power was calculated for statistically significant variables.
We calculated the power at the 0.05 significance level with a two-sided test for a multiple logistic
regression model by using formulae given by Hsieh (1998) [20]. For this analysis, a power of 80% is
generally considered acceptable in terms of sample size. Data are presented as the mean ± standard
deviation, number (%), or median [interquartile range (IQR)] as appropriate for data type and
distribution. All statistical analyses were performed using IBM SPSS Statistics version 25 (IBM Corp.,
Armonk, NY, USA) and R version 3.6.3. A p-value < 0.05 was considered statistically significant.

3. Results

From January 2010 to December 2018, 1710 posterior circulation stroke patients were identified.
Patients that did not fulfill the criteria for CT-based VBO were excluded, leaving 176 VBO patients.
All patients underwent MRI at admission. Among them, 138 patients who had follow-up imaging
study using MRI (77/138, 55.8%) or CT (61/138, 44.2%), were selected and included in the analysis.
Median follow-up imaging interval was 4 (IQR, 2–5) days.

3.1. Infarct Growth and Generation of Clinical-Core Mismatch Criteria

3.1.1. Generation of Core Criterion

In the 138 patients, infarct core was analyzed with PC-ASPECTS. Decreases in PC-ASPECTS
could significantly predict futile outcomes with an AUC of 0.761 (0.680–0.842), and the dichotomized
PC-ASPECTS score of less than 6 showed a sensitivity of 25.4% and specificity of 100% for futile
outcomes irrespective of treatment. Fifteen patients presented with a PC-ASPECTS score of less than 6.
The rest 123 patients were considered to present with feasible cores for reperfusion therapy, and were
included in the clinical criterion analysis.

3.1.2. Generation of Clinical Criterion That Can Predict Infarct Growth

In the 123 patients (mean age: 67 ± 13; male: 85/123, 69.1%), 43 (35.0%) patients met the infarct
growth definition. When patients with infarct growth and those without were compared, infarct
growth group had lower rates of male sex, (53.5% vs. 77.5%, p = 0.006) and higher NIHSS scores at
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presentation (18 (8–22) vs. 7 (3–16), p = 0.007). Patients presenting with a NIHSS score 11 or more were
significantly more frequent in the infarct growth group (67.4% vs. 40.0%, p = 0.004), as was mental
status subset score of 1 or higher (83.7% vs. 51.2%, p < 0.001), motor subset score of 5 or higher (58.1%
vs. 27.5%, p = 0.001), and cranial and cerebellar subset score of 4 or higher (74.4% vs. 48.8%, p = 0.006).
Location of occlusion of the distal or proximal basilar artery (BA) was more frequently observed
in the infarct growth group, in contrast to the higher number of vertebral artery (VA) occlusions in
the non-infarct growth population (p = 0.014). In patients that experienced infarct growth, EVT was
more frequently performed (60.5% vs. 36.3%, p = 0.010), representing patient selection in clinical
practice. A good outcome was much less frequently observed in the infarct growth group (14.0% vs.
65.0%, p < 0.001). The two groups did not differ in terms of occlusion types (for TTO, 55.8% vs. 72.5%,
p = 0.061), PC-ASPECTS (9 (8–10) vs. 9 (8–10), p = 0.928), or BATMAN scores (5 (3–7) vs. 6 (5–8),
p = 0.090) (Table 1).

Table 1. Comparison of patients who experienced infarct growth and who did not.

Variables Infarct Growth (N = 43) No Infarct Growth (N = 80) p Value

Age 72 (59–80) 66 (55–75) 0.114
Sex, male 23 (53.5%) 62 (77.5%) 0.006
HTN 21 (48.8%) 47 (58.8%) 0.292
DM 13 (30.2%) 22 (27.5%) 0.749
Atrial fibrillation 12 (27.9%) 17 (21.3%) 0.407
Presence of prodrome 8 (18.6%) 11 (13.8%) 0.477
Onset-to-door time (h) 3 (1–7) 3 (2–11.75) 0.857
NIHSS at presentation 18 (8–22) 7 (3–16) 0.007
NIHSS ≥11 29 (67.4%) 32 (40.0%) 0.004
Subset mental status scores 4 (1–6) 1 (0–4) 0.065
Mental status ≥1 36 (83.7%) 41 (51.2%) <0.001
Subset motor scores 6 (2–8) 2 (0–5.75) 0.003
Motor ≥5 25 (58.1%) 22 (27.5%) 0.001
Subset cranial and cerebellar scores 5 (3–7) 3 (2–6) 0.048
Cranial and cerebellar ≥4 32 (74.4%) 39 (48.8%) 0.006
Occlusion degree 0.518
Complete occlusion 34 (79.1%) 67 (83.8%)
Incomplete occlusion 9 (20.9%) 13 (16.3%)
Occlusion location 0.014
distal BA 11 (25.6%) 10 (12.5%)
proximal BA 23 (53.5%) 33 (41.3%)
VA 9 (20.9%) 37 (46.3%)
Occlusion type 0.061
Truncal-type occlusion 24 (55.8%) 58 (72.5%)
Branching-site occlusion 19 (44.2%) 22 (27.5%)
PC-ASPECTS 9 (8–10) 9 (8–10) 0.928
BATMAN 5 (3–7) 6 (5–8) 0.090
Reperfusion (EVT ± IV thrombo-lysis) 26 (60.5%) 29 (36.3%) 0.010
Final PC-ASPECTS 5 (3–7) 9 (8–10) <0.001
Good outcomes (mRS 0–2) 6 (14.0%) 52 (65.0%) <0.001

Numbers are represented by numbers (percentage), median value [interquartile range]; HTN, hypertension; DM,
diabetes mellitus; NIHSS, National Institutes of Health Stroke Scale; BA, basilar artery; VA, vertebral artery;
PC-ASPECTS, Posterior Circulation-Alberta Stroke Program Early Computed Tomography Score; BATMAN, Basilar
Artery on Computed Tomography Angiography score; EVT ± IV thrombolysis, endovascular treatment with or
without intravenous thrombolysis; mRS, modified Rankin scale.

When adjusted for age, sex, occlusion type, reperfusion therapy, BATMAN, and PC-ASPECTS,
only mental status subset score of 1 or higher significantly predicted infarct growth (OR: 3.34, 95% CI
(1.19–9.38), p = 0.022, predictive power: 93.65%), while total NIHSS, motor subset, and cranial and
cerebellar subset cut-off values did not (Table 2).
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Table 2. Comparison of logistic regression models for predicting infarct growth using cut-off values
generated by NIHSS and its subset scores.

Variables OR 95% CI p Value

Model 1 NIHSS at presentation≥11 2.16 0.83–5.65 0.116
Age 1.01 0.98–1.05 0.570
Sex 2.39 0.96–5.91 0.060
TTO (vs. BSO) 0.93 0.35–2.43 0.876
EVT ± IV thrombolysis 1.58 0.66–3.79 0.309
PC-ASPECTS (per 1 point decrease) 0.93 0.65–1.33 0.682
BATMAN (per 1 point decrease) 1.16 0.92–1.46 0.220

Model 2 Subset mental status ≥ 1 3.34 1.19–9.38 0.022
Age 1.01 0.98–1.05 0.586
Sex 2.19 0.88–5.43 0.092
TTO (vs. BSO) 1.00 0.38–2.65 0.996
EVT ± IV thrombolysis 1.48 0.61–3.55 0.383
PC-ASPECTS (per 1 point decrease) 0.95 0.67–1.34 0.760
BATMAN (per 1 point decrease) 1.17 0.92–1.47 0.200

Model 3 Subset motor ≥ 5 2.44 0.96–6.25 0.062
Age 1.01 0.97–1.04 0.673
Sex 2.13 0.86–5.30 0.104
TTO (vs. BSO) 0.95 0.36–2.50 0.909
EVT ± IV thrombolysis 1.50 0.61–3.65 0.376
PC-ASPECTS (per 1 point decrease) 0.93 0.65–1.33 0.695
BATMAN (per 1 point decrease) 1.19 0.94–1.49 0.150

Model 4 Subset cranial and cerebellar ≥ 4 1.73 0.64–4.69 0.285
Age 1.01 0.98–1.05 0.542
Sex 0.44 0.18–1.07 0.069
TTO (vs. BSO) 0.85 0.33–2.18 0.729
EVT ± IV thrombolysis 1.57 0.63–3.94 0.333
PC-ASPECTS (per 1 point decrease) 0.99 0.71–1.39 0.963
BATMAN (per 1 point decrease) 1.15 0.92–1.45 0.229

OR, odds ratio; CI, confidence interval; NIHSS, National Institutes of Health Stroke Scale; TTO, truncal-type occlusion;
BSO, branching-site occlusion; EVT ± IV thrombolysis, endovascular treatment with or without intravenous
thrombolysis; PC-ASPECTS, Posterior Circulation-Alberta Stroke Program Early Computed Tomography Score;
BATMAN, Basilar Artery on Computed Tomography Angiography score.

3.2. Neurological Deterioration and Its Predictors

Among the 138 total population, 73 VBO patients (age: 68 ± 14; male: 54/73, 74.0%) did not receive
reperfusion therapy. The patients presented with a median NIHSS score of 5 (2–15), and a median
time interval of 7 (3–26) hours. The majority of the population presented with a TTO (54/73, 74.0%)
suggestive of intracranial atherosclerosis. Predictors of neurological deterioration were evaluated in
them. In the 73 patients, ND occurred in 13 (17.8%) patients. Causes of ND was infarct growth in 8
(61.5%), lacunar progression in 4 (30.8%), and brainstem compression in 1 (7.7%). Table 3 summarizes
the differences in clinical and imaging characteristics between the ND group and those without ND.
When patients with ND and no-ND were compared, there were no differences in baseline demographics,
except for a higher rate of prodrome (46.2% vs. 11.7%, p = 0.003). There were no differences in NIHSS
total or subset scores or onset-to-door time. Only 2/13 (15.4%) of the patients that experienced ND
could achieve good outcomes, compared to 38/60 (63.3%) in the no-ND group (p = 0.002).
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Table 3. Comparison of patients who experienced neurological deterioration and who did not, in those
that did not undergo endovascular treatment.

Variables ND (N = 13) No-ND (N = 60) p Value

Age 73 (48–77) 69.5 (56–77.75) 0.375
Sex, male 11 (84.6%) 43 (71.7%) 0.335
HTN 9 (69.2%) 35 (58.3%) 0.467
DM 7 (53.8%) 19 (31.7%) 0.130
Atrial fibrillation 1 (7.7%) 18 (30.0%) 0.097
Presence of prodrome 6 (46.2%) 7 (11.7%) 0.003
Onset-to-door time (h) 5 (2–28.5)] 7 (3–24) 0.870
NIHSS at presentation 7 (2.5–13.5) 4.5 (1.25–16.75) 0.438
Subset mental status scores 0 (0–2) 1 (0–3.75) 0.577
Subsetmotorscores 2 (0–5) 0 (0–4.75) 0.318
Subset cranial and cerebellar scores 3 (2–5) 2.5 (1–5.75) 0.934
Occlusion degree 0.020
Complete occlusion 7 (53.8%) 50 (83.3%)
Incomplete occlusion 6 (46.2%) 10 (16.7%)
Occlusion location 0.250
distal BA 0 (0.0%) 8 (13.3%)
proximal BA 5 (38.5%) 27 (45.0%)
VA 8 (61.5%) 25 (41.7%)
Occlusion type 0.018
Truncal-type occlusion 13 (100.0%) 41 (68.3%)
Branching-site occlusion 0 (0.0%) 19 (31.7%)
PC-ASPECTS 8 (7–9.5) 9.5 (8–10) 0.144
BATMAN 5 (3.5–6) 6 (5–8) 0.077
Final PC-ASPECTS 8 (6–9.5) 9 (7–10) 0.935
Good outcomes (mRS 0–2) 2 (15.4%) 38 (63.3%) 0.002

Numbers are represented by numbers (percentage), median value [interquartile range]; HTN, hypertension; DM,
diabetes mellitus; NIHSS, National Institutes of Health Stroke Scale; BA, basilar artery; VA, vertebral artery;
PC-ASPECTS, Posterior Circulation-Alberta Stroke Program Early Computed Tomography Score; BATMAN, Basilar
Artery on Computed Tomography Angiography score; mRS, modified Rankin scale.

Incomplete occlusion compared to complete occlusion was more frequently observed in the ND
group (46.2% vs. 16.7%, p = 0.020). The initial infarct volume represented by PC-ASPECTS and
collateral status represented by the BATMAN score did not differ in the univariate analysis. In the
multivariate analysis for prediction of ND, an incomplete occlusion (OR: 6.17, 95% CI (1.11–34.25),
p = 0.037, predictive power: 54.31%), decreases in collaterals as measured by BATMAN scores (per 1
point decrease, OR: 1.91, 95% CI (1.17–3.11), p = 0.009, predictive power: 45.43%), and larger infarct
cores measured by decreases in PC-ASPECTS (OR: 1.96, 95% CI (1.11–3.48), p = 0.021, predictive power:
12.86%) could predict neurological deterioration with age, onset-to-door time, and NIHSS score at
presentation as covariables (Table 4).

Table 4. Logistic regression model for prediction of neurological deterioration in vertebrobasilar
occlusion patients that did not undergo endovascular treatment.

Variables OR 95% CI p Value

Incomplete occlusion (vs. complete occlusion) 6.17 1.11–34.25 0.037
BATMAN (per 1 point decrease) 1.91 1.17–3.11 0.009
PC-ASPECTS (per 1 point decrease) 1.96 1.11–3.48 0.021
Age 0.96 0.91–1.02 0.208
Onset-to-door time (h) 0.97 0.94–1.00 0.087
NIHSS at presentation (per 1 point increase) 0.88 0.77–1.01 0.072

OR, odds ratio; CI, confidence interval; BATMAN, Basilar Artery on Computed Tomography Angiography score;
PC-ASPECTS, Posterior Circulation-Alberta Stroke Program Early Computed Tomography Score; NIHSS, National
Institutes of Health Stroke Scale.
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4. Discussion

In this retrospective study, we found that in VBO patients, an initial PC-ASPECTS of 6 or more,
but with a decrease in the mental status subset of 1 or more can predict infarct growth, and may be
used as a criterion for clinical-core mismatch. In patients who did not receive reperfusion therapy,
an incomplete occlusion rather than complete occlusion based on CT angiography, a poorer collateral
circulation status, and larger initial infarct cores were predictive of ND.

The current study has some clinical implications. It is to our knowledge, the first study to generate
a clinical-core mismatch criterion in VBO. It is highly likely that EVT for VBO will significantly improve
patient outcomes even in the late time window [21], and this criteria may be able to guide patient
selection. This criteria may also guide patient selection in the early time window, especially when
the NIHSS score is lower. In contrast to the anterior circulation, trials even with contemporary EVT
for VBO have shown negative results [22,23]; however, in the recent BASICS trial, subgroup analysis
showed that there was a significant difference in outcome favoring EVT in patients with moderate to
severe stroke, or NIHSS score ≥ 10 [23], which emphasizes the value of patient selection for clinical
trial success. An NIHSS score ≥ 11 was used as a potential cut-off point in our study but did not
reach statistical significance. In contrast, a decrease in mental status could significantly predict infarct
growth. Often, the NIHSS cut off for performing thrombolysis and EVT is arbitrary, even in the anterior
circulation. The presence of cortical signs may guide decision in the anterior circulation, for it can be
considered a marker of hemispheric hypoperfusion [5]. Our results suggest that decreases in mental
status may be considered as such a marker in the posterior circulation, and can be a more intuitive
approach for reperfusion decisions.

The causes of ND, and its predictors also suggest potential clinical implications. In patients
that did not undergo immediate reperfusion therapies, the majority of patients were TTO. Therefore,
intracranial atherosclerotic pathology would have been responsible for ND in a large number of cases.
When we take a look at the causes of ND, the major cause of ND was growth in infarct size. This may
occur from arterial embolism, in situ thrombosis, or hemodynamic insufficiency [24]. The second most
common cause, lacunar progression, would also be due to branch occlusion within the atherosclerotic
plaque. ND could be predicted by incomplete occlusions and poor collaterals. Such patients may
benefit from delayed EVT if the patient progresses, or can be potential candidates for preventive
intra-arterial tirofiban injection [25], for it can stabilize the irritable plaque surface safely [11].

This study failed to show an association between collateral scores and future infarct growth.
Collaterals [26] in the anterior circulation is a major parameter that determines the extent and speed of
infarct growth. The BATMAN score measures the collateral status along with the thrombus burden [18].
However, the abundance of atherosclerotic VBO in this study may have diluted the significance of
collaterals since atherosclerotic occlusions result in higher collaterals [27] while presenting with a wide
range of clinical severity. BATMAN scores, however, predicted ND in a more homogenous set of
VBO patients, who were largely atherosclerotic and presented with milder symptoms. Furthermore,
the Western literatures, which are most likely comprised of a more homogenous population of embolic
VBO, continuously reported the prognostic value of collaterals [18] and the use of collaterals as a
marker for response to EVT in extended time windows [21]. Such findings show that the interpretation
of collaterals should be performed in a homogenous set of occlusion etiologies.

Interestingly, an incomplete occlusion was not predictive of a less likelihood of infarct growth,
but was associated with later neurological deterioration. An incomplete occlusion was classified as
possible or uncertain minimal antegrade flow based on CT angiography maximal intensity projection
images because similar-looking incomplete atherosclerotic VBO lesions may present with a wide
range of clinical symptoms. Indeed, differences in complete or incomplete occlusion did not predict
infarct growth. It was, however, predictive of ND, suggesting that patients with critically reduced
antegrade flow may be hemodynamically and neurologically unstable compared to patients with
chronic complete occlusions, in which collaterals have already been developed.
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The present study has some limitations. First, the initial patient selection was based solely on
imaging criteria without consideration of clinical severity or time metrics. Thus, the VBO group
included in this study differs from literatures that include more homogenous population of VBO that
received EVT. This selection criteria for VBO was used to generate a clinical criteria predictive of
infarct growth. However, this may result in heterogeneity in disease etiology and treatment course,
and over-representation of atherosclerotic VBO. Accordingly, the results of this study needs to be
interpreted with care. Second, while only MR DWI was used for the initial PC-APSECTS scores,
both MRI and CT was used for the follow-up PC-ASPECTS grading. As CT evaluation of the brainstem
can be limited by bone artifact or partial volume effect [28], this must be mentioned as a limitation of this
study. However, we believe that this factor would not have significantly influenced the results of the
study for two reasons. At the time of follow-up imaging, ischemic lesions change to frank hypodensity,
which is more easily visualized in the brainstem then early ischemic changes. Further, PC-ASPECTS is
evaluated only in the pons and midbrain of the brainstem and does not include the medulla, where
the brainstem ischemia is most difficult to visualize by CT. Third, for the analysis of clinical-core
mismatch, futile infarct cores should ideally be evaluated in patients with timely successful reperfusion.
However, due to the limited number of VBO patients, a futile infarct core was generated using the total
population, and a PC-ASPECTS cutoffwhich was highly specific for futile outcomes were used instead.
This is apparently a limitation of the study. Last, due to the small number of patients included, the
statistical power of the multivariable analysis in identification of neurological deterioration is lower
than generally accepted. In this regard, the values generated in this study need to be validated in
further studies.

5. Conclusions

Infarct growth in VBO can be predicted by clinical-core mismatch, especially any decreases in
mental status in patients with feasible PC-ASPECTS scores. Neurological deterioration is encountered
in VBO patients who present with minor symptoms and can be predicted by incomplete occlusion rather
than complete occlusion along with poorer collateral status and larger initial infarct core. These results
need to be externally validated in larger cohorts. The value of the clinical-core mismatch criteria in
maximizing VBO EVT efficacy needs to be validated in a prospective trial.

Author Contributions: Conceptualization, S.K. and S.-J.L.; methodology, S.K., and S.-J.L.; formal analysis, S.K.,
J.H.P., B.P., and S.-J.L.; investigation, S.K., M.H.C., S.E.L., J.S.L., J.M.H., and S.-J.L.; resources, J.S.L., J.M.H., and
S.-J.L.; data curation, S.K. and S.-J.L.; writing—original draft preparation, S.K. and S.-J.L.; writing—review and
editing, S.K., M.H.C., S.E.L., J.S.L., J.M.H., and S.-J.L.; supervision, S.-J.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Goyal, M.; Menon, B.K.; van Zwam, W.H.; Dippel, D.W.; Mitchell, P.J.; Demchuk, A.M.; Dávalos, A.;
Majoie, C.B.; van der Lugt, A.; de Miquel, M.A.; et al. Endovascular thrombectomy after large-vessel
ischaemic stroke: A meta-analysis of individual patient data from five randomised trials. Lancet 2016, 387,
1723–1731. [CrossRef]

2. Kayan, Y.; Meyers, P.M.; Prestigiacomo, C.J.; Kan, P.; Fraser, J.F.; Society of NeuroInterventional Surgery.
Current endovascular strategies for posterior circulation large vessel occlusion stroke: Report of the Society of
NeuroInterventional Surgery Standards and Guidelines Committee. J. Neurointerv. Surg. 2019, 11, 1055–1062.
[CrossRef]

3. Mattle, H.P.; Arnold, M.; Lindsberg, P.J.; Schonewille, W.J.; Schroth, G. Basilar artery occlusion. Lancet Neurol.
2011, 10, 1002–1014. [CrossRef]

101



J. Clin. Med. 2020, 9, 3759

4. Nogueira, R.G.; Jadhav, A.P.; Haussen, D.C.; Bonafe, A.; Budzik, R.F.; Bhuva, P.; Yavagal, D.R.; Ribo, M.;
Cognard, C.; Hanel, R.A.; et al. Thrombectomy 6 to 24 hours after stroke with a mismatch between deficit
and infarct. N. Engl. J. Med. 2018, 378, 11–21. [CrossRef]

5. Nogueira, R.G.; Kemmling, A.; Souza, L.M.; Payabvash, S.; Hirsch, J.A.; Yoo, A.J.; Lev, M.H. Clinical diffusion
mismatch better discriminates infarct growth than mean transit time-diffusion weighted imaging mismatch
in patients with middle cerebral artery-M1 occlusion and limited infarct core. J. Neurointerv. Surg. 2017, 9,
127–130. [CrossRef]

6. Albers, G.W.; Marks, M.P.; Kemp, S.; Christensen, S.; Tsai, J.P.; Ortega-Gutierrez, S.; McTaggart, R.A.;
Torbey, M.T.; Kim-Tenser, M.; Leslie-Mazwi, T.; et al. Thrombectomy for stroke at 6 to 16 hours with selection
by perfusion imaging. N. Engl. J. Med. 2018, 378, 708–718. [CrossRef] [PubMed]

7. Baek, J.H.; Kim, B.M.; Kim, D.J.; Heo, J.H.; Nam, H.S.; Song, D.; Bang, O.Y. Importance of truncal-type
occlusion in stentriever-based thrombectomy for acute stroke. Neurology 2016, 87, 1542–1550. [CrossRef]
[PubMed]

8. Ferbert, A.; Bruckmann, H.; Drummen, R. Clinical features of proven basilar artery occlusion. Stroke 1990, 21,
1135–1142. [CrossRef] [PubMed]

9. Lee, J.S.; Hong, J.M.; Lee, K.S.; Suh, H.I.; Demchuk, A.M.; Hwang, Y.H.; Kim, B.M.; Kim, J.S. Endovascular
Therapy of Cerebral Arterial Occlusions: Intracranial Atherosclerosis versus Embolism. J. Stroke Cerebrovasc.
Dis. 2015, 24, 2074–2080. [CrossRef] [PubMed]

10. Baek, J.H.; Kim, B.M. Angiographical Identification of Intracranial, Atherosclerosis-Related, Large Vessel
Occlusion in Endovascular Treatment. Front. Neurol. 2019, 10, 298. [CrossRef] [PubMed]

11. Lee, J.S.; Hong, J.M.; Kim, J.S. Diagnostic and Therapeutic Strategies for Acute Intracranial
Atherosclerosis-related Occlusions. J. Stroke 2017, 19, 143–151. [CrossRef] [PubMed]

12. Baek, J.H.; Kim, B.M.; Heo, J.H.; Kim, D.J.; Nam, H.S.; Kim, Y.D. Outcomes of Endovascular Treatment for
Acute Intracranial Atherosclerosis-Related Large Vessel Occlusion. Stroke 2018, 49, 2699–2705. [CrossRef]
[PubMed]

13. Lee, S.J.; Hong, J.M.; Choi, J.W.; Park, J.H.; Park, B.; Kang, D.H.; Kim, Y.W.; Kim, Y.S.; Hong, J.H.; Yoo, J.; et al.
Predicting Endovascular Treatment Outcomes in Acute Vertebrobasilar Artery Occlusion: A Model to Aid
Patient Selection from the ASIAN KR Registry. Radiology 2020, 294, 628–637. [CrossRef] [PubMed]

14. Puetz, V.; Khomenko, A.; Hill, M.D.; Dzialowski, I.; Michel, P.; Weimar, C.; Wijman, C.A.; Mattle, H.P.;
Engelter, S.T.; Muir, K.W.; et al. Extent of hypoattenuation on CT angiography source images in basilar artery
occlusion: Prognostic value in the Basilar Artery International Cooperation Study. Stroke 2011, 42, 3454–3459.
[CrossRef] [PubMed]

15. Nagel, S.; Herweh, C.; Kohrmann, M.; Huttner, H.B.; Poli, S.; Hartmann, M.; Hahnel, S.; Steiner, T.; Ringleb, P.;
Hacke, W. MRI in patients with acute basilar artery occlusion—DWI lesion scoring is an independent
predictor of outcome. Int. J. Stroke 2012, 7, 282–288. [CrossRef] [PubMed]

16. Khatibi, K.; Nour, M.; Tateshima, S.; Jahan, R.; Duckwiler, G.; Saver, J.; Szeder, V. Posterior Circulation
Thrombectomy-pc-ASPECT Score Applied to Preintervention Magnetic Resonance Imaging Can Accurately
Predict Functional Outcome. World Neurosurg. 2019, 129, e566–e571. [CrossRef] [PubMed]

17. Baek, J.H.; Kim, B.M.; Yoo, J.; Nam, H.S.; Kim, Y.D.; Kim, D.J.; Heo, J.H.; Bang, O.Y. Predictive Value of
Computed Tomography Angiography-Determined Occlusion Type in Stent Retriever Thrombectomy. Stroke
2017, 48, 2746–2752. [CrossRef]

18. Alemseged, F.; Shah, D.G.; Diomedi, M.; Sallustio, F.; Bivard, A.; Sharma, G.; Mitchell, P.J.; Dowling, R.J.;
Bush, S.; Yan, B.; et al. The Basilar Artery on Computed Tomography Angiography Prognostic Score for
Basilar Artery Occlusion. Stroke 2017, 48, 631–637. [CrossRef]

19. Lin, L.C.; Lee, T.H.; Chang, C.H.; Chang, Y.J.; Liou, C.W.; Chang, K.C.; Lee, J.D.; Peng, T.Y.; Chung, J.;
Chen, S.C.; et al. Predictors of clinical deterioration during hospitalization following acute ischemic stroke.
Eur. Neurol. 2012, 67, 186–192. [CrossRef]

20. Hsieh, F.Y.; Bloch, D.A.; Larsen, M.D. A simple method of sample size calculation for linear and logistic
regression. Stat. Med. 1998, 17, 1623–1634. [CrossRef]

21. Alemseged, F.; Van der Hoeven, E.; Di Giuliano, F.; Shah, D.; Sallustio, F.; Arba, F.; Kleinig, T.J.; Bush, S.;
Dowling, R.J.; Yan, B.; et al. Response to Late-Window Endovascular Revascularization Is Associated With
Collateral Status in Basilar Artery Occlusion. Stroke 2019, 50, 1415–1422. [CrossRef] [PubMed]

102



J. Clin. Med. 2020, 9, 3759

22. Liu, X.; Dai, Q.; Ye, R.; Zi, W.; Liu, Y.; Wang, H.; Zhu, W.; Ma, M.; Yin, Q.; Li, M.; et al. Endovascular treatment
versus standard medical treatment for vertebrobasilar artery occlusion (BEST): An open-label, randomised
controlled trial. Lancet Neurol. 2020, 19, 115–122. [CrossRef]

23. Schonewille, W.J. A Randomized Acute Stroke Trial of Endovascular Therapy in Acute Basilar Artery
Occlusion. Presented at the ESO-WSO 2020 Major Clinical Trials Webinar, ESOC European Stroke
Organisation, 13 May 2020; Available online: https://eso-wso-conference.org/eso-wso-may-webinar/
(accessed on 12 October 2020).

24. Bang, O.Y. Intracranial atherosclerosis: Current understanding and perspectives. J. Stroke 2014, 16, 27–35.
[CrossRef] [PubMed]

25. Kim, Y.W.; Sohn, S.I.; Yoo, J.; Hong, J.H.; Kim, C.H.; Kang, D.H.; Kim, Y.S.; Lee, S.J.; Hong, J.M.; Choi, J.W.; et al.
Local tirofiban infusion for remnant stenosis in large vessel occlusion: Tirofiban ASSIST study. BMC Neurol.
2020, 20, 284. [CrossRef]

26. Hwang, Y.H.; Kang, D.H.; Kim, Y.W.; Kim, Y.S.; Park, S.P.; Liebeskind, D.S. Impact of time-to-reperfusion on
outcome in patients with poor collaterals. AJNR Am. J. Neuroradiol. 2015, 36, 495–500. [CrossRef]

27. Chang, F.C.; Luo, C.B.; Chung, C.P.; Kuo, K.H.; Chen, T.Y.; Lee, H.J.; Lin, C.J.; Lirng, J.F.; Guo, W.Y. Influence
of Vertebrobasilar Stenotic Lesion Rigidity on the Outcome of Angioplasty and Stenting. Sci. Rep. 2020,
10, 3923. [CrossRef]

28. Monnin, P.; Sfameni, N.; Gianoli, A.; Ding, S. Optimal slice thickness for object detection with longitudinal
partial volume effects in computed tomography. J. Appl. Clin. Med. Phys. 2017, 18, 251–259.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

103





Journal of

Clinical Medicine

Article

Temporal Trends and Risk Factors for Delayed
Hospital Admission in Suspected Stroke Patients

Moritz Kielkopf 1, Thomas Meinel 1, Johannes Kaesmacher 2, Urs Fischer 1, Marcel Arnold 1,

Mirjam Heldner 1, David Seiffge 1, Pasquale Mordasini 3, Tomas Dobrocky 3, Eike Piechowiak 3,

Jan Gralla 3 and Simon Jung 1,*

1 Department of Neurology, Inselspital, Bern University Hospital, University of Bern, 3010 Bern, Switzerland;
moritz.kielkopf@insel.ch (M.K.); thomas.meinel@insel.ch (T.M.); urs.fischer@insel.ch (U.F.);
marcel.arnold@insel.ch (M.A.); mirjam.heldner@insel.ch (M.H.); david.seiffge@insel.ch (D.S.)

2 Institute of Diagnostic and Interventional Neuroradiology, Institute of Diagnostic, Interventional and Pediatric,
Radiology and Department of Neurology, University Hospital Bern, Inselspital, University of Bern, 3010 Bern,
Switzerland; johannes.kaesmacher@insel.ch

3 University Institute of Diagnostic and Interventional Neuroradiology, Inselspital, Bern University Hospital,
University of Bern, 3010 Bern, Switzerland; Pasquale.Mordasini@insel.ch (P.M.);
Tomas.dobrocky@insel.ch (T.D.); eike.piechowiak@insel.ch (E.P.); Jan.gralla@insel.ch (J.G.)

* Correspondence: simon.jung@insel.ch; Tel.: +41-32-632-21-11

Received: 20 June 2020; Accepted: 22 July 2020; Published: 25 July 2020

Abstract: (1) Background: The benefit of acute ischemic stroke (AIS) treatment declines with any time
delay until treatment. Hence, factors influencing the time from symptom onset to admission (TTA)
are of utmost importance. This study aimed to assess temporal trends and risk factors for delays
in TTA. (2) Methods: We included 1244 consecutive patients from 2015 to 2018 with suspected stroke
presenting within 24 h after symptom onset registered in our prospective, pre-specified hospital
database. Temporal trends were assessed by comparing with a cohort of a previous study in 2006.
Factors associated with TTA were assessed by univariable and multivariable regression analysis.
(3) Results: In 1244 patients (median [IQR] age 73 [60–82] years; 44% women), the median TTA was
96 min (IQR 66–164). The prehospital time delay reduced by 27% in the last 12 years and the rate of
patients referred by Emergency medical services (EMS) increased from 17% to 51% and the TTA for
admissions by General Practitioner (GP) declined from 244 to 207 min. Factors associated with a delay
in TTA were stroke severity (beta−1.9; 95% CI–3.6 to −0.2 min per point NIHSS score), referral by
General Practitioner (GP, beta +140 min, 95% CI 100–179), self-admission (+92 min, 95% CI 57–128) as
compared to admission by emergency medical services (EMS) and symptom onset during nighttime
(+57 min, 95% CI 30–85). Conclusions: Although TTA improved markedly since 2006, our data
indicates that continuous efforts are mandatory to raise public awareness on the importance of fast
hospital referral in patients with suspected stroke by directly informing EMS, avoiding contact of
a GP, and maintaining high effort for fast transportation also in patients with milder symptoms.

Keywords: time to admission; prehospital delay; stroke; prior stroke

1. Introduction

The benefit of acute ischemic stroke (AIS) management is strongly time dependent. Using advanced
imaging techniques, the time window for recanalization therapies has extended over the last decades.
Thrombolysis has shown to improve outcome in selected patients up to 9 h after symptom onset [1],
while endovascular thrombectomy lowered disability in selected patients with a large vessel occlusion
up to 16–24 h after onset [2,3]. However, for endovascular treatment and thrombolysis [4–6] as well as
conservative medical management [7] the time from symptom onset to initiation of therapy remains a
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decisive factor for functional outcome [6]. While efforts to reduce the door-to-treatment time have led
to significant improvements [8], the development of prehospital delays in AIS remains controversial.
Various global reviews reported divergent results with regard to the prehospital time improvement and
the factors leading to delay [9–11]. For example, the impact of a previous cerebrovascular event (pCVE),
i.e., previous stroke or transient ischemic attack (TIA) in the patient medical history on the time to hospital
admission (TTA) remains uncertain. Additionally, there is a lack of data on the impact of optimized
prehospital workflows.

Therefore, the aim of the study was to assess factors associated with TTA delays of suspected
stroke patients referred to the Stroke Center Bern. In addition, we aimed to analyze temporal trends of
TTA delay in comparison with a previous study cohort in 2006 [12].

2. Experimental Section

2.1. Material and Methods

Consecutive patients with a final diagnosis of AIS, TIA, amaurosis fugax, cerebral venous
thrombosis or stroke mimics were analyzed. These events may typically present with symptoms
compatible with AIS and demand the same diagnostic procedure as well as the ignition of the so
called, stroke chain of survival [8]. Patients treated at emergency department from 01 February
2015 to 26 December 2018 were included. Demographic data and baseline variables were collected
prospectively in our Bernese Stroke Database. The primary outcome variable (TTA) was defined as the
time from onset of neurological symptoms to the time of hospital arrival. In the database, hospital
arrival is declared as the time when patients were registered at the triage of the Emergency Department.
We included patients presenting between 5 min and 24 h after symptom onset. Exclusion criteria were
in-hospital strokes, wake-up strokes, as well as inter-hospital referrals. All inclusion and exclusion
criteria and inclusion chart are presented in Figure 1.

Figure 1. Inclusion Criteria in the main analysis.

To asses temporal trends in TTA delay we compared our data with a previous study in 2006.
To ensure comparability we applied the same inclusion criteria to our dataset as in 2006 in a sub analysis.
Therefore we included inter-hospital referrals (n= 652) and wake up strokes in the sub analysis. In patients
with wake up stroke and patients who were found unconscious or aphasic, the wake up time or time
of finding the patients was considered as the start of TTA. Furthermore, in subgroup analysis, the time
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span was restricted to a maximum of 48 h after symptom onset and only ischemic strokes and TIAs
were included.

2.2. Statistical Analysis

To assess which factors were associated with prehospital delays, we compared patients with a fast
(<96 min) and a long (>96 min) TTA using the median TTA as the cut-off point. To determine significant
differences, we used appropriate statistical measures (χ2 test for categorical variables, Fisher’s exact
test for categorical variables, Mann-Whitney-U-Test for non-normally continuous or ordinally scaled
variables, and Welch’s t-test for independent normally distributed data). To document the variance
of continuous variables, we present results as median and interquartile range (IQR). We included
variables with a p-value of <0.2 (statistical criterion), analyzed (multi)collinearity between variables
and hence selected pathophysiologically plausible variables for the final multivariate model.

For the primary analysis the association of factors with TTA was assessed using linear regression
adjusting for the following confounders: sex (categorical), age (continuous), diabetes mellitus
(categorical), referral by GP as compared to EMS (categorical), self-referral GP as compared to
EMS (categorical), presentation during daytime (categorical), stroke severity (NIHSS on admission [13],
ordinal), systolic blood pressure on admission (mmHG, ordinal) and pCVE (categorical). We calculated
(adjusted) beta regression coefficients (β) and corresponding 95% confidence intervals. All statistical
analyses were performed using SPSS (IBM Corp. Released 2017. IBM SPSS Statistics for Windows,
Version 25.0. Armonk, NY, USA: IBM Corp.). All p values are 2-sided, with p < 0.05 considered
statistically significant. No adjustments for multiple testing were applied and patients with missing
data items were excluded from the multivariate analysis.

3. Results

Of 4909 patients in the registry, 1244 patients complied with the inclusion criteria and were
included in this analysis (see Figure 1 for reasons of exclusion). Median age was 73 years (60–82),
44% were female, median NIHSS score 4 (1–11). In total, 62.6% of patients presented within 0–2 h
after symptom onset, 21.3% of patients within 2–4 h, 7.1% within 4–6 h, 2.4% within 6–8 h and only
6.5% of patients beyond 8 h after symptom onset (Figure 2). 81% of patients had an AIS as final
diagnosis, whereas 19% suffered from other vascular emergencies (TIA, amaurosis fugax, cerebral
venous thrombosis or stroke mimics). The median TTA was 96 min (IQR 66–164).

Figure 2. Prehospital delay time of patients with acute cerebrovascular event in hours.

Of 4909 patients in the registry, 2088 patients complied with the inclusion criteria from 2006 as
mentioned above. The median TTA was 132 min (IQR 79–244) in comparison to 180 min in 2006 and
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86% patients arrived within 6 h (75% in 2006). In 2018 51% of this patient group were referred by EMS
compared to 17% in 2006. The exact comparison to the study conducted in 2006 is shown in Table 1.

Table 1. Comparison of adj. TTA and adj. referral pathways in acute stroke 2018 with 2006.

2018 2006

EMS referral 51% (1063/2088) 17% (105/615)

GP referral * 7% (151/2088) 38% (233/615)

Self-referral 11% (222/2088 12% (46/615)

Inter-hospital referral 31% (651/2088) 38% (231/615)

Median TTA 132 min 180 min

EMS referral
Ambulance (Median TTA)
Helicopter (Median TTA)

88 min
99 min

80 min
93 min

GP ** (Median TTA) 207 min 224 min

SR (Median TTA) 140 min 174 min

Inter-hospital (Median TTA) 209 Min 195 min

The data from 2006 are the results of a previous study analyzing the time to admission in AIS, conducted within
the same stroke network. * The data of 2006 include 64/233 patients referred by so-called Emergency doctors (ED),
a system of familiar physicians who take regular terms in an emergency service outside the hospital. ** In 2006
only patients with direct GP-referral (n = 169) are considered for exact delay comparison (ED referrals excluded).
SR, self-referral; GP, general practitioner; EMS, emergency medical services; TTA, time to hospital admission.

Factors Associated with TTA Delay

In univariable analysis the following factors were significantly associated with shorter TTA: referral
by EMS, ischemic stroke event type, more severe stroke according to the NIHSS score, and higher
systolic blood pressure on admission. Additionally the number of patients with a medical history of
diabetes or with at least three vascular risk factors was significantly lower in the fast arrival group.
Baseline characteristics of patients according to time from symptom onset to hospital admission are
shown in the Appendix A, Table A1.

Variables associated with TTA in multivariable analysis were stroke severity (beta −1.9; 95%
CI −3.6 to −0.2 min per point NIHSS score), referral by General Practitioner (GP) as compared to
admission by EMS (beta + 140 min, 95% CI 100–179), self-admission as compared to admission by EMS
(+92 min, 95% CI 57–128) and symptom onset during nighttime (+57 min, 95% CI−85 to−30, Table 2).
There was no significant association of age, sex, blood pressure, and diabetes in the multivariable linear
regression model. (Table 2).

In total, 319 patients (26%) were not referred by EMS of whom 134 were referred by GP (11%)
and 185 by self-referral (15%). Patients not primarily admitted by EMS had less severe stroke (median
NIHSS score 1, IQR 0–3 vs. 5, 2–11, p < 0.001), and were younger (67 years, 50–78 vs. 74, 62–83,
p < 0.001). 302/1244 (24.3%) of the included patients have already suffered a pCVE. As compared
to patients without pCVE, these patients were older, had a different referral pattern, more often a
pre-existing disability, a worse vascular risk profile, and more often preceding antithrombotic therapy.

108



J. Clin. Med. 2020, 9, 2376

Table 2. Factors associated with time to admission (linear regression analysis).

Variable Beta 95% CI p-Value

Sex 16.5 −7.0–40.0 0.169

Age −0.2 −1.0–0.6 0.589

Diabetes Mellitus 12.5 −19.4–44.5 0.442

General Practitioner 139.7 100.3–179.2 0.000 †
Self-Referral 92.1 56.6–127.5 0.000 †

Daytime −57.5 −85.0–(−29.9) 0.000 †
PCVE 1.4 −26.0–28.7 0.921

NIHSS score to admission −1.9 −3.6–(−0.2) 0.028 †
Blood pressure systolic (mmHg) 0.17 −0.3–0.6 0.434

† Statistically significant. Beta, Regression coefficient in its influence in mins. on TTA; Daytime, Daytime from
7 a.m.–7 p.m. ; PCVE, Previous cerebrovascular event ; NIHSS score, National Institute of Health Stroke Scale.

There was no difference in TTA between patients with a pCVE (94 min, IQR 64–160) as compared
to patients without a pCVE (100 min, IQR 70–183, p = 0.078) in univariate analysis. After adjustments
for confounders, pCVE was not associated with TTA (beta +1 min, 95% CI −26–+29 min).

4. Discussion

The main findings of our registry-based study of 1244 patients with acute vascular events
presenting between 2015 and 2018 are:

(1) The median TTA was 96 min (IQR 66–164). (2) The prehospital time delay reduced by 27% in
the last 14 years. (3) Self-referral or referral by a GP, lower NIHSS score and nighttime symptom onset
were associated with a delay in TTA in both univariable and multivariable analysis. (4) Referral by EMS
was the only modifiable variable associated with shorter TTA in both univariable and multivariable
analysis. (5) A pCVE had no influence on TTA neither in univariable nor multivariable analysis.

Our results demonstrate that prehospital delay in patients with symptoms compatible with an
acute vascular emergency are still considerable. The median TTA was around 1.5 h in our study, which
is among the shortest reported prehospital times in different stroke networks, but is still too long [9,14]:
Whereas 63% of patients arrived within 2 h, one of five patients (22%) arrived later than 3 h after
symptom onset.

Previous studies on temporal trends of TTA revealed conflicting results. Whereas some studies
indicated an improvement in TTA over the years [10,15], a meta-analysis on global cross-sectional
studies could not find an improvement in TTA [9]. In this context the adj. TTA analyzation was
carried out to carefully investigate time trends based on the same geographic, infrastructural and social
characteristics. In the adjusted subgroup analysis, the median TTA was 132 min, corresponding to an
absolute reduction of 48 min (27%) compared to 14 years ago. The median TTA for patients referred by
GP dropped from 224 min in 2006 to 207 min in 2018 and for self-referral patients from 174 min in 2006
to 140 min in 2018 [12]. The fastened referral times are probably at least the the result of the efforts
made in stroke information campaigns in the Bernese region. The key messages of the information
campaigns were to avoid GP contact when stroke symptoms occur and to refer severe affected patients
direct to a Stroke-Unit center. Indeed, the referral rate by EMS increased from 17% in 2006 to 51% in
2018 whereas GP referrals decreased from 38% to 7% and inter-hospital referrals from 38% to 31%.

The EMS referral times itself did not change over time. This might indicate that this referral
pathway might already be close to its optimal speed. Our data indicates that continuous efforts
are mandatory to raise public awareness on the importance of fast hospital referral in patients with
suspected stroke by directly informing EMS, avoiding presentation at a GP, and maintaining high
effort for fast transportation also in patients with milder symptoms.
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The analysis of factors that contribute to TTA delays revealed referral by GP, self-referral, nighttime
event and low NIHSS score. Referral by GP was associated with an approximated time delay of 2 h,
self-referral with a time delay of 1.5 h and wake up stroke with 1 h delay. Our findings are in line with
multiple studies investigating the impact of EMS over the last 10 years [16–18]. Age, sex and vascular
risk factors had no significant influence in our multivariate analysis.

In concordance with the results from 2006, patients with pCVE showed a non-significant trend to
longer TTA. At first glance, this seems surprising as these patients presumably have been informed
about cerebrovascular diseases and the time is brain concept. Nevertheless, this is in line with previous
studies suggesting that better stroke knowledge does not necessarily increase EMS use [14,16,19,20].

Limitations and Strengths

The strengths of our study are the size of the cohort, and the longitudinal comparison within
the same network/population after several years. A limitation is a potential bias due to the exclusion
of patients with unknown symptom onset, who potentially tend to show a TTA above average (n =
1783). In addition, the overall GP referrals in 2006 included 64/233 patients from so called Emergency
doctors (ED), a system of familiar physicians who take regular terms in an emergency service outside
the hospital, which restricts in some way the comparability of the two cohorts.

5. Conclusions

Referral by EMS, high NIHSS scores and symptom onset during daytime are independently
associated with shorter TTA. The median TTA was 96 min, resulting in considerable improvement
compared to our previous study roughly 10 years ago, mainly due to an increase of the referrals by EMS
(17% to 51%). Continuous efforts are mandatory instructing stroke patients with vascular risk factors
and their relatives, as well as GPs, to immediately request EMS assistance in case of suspected stroke.
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Appendix A

Table A1. Baseline characteristics of patients according to time from symptom onset to hospital admission.

n Hospital Arrival within 96 min Hospital Arrival after 96 min p-Value

Age (IQR/median) 1244 62.27–82/73.45 57.58–82.1/73.15 0.113

Men (number, %) 1244 352/622 (56.6%) 351/622 (56.4%) 0.954

Referral (number, %)
Self Referral

Emergency service
(144)

General Practitioner

1244 73/622 (11.7%)
521/622 (83.8%)
28/622 (4.5%)

112/622 (18%)
404/622 (65%)
106/622 (17%)

0.000 †

Type of event
(number, %)

Ischemic Stroke
Transient ischemic

attack
Others

1244 524/622 (84.2%)
89/622 (14.3%)
9/622 (1.4%)

483/622 (70.4%)
104/622 (16.7%)
35/622 (5.6%)

0.002 †
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Table A1. Cont.

n Hospital Arrival within 96 min Hospital Arrival after 96 min p-Value

Daytime (number, %) 1244 488/622 (78.5%) 463/622 (74.4%) 0.109

PS-Disability mRS
(number, %)

0
1
2
3
4

946

324/490 (66.1%)
96/490 (19.6%)
28/490 (5.7%)
31/490 (6.3%)
11/490 (2.2%)

300/456 (65.6%)
87/456 (19%)
30/456 (6.6%)
31/456 (6.8%)

9/456 (2%)

0.975

Medical History
(number, %)

PCVE
Diabetes

Hyperlipidemia
Hypertension

Atrial fibrillationAny
of this conditions

>3 RF

141/622 (22.7%)
82/621 (13.2%)
396/619 (64%)
435/621 (70%)

191/620 (30.8%)
547/618 (88.5%)
202/618 (32.7%)

161/621 (25.9%)
115/621 (18.5%)
408/616 (66.2%)
429/620 (69.2%)
191/620 (30.8%)
547/610 (89.7%)
236/610 (38.7%)

0.181
0.010 †
0.405
0.743
1.0

0.514
0.028 †

Living situation–at
home (number, %) 1240 589/620 (95%) 581/620 (93.7%) 0.325

NIHSS (IQR/median) 1186 2–13/5, n = 609 1–8/3, n = 577 0.000 †
Blood pressure

systolic (mmHg)
(IQR/median)

1231 140–177/160, n = 615 135–175/155, n = 616 0.032

Others, retinal infarct, amaurosis fugax, sinus vein thrombosis and stroke mimics; mRS, modified Rankin Scale;
PS, Pre stroke; PCVE, Previous cerebrovascular event; RF, risk factor; NIHSS score, National Institute of Health
Stroke Scale; Daytime, Daytime from 7 a.m.–7 p.m.
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Abstract: Background: Admission hyperglycemia impairs outcome in acute ischemic stroke (AIS)
patients undergoing mechanical thrombectomy (MT). Since hyperglycemia in AIS represents a dynamic
condition, we tested whether the dynamic patterns of hyperglycemia, defined as blood glucose
levels > 140 mg/dl, affect outcomes in these patients. Methods: We retrospectively analyzed data of
200 consecutive patients with prospective follow-up. Based on blood glucose level, patients were
distinguished into 4 groups: (1) persistent normoglycemia; (2) hyperglycemia at baseline only;
(3) hyperglycemia at 24-h only; and (4) persistent (at baseline plus at 24-h following MT) hyperglycemia.
Results: AIS patients with persistent hyperglycemia have a significantly increased risk of poor
functional outcome (OR 6.89, 95% CI 1.98–23.94, p = 0.002, for three-month poor outcome; OR 11.15,
95% CI 2.99–41.52, p = 0.001, for no major neurological improvement), mortality (OR 5.37, 95%
CI 1.61–17.96, p = 0.006, for in-hospital mortality; OR 4.43, 95% CI 1.40–13.97, p = 0.01, for three-month
mortality), and hemorrhagic transformation (OR 6.89, 95% CI 2.35–20.21, p = 0.001, for intracranial
hemorrhage; OR 5.42, 95% CI 1.54–19.15, p = 0.009, for symptomatic intracranial hemorrhage) after
endovascular treatment. These detrimental effects were partially confirmed after also excluding
diabetic patients. The AUC-ROC showed a very good performance for predicting three-month poor
outcome (0.76) in-hospital mortality (0.79) and three-month mortality (0.79). Conclusions: Our study
suggests that it is useful to perform the prolonged monitoring of glucose levels lasting 24-h after MT.

Keywords: hyperglycemia; acute ischemic stroke; large vessel occlusion; mechanical thrombectomy

1. Background

Mechanical thrombectomy (MT) is the first-line treatment for acute ischemic stroke (AIS) due to
large vessel occlusion (LVO) [1]. Several randomized, controlled trials reported that MT improves
the outcome, in comparison with the best medical therapy [2–6]. In these studies, the prevalence of
good outcome at three months was as high as 71% [2–6]. However, data coming from observational
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registries reported a significantly lower rate of patients with functional independence; this ranged
between 34% and 39% [7–9]. In addition to blood pressure control and time to reperfusion, the glycemic
status represents one of the most important modifiable predictors of adverse outcomes in patients
undergoing MT [10–12].

Hyperglycemia impairs outcome in patients with AIS [13–15]. Among the several mechanisms
implicated in this unfavorable association, it is important to remember that increased glucose levels
in stroke patients alter the blood barrier permeability [16], exacerbate the thromboinflammatory
cascade [17], induce acidosis [18], and increase oxidative stress response [19]. In AIS patients
treated with alteplase, admission hyperglycemia has been associated with the increased risk of death,
symptomatic intracranial hemorrhage (SICH), and poor functional status [20].

In recent years, the interest of the international scientific community shifted towards the role
of altered glycemic status in affecting the outcome of AIS patients undergoing MT for LVO. Several
studies observed that admission hyperglycemia reduced the likelihood of a good outcome in AIS
patients treated with MT [21–24]. However, hyperglycemia may also occur during the post-operative
period, both in diabetic and non-diabetic patients. A stress-response, characterized by excessive
gluconeogenesis, glycogenolysis and insulin resistance with consequent hyperglycemia, is common
after large strokes [25]. Recently, Li et al. investigated the role of post-operative hyperglycemia as a
potential predictor of SICH in AIS patients treated with MT. The authors observed that, differently
from glucose levels at admission, post-operative hyperglycemia increased the risk of the occurrence of
SICH and parenchymal hematoma (PH) [26].

Since hyperglycemia in AIS represents a dynamic condition, we hypothesize that one isolated
glucose test measure, performed at admission or within 24-h after MT, might be insufficient to
understand the effects of the metabolic process on the ischemic brain. To date, only a few studies
investigated the contribution of the dynamic patterns of hyperglycemia to stroke outcome [27–29].
These trials included only AIS patients treated and not treated with alteplase, whereas similar
investigations in patients undergoing MT are lacking. We decided to perform this study with the aim
of evaluating the impact of the dynamic patterns of hyperglycemia on stroke outcome, in AIS patients
with LVO who were treated with MT.

2. Methods

2.1. Patients

This study is a retrospective analysis of consecutive patients with prospective follow-up admitted
to the Udine University Hospital with AIS due to LVO, that were treated with MT from January 2015
to December 2019. Eligibility criteria for MT were the following: (1) presence of LVO in the anterior or
posterior circulation, as revealed by CT angiography; (2) symptoms onset within 6 h for LVO in the
anterior circulation and within 8 h for LVO in the posterior one; and (3) Alberta Stroke Program Early
CT Score (ASPECTS) > 6 on direct CT scan. In our center, the following exclusion criteria for MT are in
use: (1) life expectancy less than 12 months; (2) severe internal medicine diseases with signs of organ
failure; and (3) platelet count less than 55,000 mmc. All patients treated with MT in our center were
included in this study. No specific exclusion criteria were adopted. Patients showing symptoms onset
within 4.5 h received alteplase in accordance with the international guidelines [1].

The study was approved by our local Ethics Committee (Ref. No. CEUR-2020-Os-173). Informed
consent was obtained from the participants in this study, or their representatives.

2.2. Data Collection

The following variables were collected: age, sex, vascular risk factors, laboratory
findings, including glycated hemoglobin (HbA1c), admission systolic blood pressure, and
pharmacological treatment.
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2.3. Vascular Risk Factors

Based on previous studies [30–32], we adopted the following definitions of vascular risk factors:
(1) previous transient ischemic attack/stroke was defined if the patient had a history of ischemic (transient
attack or stroke) or hemorrhagic cerebrovascular disease; (2) the presence of cardiovascular disease
was based on the history of previous ischemic heart disease and/or revascularization treatment using
percutaneous coronary intervention/coronary artery bypass grafting; (3) atrial fibrillation was defined
if the patient had past medical history of atrial fibrillation that had been confirmed in medical records;
(4) high blood pressure was defined as the history of hypertension and/or use of antihypertensive
medication; (5) a history of diabetes mellitus that had been confirmed in medical records and/or
use of insulin/oral hypoglycemic agents were considered for defining diabetes; (6) a presence of
hypercholesterolemia was based on the use of lipid-lowering medications; (7) information on active
tobacco use was used for defining patient as a current smoker.

2.4. Measurement of Blood Glucose

Blood glucose was measured at admission (baseline glucose level), before initiating any specific
stroke treatment, and within 24 h after MT (post-operative glucose level). Based on previous
studies on this topic, hyperglycemia was defined as a glucose level > 140 mg/dL [21–23]. Based on
blood glucose level, patients were distinguished into 4 groups: (1) persistent normoglycemia, i.e.,
normoglycemia at baseline plus at 24-h; (2) hyperglycemia at baseline only; (3) hyperglycemia at 24-h
only; and (4) persistent hyperglycemia, i.e., hyperglycemia at baseline plus at 24-h.

2.5. Clinical Assessment

2.5.1. Trial of ORG 10,172 in Acute Stroke Treatment classification

The trial of ORG 10,172 in acute stroke treatment (TOAST) classification was used to determine
AIS subtypes based on their etiology. In particular, cerebrovascular events were distinguished as due
to large artery atherosclerosis, cardioembolism, small-vessel occlusion, other determined etiology,
and undetermined etiology [33].

2.5.2. National Institute of Health Stroke Scale Score

Stroke severity was determined with the National Institute of Health Stroke Scale (NIHSS) score,
at admission and at discharge [34]. In accordance with many previous studies, we defined patients
with major neurological improvement as those who had an improvement of ≥8 points on the NIHSS
from baseline or a NIHSS score of 0 at discharge [35–37].

2.5.3. Modified Rankin Scale

Functional outcome was assessed by means of the modified Rankin scale (mRS) at admission
based on pre-stroke disability and 3 months after stroke [38]. The mRS score after discharge was
recorded at the patients’ routine clinical visit or through telephone interviews with the patients or
their immediate caregivers. The mRS score was dichotomized into: favorable outcome (0–2) and poor
outcome (3–6).

2.5.4. Hemorrhagic Transformation

The presence of intracranial hemorrhage (ICH) was defined as any PH based on the European
Cooperative Acute Stroke Study (ECASS) morphologic definitions (ECASS PH-1 or PH-2) [39],
whereas the presence of SICH was based on the ECASS-III protocol [40].
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2.6. Thrombectomy Procedure

We collected the following information: site of the cerebral artery occlusion, distinguished in
middle cerebral artery (MCA), tandem (ICA +MCA), and vertebrobasilar; type of device used for
MT procedure, classified as thromboaspiration, stent retriever, thromboaspiration plus stent retriever,
and permanent stenting; presence or absence of secondary embolization; time from symptom onset
to MT; procedure duration; recanalization rate, assessed at the end of MT, using the thrombolysis
in cerebral infarction (TICI) classification and defined as successful recanalization when a TICI 2b-3
was achieved.

2.7. Outcome Measures

The following endpoints were analyzed: 3-month poor outcome, no major neurological
improvement at discharge, in-hospital mortality, 3-month mortality, presence of ICH, and presence
of SICH. All the outcome measures were collected as part of our routine clinical practice in patients
affected by cerebrovascular events.

2.8. Statistical Analysis

Data are displayed in tables as median and interquartile range (IQR).
Differences between the 4 groups were assessed by means of the Chi square test or the Fisher’s

exact test, when appropriate, for categorial variables. One-way analysis of variance for normally
distributed continuous variables, and the Kruskal–Wallis test for non-normally distributed continuous
variables and for ordinal variables were used. Post-hoc analysis was performed by means of the
Bonferroni test. The Kolmogorov–Smirnov test with Lilliefors significant correction was used to assess
the normal distribution of data.

Multiple logistic regression analysis was performed to test the impact of hyperglycemia risk
groups, with reference to the normoglycemia group. The potential confounding variables included in
the model were: age, HbA1c values, use of antidiabetic drugs, intravenous thrombolysis before MT,
baseline NIHSS score, pre-stroke mRS, time from symptom onset to MT, and successful recanalization.
Systolic blood pressure > 180 mmHg was added to other confounders in the analysis, that evaluated
the association between hyperglycemic patterns and hemorrhagic transformation (i.e., ICH, SICH) [1].
Multivariate analysis was performed for all the sample population and, later, only for patients without
diabetes (subjects with a history of diabetes and/or with HbA1c values ≥ 6.5% were excluded from
this analysis).

The utility of the hyperglycemic patterns in estimating unfavorable outcomes was tested with
area under the receiver operating characteristic curve (AUC-ROC).

All probability values are two-tailed. A p value < 0.05 was considered statistically significant.
Statistical analysis was carried out using the SPSS Statistics, Version 22.0 (Chicago, IL, USA).

3. Results

3.1. Baseline Characteristics

Among the 200 patients recruited during the study period, 116 (58%) had persistent normoglycemia,
whereas 36 (18%) had elevated glucose only at baseline, 17 (8.5%) only at 24-h, and 31 (15.5%) persistent
hyperglycemia. Oral antidiabetic agents were taken by 21 patients (10.5%), whereas only two patients
were treated with insulin.

The general characteristics of the enrolled subjects are presented in Table 1. We did not observe
any difference regarding age and sex between the 4 groups. The prevalence of diabetes mellitus and
hypercholesterolemia was significantly higher in patients with persistent hyperglycemia than in the
other three groups (p = 0.001). In addition, more than 80% of patients with persistent hyperglycemia
was affected by hypertension. Compared to patients with persistent normoglycemia and baseline
hyperglycemia, HbA1c values were significantly higher among subjects with persistent hyperglycemia
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(p = 0.001). Furthermore, these patients took slightly more antiplatelets. The use of alteplase before
MT was similar among the groups. While admission NIHSS score was not different among the
4 groups, stroke severity at discharge was largely increased in patients with baseline and persistent
hyperglycemia (p = 0.04).

Table 1. General characteristics of the subjects according to the hyperglycemic patterns.

Persistent
Normoglycemia

Baseline
Hyperglycemia

24-h
Hyperglycemia

Persistent
Hyperglycemia p

(n = 116) (n = 36) (n = 17) (n = 31)

Demographic data

Age, years 73 (67–80) 75 (68.2–82) 75 (66.5–78.5) 72 (69–79) 0.7
Males, n (%) 61 (52.6) 14 (38.9) 7 (41.2) 19 (61.3) 0.2

Vascular risk factors

Previous transient ischemic
attack/stroke, n (%) 11 (9.5) 2 (5.6) 3 (17.6) 3 (9.7) 0.6

Cardiovascular disease, n (%) 22 (19.0) 7 (19.4) 3 (17.6) 5 (16.1) 0.9
Atrial fibrillation, n (%) 31 (26.7) 13 (36.1) 3 (17.6) 6 (19.4) 0.4

Hypertension, n (%) 83 (72.2) 26 (72.2) 13 (76.5) 26 (83.9) 0.6
Diabetes mellitus, n (%) 7 (6.0) 6 (16.7) 3 (17.6) 13 (41.9) 0.001

Hypercholesterolemia, n (%) 25 (21.6) 9 (25.0) 1 (5.9) 13 (41.9) 0.03
Current smoking, n (%) 21 (18.1) 7 (19.4) 5 (29.4) 9 (29.0) 0.5

Laboratory findings

HbA1c values, % 5.7 (5.4–6.0) 6.0 (5.7–6.4) 6.0 (5.9–6.4) 6.4 (5.8–7.1) 0.001
Total cholesterol, mg/dL 164 (145–195.5) 171 (145–194) 166 (122.2–206.7) 154 (135.2–170) 0.5
HDL cholesterol, mg/dL 51 (41–62) 50 (41–63.2) 47.5 (30.75–62.2) 46 (39–59) 0.7
LDL cholesterol, mg/dL 95 (77–121.2) 95.5 (80–121.2) 94.5 (67.2–124.5) 87 (68–101) 0.8

Triglycerides, mg/dL 92 (70–130.5) 85 (63–123) 73.5 (56.7–139) 95 (67.5–143.5) 0.4

Blood pressure

Systolic blood pressure,
mmHg 151 (130–170) 155 (143–163) 154 (145–168) 155 (138–180) 0.7

Antithrombotic treatment at admission

Antiplatelets, n (%) 28 (24.1) 13 (36.1) 5 (29.4) 14 (45.2) 0.1
Anticoagulants, n (%) 16 (13.8) 6 (16.7) 2 (11.8) 3 (9.7) 0.9

Stroke subtypes based on TOAST classification 0.6

Large arterial atherosclerosis,
n (%) 19 (16.4) 6 (16.7) 2 (11.8) 6 (19.4)

Cardioembolism, n (%) 60 (51.7) 16 (44.4) 10 (58.8) 14 (45.2)
Other determined etiology, n

(%) 6 (5.2) 0 (0.0) 0 (0.0) 0 (0.0)

Undetermined etiology, n (%) 31 (26.7) 14 (38.9) 5 (29.4) 11 (35.5)

Baseline clinical characteristics

Alteplase use before MT, n (%) 66 (56.9) 22 (61.1) 8 (47.1) 20 (64.5) 0.7
NIHSS score at admission 16.5 (13–20) 19 (15.2–22) 17 (14.5–19.5) 18 (15–22) 0.2
NIHSS score at discharge 3 (1–8.7) 9 (2–16.7) 7.5 (1.7–17.7) 12 (2.5–16.5) 0.04
Pre-stroke mRS 0–2, n (%) 103 (88.8) 34 (94.4) 17 (100) 28 (90.3) 0.4

HbA1c: glycated hemoglobin; MT: mechanical thrombectomy; NIHSS: National Institute of Health Stroke Scale;
mRS: modified Rankin Scale.

Table 2 summarizes information on MT in the four groups. No significant difference was
observed among the groups. As expected, MCA was the most common site of LVO in the four groups.
The combined technique using thromboaspiration plus stent retriever was adopted in a large part of
our sample (43.5%), whereas thrombectomy only with stent retriever was performed in only 6% of the
patients. The median time between symptoms onset and MT was almost 220 min, while the procedure
length was 70 min. The prevalence of successful recanalization was as high as 85%.
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Table 2. Information on mechanical thrombectomy, according to the hyperglycemic patterns.

Persistent
Normoglycemia

Baseline
Hyperglycemia

24-h
Hyperglycemia

Persistent
Hyperglycemia p

(n = 116) (n = 36) (n = 17) (n = 31)

Site of LVO 0.5

MCA, n (%) 80 (69.0) 22 (61.1) 13 (76.5) 24 (77.4)
Tandem, n (%) 26 (22.4) 7 (19.4) 3 (17.6) 5 (16.1)

Vertebrobasilar, n (%) 10 (8.6) 7 (19.4) 1 (5.9) 2 (6.5)

Type of device use for MT 0.6

Thromboaspiration, n (%) 42 (36.2) 11 (30.6) 6 (35.3) 9 (29)
Stent retriever, n (%) 5 (4.3) 2 (5.6) 2 (11.8) 3 (9.7)

Thromboaspiration plus stent retriever, n
(%) 49 (42.2) 17 (47.2) 9 (52.9) 12 (38.7)

Permanent stenting, n (%) 20 (17.2) 6 (16.7) 0 (0.0) 7 (22.6)

Other information on MT

Secondary embolization, n (%) 6 (5.2) 4 (11.1) 3 (17.6) 3 (9.7) 0.3
Time from symptoms onset to MT, min 210 (170–260) 236 (205–270) 225 (195–310) 210 (155–255) 0.08

Procedure length, min 67.5 (50–98.7) 70 (50–85) 70 (42.5–95) 65 (40–120) 0.9
Successful recanalization rate, n (%) 102 (87.9) 29 (80.6) 13 (76.5) 26 (83.9) 0.5

MT: Mechanical thrombectomy; LVO: large vessel occlusion; MCA: middle cerebral artery.

3.2. Association of Hyperglycemic Patterns with Clinical Outcomes in Univariate Analysis

The rates of three-month poor outcome, three-month mortality, and SICH according to the
hyperglycemic patterns are reported in Figures 1–3. The rates of three-month poor outcome,
three-month mortality, and SICH prevalence of no major neurological improvement (24% for persistent
normoglycemia, 55.9% for baseline hyperglycemia, 57.1% for 24-h hyperglycemia, and 66.7% for
persistent hyperglycemia, p = 0.001), in-hospital mortality (10.3% for persistent normoglycemia, 5.6%
for baseline hyperglycemia, 17.6% for 24-h hyperglycemia, and 32.3% for persistent hyperglycemia,
p = 0.006), and ICH (19% for persistent normoglycemia, 22.2% for baseline hyperglycemia, 11.8% for
24-h hyperglycemia, and 54.8% for persistent hyperglycemia, p = 0.001) were statistically different
among the four groups.

p = 0.001 

Figure 1. Rates of three-month poor outcome according to the hyperglycemic patterns.
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p = 0.03 

Figure 2. Rates of three-month mortality according to the hyperglycemic patterns.

p = 0.04 

Figure 3. Rates of SICH according to the hyperglycemic patterns. SICH: symptomatic intracranial hemorrhage.

3.3. Association of Hyperglycemic Patterns with Clinical Outcomes in Multivariate Analysis

As reported in Table 3, all the outcomes were significantly associated with the presence of
persistent hyperglycemia, even after controlling for confounders. Independent predictors, other than
persistent hyperglycemia, were the following: (1) NIHSS score at admission (OR 1.11, 95% CI 1.04–1.18,
p = 0.002) for three-month poor outcome; (2) baseline hyperglycemia (OR 3.37, 95% CI 1.39–8.19,
p = 0.007), time from symptoms onset to MT (OR 1.01, 95% CI 1.00–1.01, p = 0.02), and successful
recanalization (OR 0.22, 95% CI 0.07–0.66, p = 0.007) for no major neurological improvement; (3)
age (OR 1.06, 95% CI 1.01–1.13, p = 0.05), NIHSS score at admission (OR 1.13, 95% CI 1.01–1.27, p = 0.04),
and successful recanalization (OR 0.31, 95% CI 0.09–0.98, p = 0.04) for in-hospital mortality; (4) age
(OR 1.08, 95% CI 1.02–1.13, p = 0.008), and pre-stroke mRS (OR 1.52, 95% CI 1.08–2.14, p = 0.02)
for three-month mortality; systolic blood pressure > 180 mmHg for both (5) ICH (OR 3.33, 95% CI
1.43.31–7.79, p = 0.005), and (6) SICH (OR 9.69, 95% CI 3.55–26.47, p = 0.001).
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Table 3. Logistic regression model: adjusted ORs (95% CIs) of hyperglycemic patterns, in relation to
the respective outcomes.

Persistent
Normoglycemia

Baseline
Hyperglycemia

24-h
Hyperglycemia

Persistent
Hyperglycemia

Three-month poor outcome † 1 0.99
(0.41–2.38)

1.75
(0.54–5.67)

6.89
(1.98–23.94)

p = 0.002

No major neurological
improvement at discharge † 1

3.37
(1.39–8.19)
p = 0.007

3.41
(0.96–12.16)

11.15
(2.99–41.52)

p = 0.001

In-hospital mortality † 1 0.39
(0.07–2.12)

2.67
(0.58–12.30)

5.37
(1.61–17.96)

p = 0.006

Three-month mortality † 1 0.50
(0.14–1.82)

1.33
(0.31–5.66)

4.43
(1.40–13.97)

p = 0.01

Presence of ICH ‡ 1 1.15
(0.43–3.08)

0.45
(0.08–2.44)

6.89
(2.35–20.21)

p = 0.001

Presence of SICH ‡ 1 1.25
(0.33–4.71)

1.31
(0.21–8.31)

5.42
(1.54–19.15)

p = 0.009

ICH: intracranial hemorrhage; SICH: symptomatic intracranial hemorrhage. † Adjusted for age, HbA1c values, use
of antidiabetic drugs, intravenous thrombolysis, baseline NIHSS score, pre-stroke mRS, time from symptom onset
to endovascular treatment, and successful recanalization. ‡ Adjusted for age, HbA1c values, use of antidiabetic
drugs, intravenous thrombolysis, baseline NIHSS score, pre-stroke mRS, time from symptom onset to endovascular
treatment, successful recanalization, and systolic blood pressure > 180 mmHg.

As summarized in Table 4, persistent hyperglycemia was independently associated with
the outcome measures, with the exception of in-hospital mortality and three-month mortality,
in non-diabetic patients. The independent predictors, other than persistent hyperglycemia, were the
following: (1) age (OR 1.04, 95% CI 1.00–1.08, p = 0.03), and NIHSS score at admission (OR 1.12,
95% CI 1.04–1.20, p = 0.002) for three-month poor outcome; (2) baseline hyperglycemia (OR 4.43,
95% CI 1.57–12.53, p = 0.005), 24-h hyperglycemia (OR 4.29, 95% CI 1.01–12.53, p = 0.05), time from
symptoms onset to MT (OR 1.01, 95% CI 1.00–1.01, p = 0.04), and successful recanalization (OR 0.23,
95% CI 0.06–0.84, p = 0.03) for no major neurological improvement; (3) NIHSS score at admission (OR
1.19, 95% CI 1.03–1.37, p = 0.01), and successful recanalization (OR 0.19, 95% CI 0.04–0.67, p = 0.01) for
in-hospital mortality; (4) age (OR 1.08, 95% CI 1.02–1.15, p = 0.009), and pre-stroke mRS (OR 1.49, 95%
CI 1.01–2.20, p = 0.04) for three-month mortality; and systolic blood pressure > 180 mmHg for both
(5) ICH (OR 3.76, 95% CI 1.42–9.97, p = 0.008), and (6) SICH (OR 6.91, 95% CI 2.28–20.95, p = 0.001).

Table 4. Logistic regression model in non-diabetic patients: adjusted ORs (95% CIs) of hyperglycemic
patterns in relation to the respective outcomes.

Persistent
Normoglycemia

Baseline
Hyperglycemia

24-h
Hyperglycemia

Persistent
Hyperglycemia

three-month poor outcome † 1 1.20
(0.43–3.31)

3.01
(0.75–12.70)

4.91
(1.15–20.94)

p = 0.03

No major neurological
improvement at discharge † 1

4.43
(1.57–12.53)

p = 0.005

4.29
(1.01–12.53)

p = 0.05

8.62
(2.01–36.99)

p = 0.004

In-hospital mortality † 1 0.25
(0.02–2.47)

3.27
(0.57–18.64)

2.80
(0.65–12.08)

three-month mortality † 1 0.49
(0.11–2.11)

1.24
(0.26–5.97)

1.81
(0.44–7.45)

Presence of ICH ‡ 1 0.93
(0.28–3.03)

0.16
(0.01–1.84)

7.15
(1.98–25.76)

p = 0.003
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Table 4. Cont.

Persistent
Normoglycemia

Baseline
Hyperglycemia

24-h
Hyperglycemia

Persistent
Hyperglycemia

Presence of SICH ‡ 1 1.26
(0.29–5.52)

1.27
(0.18–9.07)

8.26
(1.95–35.01)

p = 0.004

ICH: intracranial hemorrhage; SICH: symptomatic intracranial hemorrhage. † Adjusted for age, use of antidiabetic
drugs, intravenous thrombolysis, baseline NIHSS score, pre-stroke mRS, time from symptom onset to treatment,
and successful recanalization. ‡ Adjusted for age, use of antidiabetic drugs, intravenous thrombolysis, baseline
NIHSS score, pre-stroke mRS, time from symptom onset to treatment, successful recanalization and systolic blood
pressure > 180 mmHg.

3.4. Predictive Value of Hyperglycemic Patterns

In order to evaluate the diagnostic performance of the hyperglycemic patterns, as judged with
AUC-ROC, we added them to the basic model that included the other independent predictors of each
endpoint. After adding the hyperglycemic patterns to the basic model, the AUC-ROC value increased
for predicting a three-month poor outcome from 0.70 (95% CI 0.63–0.77) to 0.76 (95% CI 0.69–0.82), for no
major neurological improvement from 0.63 (95% CI 0.55–0.72) to 0.75 (95% CI 0.67–0.82), for in-hospital
mortality from 0.69 (95% CI 0.59–0.78) to 0.79 (95% CI 0.71–0.87), for three-month mortality from 0.72
(95% CI 0.63–0.81) to 0.79 (95% CI 0.71–0.86), for ICH from 0.62 (95% CI 0.52–0.71) to 0.70 (95% CI
0.61–0.79), and for SICH from 0.71 (95% CI 0.59–0.83) to 0.77 (95% CI 0.66–0.88).

4. Discussions

In order to evaluate the impact of the dynamic patterns of hyperglycemia on stroke outcome
in AIS patients with LVO treated with MT, we retrospectively analyzed the results observed in a
series of consecutive patients with prospective follow-up. We demonstrated that AIS patients affected
by LVO with persistent hyperglycemia, defined as blood glucose levels > 140 mg/dL at baseline
plus at 24-h following MT, have a significantly increased risk of poor functional outcome, mortality,
and hemorrhagic transformation after endovascular treatment. These detrimental effects were partially
confirmed after also excluding diabetic patients.

Previous studies performed in AIS patients treated with MT used one isolated glucose test
measurement at baseline for investigating the role of hyperglycemia as a predictor of unfavorable
outcomes [21–24]. Taken together, results on admission hyperglycemia as a predictor of poor outcome
in patients undergoing MT are contradictory, with some articles showing that hyperglycemia at
admission was a predictor of a worse outcome [22,24], and others showing no effect of blood glucose
levels [21,23]. To date, only one study investigated whether hyperglycemia after MT was associated
with a worse outcome. Li et al. analyzed 156 patients and reported that post-operative hyperglycemia
(1 mmol/L per increase, i.e., 18 mg/dl per increase) was an independent predictor of SICH (OR 1.20,
95% CI 1.06–1.36, p = 0.008) [26].

Differently from previous studies, we sought to investigate the clinical significance of the dynamic
patterns of hyperglycemia in patients undergoing MT. Although no other study has been performed
in this specific population, a post-hoc analysis of the ECASS-II trial lead the authors to conclude
that, in addition to a single glucose measurement, the pattern of glycemic excursions should be
considered in the prediction of stroke outcome [27]. A further study by Putaala et al. investigated 851
consecutive patients treated with alteplase. Differently from baseline normoglycemia, persistent and
48-h hyperglycemia predicted an unfavorable outcome, death, and SICH [28]. Similar results were
reported by Yoo et al. [29]

Our findings show that the presence of glucose levels > 140 mg/dL at admission, plus at 24-h
after MT, has harmful and detrimental effects, also in non-diabetic patients. It is very unlikely
that this result may have been influenced by the use of alteplase prior to MT, since the use of
alteplase was included in our multivariate analysis as confounder. A large number of patients with
persistent hyperglycemia was functionally dependent at 3 months after stroke, their in-hospital and
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three-month mortality were as high as 32.3% and 38.7%, respectively, and finally, almost 30% of these
patients experienced SICH. Apart from the endpoint called “no major neurological improvement
at discharge”, patients with isolated admission hyperglycemia did not show any increased risk of
adverse outcomes. Similarly, isolated hyperglycemia at 24-h after MT was not associated with a
worse functional outcome, as well as a higher likelihood of death and SICH. Persistent hyperglycemia
also had detrimental effects in non-diabetic patients. In fact, patients with this abnormal glycemic
pattern had a higher risk of functional dependence and hemorrhagic transformation than those with
persistent normoglycemia. Differently, the presence of persistent hyperglycemia was not associated
with in-hospital and three-month mortality among non-diabetics undergoing MT for AIS.

In our sample, persistent hyperglycemia might impair outcomes as a marker of diabetes
mellitus. In fact, patients with persistent hyperglycemia were more frequently affected by the
chronic metabolic disease and they showed values of HbA1c significantly higher than subjects with
different glycemic profiles. Epidemiologic studies have shown that diabetes is a well-established
independent, but modifiable risk factor for stroke; both ischemic and hemorrhagic stroke [41].
There are several possible mechanisms wherein diabetes leads to stroke, among them diabetic
vasculopathy could be considered. This pathophysiological hypothesis would be in agreement with
the observed association between persistent hyperglycemia and hypercholesterolemia, a known risk
factor for atherosclerosis. Furthermore, AIS patients with persistent hyperglycemia took slightly more
antiplatelets. Although several clues point to diabetes as the link between persistent hyperglycemia
and adverse outcomes in patients undergoing MT, nevertheless, the metabolic disorder alone cannot
explain the worse prognosis of hyperglycemic patients. In fact, HbA1c values did not represent an
independent predictor of adverse outcomes in the multivariate analysis of our study.

Hyperglycemia occurs after an acute stress, such as stroke and myocardial infarction, by the
activation of the hypothalamic-pituitary-adrenal axis [42,43]. Both human and animal studies showed
that mortality rate, due to post-stress hyperglycemia, is high after both stroke and myocardial
infarction [44]. Previous studies reported that post-stress hyperglycemia was strictly associated with
stroke severity. Blood glucose increase was related to the severity of stroke in the study of Christensen
et al. [45] Our results, regarding NIHSS score at discharge, are perfectly in line with these previous
data. Moreover, we observed that persistent hyperglycemia was able to impair functional outcome
and hemorrhagic transformation in non-diabetics. Thus, we postulate that post-stress hyperglycemia
not only may occur, but also may cause severe consequences in AIS patients treated with MT.

The AUC-ROC analysis strongly supports the use of hyperglycemic patterns in order to predict
outcomes in AIS patients with LVO undergoing MT.

Although our study would encourage to apply rigorous glycemic control for at least 24-h following
MT to achieve better outcomes, to date, no evidence supports the concept that ensuring strict post-stroke
normoglycemia improves outcome. A possible reason for this might have been the severe hypoglycemia
occurred in the intravenous insulin treatment group [46]. In order to overcome the failing of insulin,
a phase 2 trial (the TEXAIS trial) on exenatide is now enrolling AIS patients in Australia, New Zealand,
and Finland [47].

There are several limitations in our study. This is an observational study performed in a single
center with a limited simple size. Although the study was retrospective, we prospectively collected
data in consecutive patients. Information on the use of lowering glucose drugs during hospitalization
is lacking. In addition, even after controlling for known confounders, residual confounding from
unobserved factors might have affected our results. Information on last food intake before admission
blood sample was not collected and the lack of a common criterion might have changed values,
depending on the length of previous fasting. Unfortunately, no information other than NIHSS
score were collected on clinical conditions at discharge, thus limiting the possibility of excluding
their influence on measures of follow up at three months. Finally, the sample size was too small
for performing further statistical analysis, e.g., propensity matching analysis, able to confirm our
preliminary results.

122



J. Clin. Med. 2020, 9, 1932

In conclusion, we demonstrated the utility of performing prolonged monitoring of glucose levels
lasting 24-h after MT, instead of isolated blood glucose measurements. Further studies are needed to
confirm these results in larger samples.
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Abstract: Background: Only a few studies evaluated the role of fasting glucose levels after intra-
venous thrombolysis (IVT) in patients with acute ischemic stroke (AIS). Importantly, formal analysis
concerning the prognostic role of fasting glucose levels in these patients with and without diabetes
mellitus (DM) was not performed. Therefore, we assessed whether fasting normoglycemia (FNG)
next morning after AIS treated with IVT was associated with 90-day functional outcome in diabetic
and non-diabetic patients. Methods: We retrospectively analyzed 362 AIS patients treated with IVT
at The University Hospital in Krakow. FNG was defined as glucose below 5.5 mmol/L. A favorable
outcome was defined as modified Rankin score (mRS) of 0–2 at day 90 after AIS onset. Results: At
3-month follow-up, FNG was associated with favorable outcome (87.5% vs. 60.8%, p < 0.001) and
decreased risk of death (3.1% vs. 18.1%, p = 0.002). Independent predictors of a favorable outcome
for the whole group were: younger age (HR 0.92, 95%CI 0.89–0.95), lower NIHSS score after IVT
(HR 0.70, 95%CI 0.65–0.76), lower maximal systolic blood pressure within 24 h after IVT (HR 0.92,
95%CI 0.89–0.95) and FNG (HR 4.12, 95%CI 1.38–12.35). Association between FNG and mortality was
found in univariable (HR 1.47, 95%CI 0.04–0.62) but not in multivariable analysis (HR 0.23, 95%CI
0.03–1.81). In subgroup analyses, FNG was an independent predictor of favorable outcome (HR
5.96, 95%CI 1.42–25.1) only in patients without DM. Conclusions: FNG next morning after IVT is an
independent protective factor for a favorable long-term outcome in non-diabetic AIS patients.

Keywords: stroke; thrombolysis; fasting hyperglycemia; fasting normoglycemia; long-term outcome

1. Introduction

The prognostic significance of admission glucose levels in patients with acute ischemic
stroke (AIS) treated with intravenous thrombolysis (IVT) is well established [1]. Hyper-
glycemia on admission has been associated with worse functional outcomes and increased
mortality within 3 months after IVT in patients with or without diabetes mellitus (DM) [2].

However, only a few studies so far have evaluated the role of fasting glucose levels
after IVT in patients with AIS [3,4]. Fasting hyperglycemia the next day or 2–5 days after
IVT was associated with worse 3-month functional outcomes and increased mortality [3,4].
Importantly, the association with outcome was stronger for fasting glucose levels than for
admission ones [3]. Diabetes mellitus was not found to be correlated with a 90-day poor
clinical outcome as assessed with modified Rankin scale (mRS); however, the formal analysis
concerning the prognostic role of fasting glucose levels in AIS patients treated with IVT
according to the presence of DM was not performed [3,4]. To the best of our knowledge, no
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studies so far evaluated the impact of fasting glucose next morning after IVT in diabetic and
non-diabetic patients on a 90-day clinical outcome.

The recent Stroke Hyperglycemia Insulin Network Effort (SHINE) trial, performed in
AIS patients with concomitant hyperglycemia, evaluated the impact of intensive versus
standard insulin therapy during the first 72 h from symptom onset on a 90-day functional
outcome [5]. Although the analysis, adjusted for IVT or mechanical thrombectomy (MT)
use, did not show any significant difference in long-term prognosis, it occurred that DM
was present in around 80% of patients in both treated subgroups, and, consequently, the
results may not be generalizable for a whole stroke population, including patients without
pre-existent DM [5].

Therefore, the aim of the present study was to search whether fasting normoglycemia
(FNG) the next day after IVT was associated with long-term outcomes in a large cohort of
AIS patients according to the presence of DM.

2. Materials and Methods

The data supporting the results of this study are available from the corresponding
author upon reasonable request from any qualified investigator.

2.1. Patients

The study was designed as a retrospective analysis of the prospectively collected data
of 1209 AIS patients from the Krakow Stroke Data Bank, the registry conducted in the
single stroke center, The University Hospital in Krakow, from the year 2007. Finally, the
study included 362 AIS patients (29.9%), all of Caucasian origin, treated with IVT between
June 2014 and December 2018. We collected the data on demographics, the presence of
vascular risk factors, etiology of AIS and National Institutes of Health Stroke Scale (NIHSS)
on admission and after IVT. The diagnosis of DM was made as described previously [6]. In
brief, patients were diagnosed with DM based on the previous medical history or the use
of insulin or antidiabetic oral drugs before the onset of stroke [6].

The outcome was measured with mRS at day 90 from AIS onset, and a favorable
outcome was defined as an mRS score of 0–2, similarly to the previous studies investigating
the prognostic role of fasting hyperglycemia [3,4]. Additionally, an excellent outcome was
defined as an mRS score of 0–1 at day 90 after AIS onset. We also evaluated 3-month
mortality. Bleeding brain complications due to IVT were defined in accordance with the
ECASS-1 classification [7]. As higher systolic blood pressure (SBP) was found to increase
the risk of symptomatic intracranial hemorrhage in the previous stroke registries [8,9], we
additionally noted the maximal SBP value within 24 h after IVT.

2.2. Glucose Measurements

We evaluated serum glucose levels in each patient the next morning after IVT and
overnight fasting. Fasting normoglycemia and hyperglycemia were defined as the glu-
cose levels below 5.5 mmol/L (100 mg%) and equal or above this value, respectively, in
accordance with the American Diabetes Association’s Standards of Care [10]. Patients
with hyperglycemia greater than 10 mmol/L were treated with four subcutaneous insulin
injections daily with doses adjusted to the current level of glucose [11].

The study was approved by the Jagiellonian University Ethical Committee (KBET
54/B/2007). All patients gave informed consent to participate in the study, which was
either written or verbal in the presence of at least two physicians in case of inability to use
the dominant hand because of AIS.

2.3. Statistics

The continuous variables were presented as mean and standard deviation (SD), and
in the case of categorical data, counts and percentages were shown. Continuous variables
were tested for normality with the use of the Shapiro–Wilk test and then compared, as
appropriate, by a Student’s t-test or by the Mann–Whitney U test. The multivariable logistic
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regression model comprised only those variables that showed a p-value of <0.1 in the
univariable analysis. We considered a p-value of 0.05 (two-sided) as statistically significant
and performed all statistical analyses with the use of STATISTICA version 13 (Statsoft Inc,
Tulsa, OK, USA).

3. Results

3.1. Patient Characteristics

The characteristics of 362 AIS patients treated with IVT were summarized in Table 1.
Among patients, 108 (29.8%) underwent additionally MT.

Patients with FNG were younger, had lower Body Mass Index (BMI), lower NIHSS
score before and after treatment with IVT and lower maximal SBP within 24 h after IVT in
comparison to those with fasting hyperglycemia (Table 1).

3.2. Association between FNG and Favorable Outcome
3.2.1. All Patients

A favorable outcome applied to 231 (63.8%) patients at 3-month follow-up. Patients
with favorable outcome were younger (median, interquartile range IQR 70 (59–79) vs.
78 (69–83) years, p < 0.001), less often women (43.7% vs. 59.5%, p = 0.005), less often
suffered from hypertension (77.5% vs. 95.0%, p < 0.001), had lower fasting glucose levels
(median, IQR 6.4 (5.5–7.9) vs. 6.9 (6.1–8.6) mmol/L, p = 0.004), lower NIHSS score on
admission (mean ± standard deviation (SD), 9.7 ± 6.0 vs. 16.3 ± 6.0, p < 0.001) and after
IVT (mean ± SD, 4.5 ± 4.3 vs. 16.0 ± 7.6, p < 0.001), lower value of maximal SBP within
24 h after IVT (145 (126–160) vs. 146 (137–165) mmHg, p = 0.048) and less often experienced
bleeding brain complications (10.0% vs. 41.3%, p < 0.001) compared with the remainder
(Supplemental Table S1, for subgroup of patients treated only with IVT and without MT
see also Supplemental Table S2).

Patients with FNG had a higher prevalence of a favorable 3-month outcome than those
with fasting hyperglycemia (Table 1, Figure 1). The independent predictors of favorable
long-term outcome for the whole group were: younger age, lower NIHSS score after IVT,
lower maximal SBP and FNG (Table 2). In the subgroup of patients treated only with
IVT (without MT), favorable long-term outcome was predicted by age and NIHSS score
after IVT. The association between FNG and outcome for these patients was found in the
univariable analysis (Supplemental Figure S1, Supplemental Table S3). The optimal cutoff
value of glucose for predicting mRS 0–2 was 5.49 mmol/L. Sensitivity and specificity using
this cutoff value were 86.7% and 59.2%, respectively.
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Figure 1. The proportion of patients with a favorable (mRS 0–2) or excellent (mRS 0–1) outcome and
those who died (mRS = 6) according to the presence of fasting normoglycemia in the whole group
(A) and patients with (B) and without diabetes mellitus (C).
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Table 2. The multivariable logistic regression model for a favorable (mRS 0–2) and excellent (mRS 0–1) 3-month clinical outcome.

Favorable Outcome (mRS 0–2)

Univariable Multivariable

90-day favorable clinical outcome,
diabetic + non-diabetic patients

HR 95% CI p-Value HR 95% CI p-Value

Age (per 1 year) 0.95 0.94–0.97 <0.001 0.92 0.89–0.95 <0.001

Sex (female) 0.53 0.34–0.83 0.005 - - -

BMI (per 1 unit) 0.96 0.92–1.02 0.163 - - -

Atrial fibrillation 0.57 0.35–0.91 0.019 - -

NIHSS score after r-tPA (per 1 point) 0.73 0.69–0.78 <0.001 0.70 0.65–0.76 <0.001

Maximal SBP within 24 h after r-tPA (per
1 mmHg) 0.99 0.98–0.99 0.053 0.92 0.89–0.95 0.037

Mechanical thrombectomy 0.67 0.42–1.07 0.091 - - -

Hemorrhagic brain complications
(ECASS 1–3) 0.16 0.09–0.28 <0.001 - - -

Fasting glucose < 5.5 mmol/L 4.52 2.08–9.83 <0.001 4.12 1.38–12.35 0.011

90-day favorable clinical outcome, diabetic patients

Age (per 1 year) 0.96 0.92–0.99 0.352 0.87 0.80–0.95 0.002

Sex (female) 0.92 0.42–2.03 0.841 - - -

BMI (per 1 unit) 0.89 0.81–0.98 0.018 - - -

Atrial fibrillation 0.48 0.21–1.08 0.075 - - -

Previous stroke 0.41 0.16–1.06 0.067 - - -

NIHSS score after r-tPA (per 1 point) 0.77 0.70–0.85 <0.001 0.64 0.54–0.77 <0.001

Hemorrhagic brain complications
(ECASS 1–3) 0.25 0.09–0.68 0.007 - - -

Creatinine (per 1 μmol/L) 0.98 0.97–0.99 0.019 0.97 0.94–0.99 0.018

Fasting glucose < 5.5 mmol/L 1.88 0.47–1.54 0.375 - - -

90-day favorable clinical outcome, non-diabetic patients

Age (per 1 year) 0.95 0.93–0.98 <0.001 0.94 0.90–0.98 0.01

Sex (female) 0.40 0.23–0.69 0.011 - - -

BMI (per 1 unit) 1.02 0.95–1.09 0.585 - - -

Hypertension 0.18 0.07–0.47 <0.001 - - -

Maximal SBP within 24 h after r-tPA (per
1 mmHg) 0.99 0.98–0.99 0.012 1.03 1.01–1.05 0.007

NIHSS score after r-tPA (per 1 point) 0.71 0.66–0.77 <0.001 0.68 0.62–0.75 <0.001

Hemorrhagic brain complications
(ECASS 1–3) 0.13 0.07–0.25 <0.001 - - -

Fasting glucose < 5.5 mmol/L 5.95 2.27–15.6 <0.001 5.96 1.42–25.1 0.015
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Table 2. Cont.

Excellent Outcome (mRS 0–1)

Univariable Multivariable

90-day excellent clinical outcome,
diabetic + non-diabetic patients

HR 95% CI p-Value HR 95% CI p-Value

Sex (female) 0.59 0.38–0.90 0.015 - - -

BMI (per 1 unit) 0.96 0.96–1.01 0.126 - - -

Atrial fibrillation 0.63 0.40–0.99 0.049 - - -

NIHSS score after r-tPA (per 1 point) 0.73 0.69–0.77 <0.001 0.71 0.66–0.76 <0.001

Maximal SBP within 24 h after r-tPA (per
1 mmHg) 0.99 0.98–0.99 0.014 - - -

Mechanical thrombectomy 0.53 0.33–0.84 0.007 - - -

Hemorrhagic brain complications
(ECASS 1–3) 0.17 0.10–0.30 <0.001 - - -

Fasting glucose < 5.5 mmol/L 4.25 2.13–8.47 <0.001 3.47 1.32–9.14 0.012

90-day excellent clinical outcome, diabetic patients

Age (per 1 year) 0.98 0.94–1.02 0.226 - - -

Sex (female) 1.52 0.70–3.32 0.289 - - -

BMI (per 1 unit) 0.89 0.81–0.98 0.019 - - -

NIHSS score after r-tPA (per 1 point) 0.70 0.62–0.80 <0.001 0.69 0.60–0.79 <0.001

Mechanical thrombectomy 0.42 0.18–1.00 0.050 - - -

Hemorrhagic brain complications
(ECASS 1–3) 0.27 0.09–0.81 0.019 - - -

Creatinine (per 1 μmol/L) 0.99 0.97–0.99 0.040 0.98 0.96–0.99 0.021

Fasting glucose < 5.5 mmol/L 2.08 0.57–7.61 0.267 - - -

90-day excellent clinical outcome, non-diabetic patients

Age (per 1 year) 0.95 0.93–0.97 <0.001 0.96 0.93–0.99 0.02

Sex (female) 0.37 0.22–0.63 <0.001 0.34 0.14–0.87 0.024

BMI (per 1 unit) 1.03 0.96–1.10 0.474 - - -

Hypertension 0.21 0.09–0.49 <0.001 - - -

Maximal SBP within 24 h after r-tPA (per
1 mmHg) 0.98 0.97–0.99 <0.001 - - -

NIHSS score after r-tPA (per 1 point) 0.72 0.67–0.78 <0.001 0.71 0.65–0.77 <0.001

Mechanical thrombectomy 0.59 0.34–1.03 0.065

Hemorrhagic brain complications
(ECASS 1–3) 0.14 0.07–0.28 <0.001 - - -

Fasting glucose < 5.5 mmol/L 5.03 2.16–11.7 <0.001 3.47 1.10–12.2 0.035

Abbreviations, see Table 1; ECASS—The European Cooperative Acute Stroke Study.
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3.2.2. Subgroup Analyses According to Diabetes

Patients without DM who presented with FNG in comparison to those with fasting
hyperglycemia were younger, had lower NIHSS score after IVT, lower fasting glucose
levels, lower maximal SBP and more often underwent additionally MT (Table 1). In non-
diabetic patients, variables that predicted a favorable 3-month outcome were: younger age,
lower NIHSS score after IVT, lower maximal SBP and FNG (Table 2). In the subgroup of
non-diabetic patients treated only with IVT, a favorable 3-month outcome was predicted
by age, NIHSS score after IVT, maximal SBP and FNG (Supplemental Table S3).

Patients with DM and FNG in comparison to those with fasting hyperglycemia had
a lower BMI and lower fasting glucose levels (Table 1). The presence of FNG was not an
independent predictor of favorable long-term outcome in diabetic patients in contrast to a
younger age, lower NIHSS score after IVT and lower creatinine concentration (Table 2). In
the subgroup of diabetic patients treated only with IVT, a favorable long-term outcome
was predicted by age, BMI and NIHSS score after IVT (Supplemental Table S3).

3.3. Association between FNG and Excellent Outcome
3.3.1. All Patients

Patients with FNG had a higher prevalence of an excellent 3-month outcome than
those with fasting hyperglycemia (Table 1, Figure 1).

An excellent outcome occurred in 206 (56.9%) patients. Patients with excellent outcome
were younger (median, IQR, 69.5 (59–78) vs. 77 (68–83) years, p < 0.001), less often women
(43.7% vs. 56.9%, p = 0.015), less often suffered from hypertension (76.2% vs. 93.8%,
p < 0.001) and atrial fibrillation (25.2% vs. 34.9%, p = 0.049), less often underwent MT
(24.3% vs. 37.7%, p = 0.007), had lower NIHSS score on admission (mean ± SD, 9.1 ± 5.7
vs. 16.0 ± 6.0, p < 0.001) and after IVT (mean ± SD, 3.9 ± 3.8 vs. 14.8 ± 7.6, p < 0.001), a
lower maximal SBP within 24 h after IVT (median, IQR 145 (126–159) vs. 146.5 (136–166)
mmHg, p = 0.019), lower fasting glucose levels (median, IQR 6.3 (5.5–7.7) vs. 7.0 (6.1–8.8)
mmol/L, p < 0.001) and less often experienced bleeding brain complications (9.2% vs. 37.0%,
p < 0.001) compared with the remainder (Supplemental Table S1). In the multivariable
logistic regression model, the excellent outcome was predicted by lower NIHSS score after
IVT and the presence of FNG (Table 2). In the subgroup of patients treated only with IVT
and without MT, an excellent 3-month outcome was predicted by age, NIHSS score after
IVT and FNG (Supplemental Table S3).

3.3.2. Subgroup Analyses According to Diabetes

For non-diabetic patients, independent predictors of excellent outcome were lower age,
female sex, lower NIHSS score after IVT and FNG (Table 2). In the subgroup of non-diabetic
patients treated only with IVT, an excellent 3-month outcome was predicted by age and
NIHSS score after IVT (Supplemental Table S3).

An excellent outcome for diabetics was predicted by a lower NIHSS score after IVT
and lower creatinine concentration but not by FNG (Table 2). In the subgroup of patients
with diabetes treated with IVT and without MT, the independent predictors of excellent
outcome were BMI, NIHSS score after IVT and creatinine concentration (Supplemental
Table S3).

3.4. Association between FNG and Mortality

At a 3-month follow-up, 54 (14.9%) patients died. Patients with FNG had a lower
risk of death than those with fasting hyperglycemia (Table 1, Figure 1). The association
between FNG and mortality was found in the univariable model for the whole group
and the subgroup of patients treated only with IVT (Table 3, Supplemental Table S4). The
factors that independently predicted the risk of death were older age, higher NIHSS score
after IVT and hemorrhagic brain complications for the whole group, and age and NIHSS
score after IVT in the subgroup of patients treated only with IVT and without MT (Table 3,
Supplemental Table S4).
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Table 3. The multivariable logistic regression model for the risk of death.

Univariable Multivariable

90-Day Risk of Death, Diabetic +
Non-Diabetic Patients

HR 95% CI p-Value HR 95% CI p-Value

Age (per 1 year) 1.05 1.02–1.08 <0.001 1.07 1.03–1.11 <0.001

Sex (female) 1.48 0.82–2.66 0.189 - - -

BMI (per 1 unit) 1.07 0.94–1.08 0.870 - - -

NIHSS score after r-tPA (per 1 point) 1.24 1.17–1.31 <0.001 1.22 1.15–1.29 <0.001

Hemorrhagic brain complications
(ECASS 1–3) 6.70 3.59–12.5 <0.001 2.66 1.19–5.91 0.017

Maximal SBP within 24 h after r-tPA (per
1 mmHg) 1.01 1.01–1.03 0.014 - - -

Hypertension 3.85 1.16–12.78 0.028 - - -

Atrial fibrillation 2.02 1.11–3.67 0.021 - - -

Platelets (per 105/μL) 0.65 0.40–1.04 0.071 - - -

Fasting glucose < 5.5 mmol/L 1.47 0.04–0.62 0.009 0.23 0.03–1.81 0.164

90-day risk of death, diabetic patients

Age (per 1 year) 1.03 0.98–1.09 0.254 - - -

Sex (female) 1.12 0.39–3.26 0.832 - - -

BMI (per 1 unit) 1.11 1.00–1.25 0.057 - - -

NIHSS score after r-tPA (per 1 point) 1.24 1.12–1.38 <0.001 1.27 1.12–1.42 <0.001

Hemorrhagic brain complications
(ECASS 1–3) 4.06 1.30–12.7 0.016 - - -

Atrial fibrillation 3.70 1.22–11.2 0.021 5.12 1.31–20.1 0.019

Platelets count (per 105/μL) 0.37 0.12–1.11 0.075 - - -

Fasting glucose < 5.5 mmol/L 0.51 0.06–4.31 0.539 - - -

90-day risk of death, non-diabetic patients

Age (per 1 year) 1.06 1.02–1.09 <0.001 1.07 1.02–1.11 0.005

Sex (female) 1.67 0.83–3.38 0.153 - - -

BMI (per 1 unit) 0.94 0.85–1.03 0.190 - - -

NIHSS score after r-tPA (per 1 point) 1.24 1.16–1.33 <0.001 1.20 1.12–1.29 <0.001

Hemorrhagic brain complications
(ECASS 1–3) 8.29 3.92–17.6 <0.001 2.93 1.12–7.69 0.029

Maximal SBP within 24 h after r-tPA (per
1 mmHg) 1.02 1.01–1.04 0.001 - - -

Hypertension 5.44 1.27–23.4 0.023 - - -

Fasting glucose < 5.5 mmol/L 0.08 0.01–0.62 0.015 0.07 0.01–2.10 0.125

Abbreviations, see Tables 1 and 2.
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4. Discussion

Our study is the first to show that the association between FNG and long-term func-
tional outcome after AIS treated with IVT is limited to the patients without pre-existent DM.
This association was present even when the group of AIS patients was restricted to those
who were treated only with IVT and without MT. Although this observation might be bi-
ased by a small sample size of patients with DM, our results were similar to the conclusions
coming from our previous study performed on AIS patients who underwent MT [6]. Simi-
larly, in the recent study of more than one thousand Chinese AIS patients, it was found that
admission glucose levels independently predicted worse clinical outcomes after IVT only
in patients without DM [12]. Non-diabetic patients seemed to be less adjusted to increased
glucose levels than diabetics. This observation also came from a large cohort of more than
20,000 patients in whom fasting or random hyperglycemia increased the risk of transfer
to an intensive care unit or in-hospital mortality only in non-diabetics [13]. Moreover, the
pathophysiological mechanisms underlying the response to hyperglycemia in patients with
and without DM might be different as glucose levels affected enlargement of infarct size in
non-diabetic patients in contrast to diabetics [14]. Interestingly, in non-diabetic patients,
female sex decreased the chance of a long-term excellent outcome. This observation stayed
in line with previous research showing that after adjustment for age, women suffered from
more severe AIS on admission and had a worse 3-month functional outcome [15].

Our study revealed that FNG after IVT resulted in a 3 or 4-fold increase in the chance
of an excellent or favorable long-term outcome, respectively, at 3-month follow-up in AIS
patients. Our results stayed in accordance with previous studies performed on smaller
patient populations, which showed that fasting hyperglycemia after IVT increased the risk
of worse outcome 3 months after AIS onset [3,4]. However, in our study, the effect size of
fasting glucose levels was higher than previously reported. Data coming from a greater
study that used a more complex parameter termed the stress hyperglycemia ratio but based
on fasting glucose and glycated hemoglobin levels also indirectly supported the role of
fasting hyper- or normoglycemia as prognostic factors in AIS patients treated with IVT [16].
In our study, fasting glucose levels influenced long-term outcomes, as did other well-known
risk factors such as age and NIHSS score [17], both on admission and after IVT [17,18].
Interestingly, the lower maximal SBP within 24 h after IVT also independently affected the
3-month favorable outcome after AIS. Similarly, the Chinese study of 433 patients treated
with IVT supported the prognostic role of lower SBP and revealed that maintaining its
levels below 159.5 mmHg increased the probability of a favorable 3-month outcome [19].

We found that FNG decreased the chance of death within 3 months after AIS in
patients treated with IVT in univariable analysis. In the previous studies, there was either
no analysis concerning the association with mortality performed [4] or, similar to our
findings, fasting glucose levels did not independently predict the risk of death in the
multivariable analysis [3]. One of the possible explanations of the lack of association
between FNG and mortality may be a small number of patients who died at the 3-month
follow-up. Other factors might also exhibit a more important risk for long-term mortality
after IVT, such as age or bleeding brain complications rate, as was shown in the Pomeranian
Stroke Register in Poland during the 3-year post-AIS observation period [20].

Patients with normoglycemia were younger, had lower BMI and less often suffered
from DM, suggesting that insulin resistance might play a key role in mediating the risk
of a long-term unfavorable outcome [21]. On the other hand, in the Japanese trial of 4655
AIS patients, it was found that the association of insulin resistance with outcome was
also maintained in non-diabetic and non-obese patients [22]. Finally, neither BMI nor the
presence of DM predicted outcome in the multivariable logistic regression model in our
study for the whole group of AIS patients treated with IVT.

Our study has important limitations. First, the character of the study was retrospective.
Moreover, we did not monitor for a change in glucose levels in the forthcoming days after
IVT. We also did not gather the information on whether patients developed DM after
hospitalization. Second, the subgroup analyses, especially according to the DM, may be
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biased by the small sample size. Third, the confounders, such as age, NIHSS score and
SBP value, had a significant influence on the outcome of this study. Fourth, the study
included only patients of Caucasian origin; therefore, its results may not be generalized
to the patients of other ethnicities. Fifth, the results reported here may not reflect a cause-
effect relationship.

5. Conclusions

In conclusion, although FNG is an infrequent finding in patients with AIS treated
with IVT, it increases the chance of a favorable and even an excellent 3-month outcome in
non-diabetics. It seems reasonable to undertake future studies to develop the prognostic
scales in AIS patients treated with IVT with FNG as one of the important factors.
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Abstract: Stroke is one of the most common causes of death and disability. Reperfusion therapies
are the only treatment available during the acute phase of stroke. Due to recent clinical trials, these
therapies may increase their frequency of use by extending the time-window administration, which
may lead to an increase in complications such as hemorrhagic transformation, with parenchymal
hematoma (PH) being the more severe subtype, associated with higher mortality and disability
rates. Our aim was to find genetic risk factors associated with PH, as that could provide molecular
targets/pathways for their prevention/treatment and study its genetic correlations to find traits
sharing genetic background. We performed a GWAS and meta-analysis, following standard quality
controls and association analysis (fastGWAS), adjusting age, NIHSS, and principal components.
FUMA was used to annotate, prioritize, visualize, and interpret the meta-analysis results. The
total number of patients in the meta-analysis was 2034 (216 cases and 1818 controls). We found
rs79770152 having a genome-wide significant association (beta 0.09, p-value 3.90 × 10−8) located
in the RP11-362K2.2:RP11-767I20.1 gene and a suggestive variant (rs13297983: beta 0.07, p-value
6.10 × 10−8) located in PCSK5 associated with PH occurrence. The genetic correlation showed a
shared genetic background of PH with Alzheimer’s disease and white matter hyperintensities. In
addition, genes containing the ten most significant associations have been related to aggregated
amyloid-β, tau protein, white matter microstructure, inflammation, and matrix metalloproteinases.

Keywords: hemorrhagic transformation; parenchymal hematoma; GWAS; single nucleotide variants

1. Introduction

Stroke is the second most common cause of death worldwide, and the third most
common cause of disability [1]. For ischemic strokes, the only treatments available during the
acute phase are the reperfusion therapies such as thrombolysis and mechanical thrombectomy.
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Ischemic strokes may present hemorrhagic transformation (HT). This may be early,
associated with reperfusion of the occluded vessel; or late, which is thought to be related
to increased permeability and blood flow [2].

HT is a well-recognized complication following reperfusion therapies. HT could be
classified, according to the European Cooperative Acute Stroke Study (ECASS) criteria,
into petechial infarction without space-occupying effect (HI) and hematoma/coagulum
with mass effect (PH) [2].

HT may result in neurological deterioration [3], and the presence of a PH indepen-
dently predicts early and late mortality, with a hazard ratio of late mortality of 7.9, with a
95% confidence interval (CI) of 2.9–21.4 [4]. Nevertheless, petechial changes may indicate
that reperfusion occurred when the ischemic tissue was still at least partially viable.

Patients exhibiting an early HI did not have a higher risk of neurological deterioration
compared with patients without hemorrhagic transformation. Among patients treated
with rtPA, HI was even loosely associated with early improvement. Overall, three-month
mortality and disability were also not influenced by HI [2].

The percentage of HT in studies of stroke patients varies from 6.4% to 43% [3], and the
use of reperfusion therapies has favored the increase in this incidence. Moreover, clinical
trials such as WAKE-UP [5], DAWN [6], or DEFUSE 3 [7] will allow a major use of these
therapies, extending the time-window administration, which may lead to an increase in
HT. It is therefore of utmost importance to identify those patients at higher risk of suffering
a PH, as this is the subtype of HT that causes the highest morbidity and mortality [2,4].

There is a genetic predisposition for HTs following intravenous thrombolysis (IVT).
This genetic contribution has been explored through candidate genes [8,9] or more recently
through a Genome Wide Association Study (GWAS), carried out by our own group [10]. In
this last study, we found that single nucleotide variants (SNVs) in the ZBTB46 gene were
associated with PH in patients who underwent IVT [10]. For this purpose, we studied the
extreme phenotype, patients with PH vs. patients without HT, excluding patients with
petechial infarction (HI) subtype.

We decided to carry out a new analysis by including in the control group those
patients who had a HI, to ensure that the findings achieved are exclusively attributed to the
PH subtype due to reperfusion therapies, including patients that underwent mechanical
thrombectomy or intra-arterial fibrinolysis, increasing our sample size, and with it, our
statistical power.

Currently, articles using GWAS to understand different diseases are complemented by
the study of genetic correlations with other traits to find common genetic architecture [11].
Knowing which traits share a genetic correlation allows a better understanding of diseases
and the realization of further studies to find variants associated with them by increasing
its statistical power, such as multitrait analysis of GWAS (MTAG). As example, the article
performing a MTAG of small vessel occlusion strokes and intracerebral hemorrhage, due to
these traits sharing a genetic background, allows us to find new loci associated with these
diseases [12].

In the article we mentioned above, published by our group, we found that PH shared
a genetic background with deep intracerebral hemorrhage (ICH), lobar ICH, and white
matter hyperintensities (WMH) [10]. After Bonferroni correction, only lobar ICH remained
significantly correlated.

Therefore, the aim of our study was to find genetic risk factors associated exclusively
with PH, including patients with different reperfusion treatments. PH occurrence is still an
important problem in the reperfusion strategy for stroke patients. Hence the importance of
finding molecules that could be used as biomarkers to guide the therapeutic decision or
potential therapeutic targets to prevent the appearance of this life-threatening complication.
We also wanted to assess whether the same genetic correlations found in our previous
paper were still found and whether we could find any new ones.

In this work we found a genome-wide significant locus associated with PH, regard-
less of the reperfusion treatment performed. Moreover, we found that there is a genetic
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correlation of PH with Alzheimer’s disease and white matter hyperintensities (WMH). In
fact, the study of nominally significant genomic loci in the meta-analysis has shown that
pathways related to aggregated amyloid-β, tau protein, and inflammatory pathways could
be related to PH occurrence.

2. Materials and Methods

This is an observational case-control study, conducted in a discovery and replication
cohort, with subsequent meta-analysis of both results, in order to find SNVs associated
with PH.

2.1. Subjects
2.1.1. Discovery Cohort

The participants included in the discovery cohort were part of the Genetic Study in
Ischemic Stroke Patients treated with recombinant tissue plasminogen activator (r-tPA)
(GenoTPA) [9], Genetic contribution to Functional Outcome and Disability after Stroke
(GODS) [13], the Genotyping Recurrence Risk of Stroke (GRECOS) [14], and Genetics of
Early Neurological Instability After Ischemic Stroke (GENISIS) [15] studies. These studies
have, in common, the recruitment of patients with ischemic stroke between 2002 and 2020.

From these four studies, (n = 4667), 161 cases (patients with PH after reperfusion
therapy) and 1236 controls (patients without PH after reperfusion therapy) fulfilled the
inclusion and exclusion criteria, incorporated in a total of 8 batches (Table 1). All of the
subjects of the discovery cohort had a Spanish origin.

Table 1. Discovery cohort.

Study Total Cases Controls Arrays Batches Country

GenoTPA [9] 240 34 180 HumanOmni1-Quad BeadChip (Illumina) 1 Spain
GODS [13] 993 28 342 HumanCoreExome (Illumina) 1 Spain

GRECOS [14] 214 3 0 HumanCoreExome (Illumina) 1 Spain
GENISIS [15] 3220 96 714 HumanCoreExome (Illumina) 5 Spain

Total 4667 161 1236 8 Spain

GenoTPA: Genetic Study in Ischemic Stroke Patients treated with recombinant tissue plasminogen activator (r-tPA); GODS: Genetic
contribution to Functional Outcome and Disability after Stroke; GRECOS: Genotyping Recurrence Risk of Stroke study; GENISIS: Genetics
of Early Neurological Instability After Ischemic Stroke.

2.1.2. Replication Cohort

The participants included in the replication cohort were part of the Genetic Study
in Ischemic Stroke Patients treated with tPA (GenoTPA) [9], BAse de Datos de ICtus del
hospital del MAR (BASICMAR) (Stroke database of the Hospital del Mar) [16], Leuven
Stroke Genetics Study (LSGS) [17], Helsinki 2000 Ischemic Stroke Genetics Study, and
Genetics of Early Neurological Instability After Ischemic Stroke (GENISIS) [15] studies.

From these five studies, the imputed genotype was available from a total of 1064 pa-
tients, 112 cases and 913 controls, incorporated in a total of 7 batches (Table 2).

For a detailed description of the different studies included in the discovery and
replication cohorts see Supplemental Methods.

2.1.3. Variables

Detailed clinical-epidemiological data was collected from each patient, including
age, sex, vascular risk factors such as hypertension, diabetes mellitus (DM), dyslipidemia
(DLP), smoking habits, history of atrial fibrillation (AF), physical examination including
stroke severity assessed with the National Institutes of Health Stroke Scale (NIHSS) at initial
evaluation and the modified Rankin Score (mRS) prior to stroke, systolic (SBP) and diastolic
blood pressure (DBP), initial glycaemia, TOAST classification, or treatment decisions. In
Supplemental Methods, there is detailed information about variable definition.
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CT scans were obtained prior to reperfusion procedure (baseline), and 24 h after, or
whenever a neurological deterioration detected by the clinician was observed, to assess
the presence of HT and its degree. All brain images were reviewed by a radiologist
or neuro-radiologist.

Table 2. Replication cohort.

Study Total Cases Controls Arrays Batches Country

GenoTPA [9] 157 36 121 HumanOmni1-Quad BeadChip (Illumina) 1 Spain
BASICMAR 91 8 83 Human Omni Quad 5M (Illumina) 1 Spain

LSGS 45 8 37 Human Omni Quad 5M (Illumina) 1 Belgium
HELSINKI2000 164 12 152 HumanCoreExome (Illumina) 1 Finland

GENISIS [15]
70 2 68 HumanCoreExome (Illumina) 1 Finland
53 4 49 HumanCoreExome (Illumina) 1 Poland

484 42 403 HumanCoreExome (Illumina) 1 Spain
Total 1064 112 913 7 Spain

GenoTPA: Genetic Study in Ischemic Stroke Patients treated with recombinant tissue plasminogen activator (r-tPA); BASICMAR: BAse de
Datos de ICtus del hospital del MAR; LSGS: Leuven Stroke Genetics Study; HELSINKI2000: Helsinki 2000 Ischemic Stroke Genetics Study;
and Genetics of Early Neurological Instability After Ischemic Stroke studies.

HT was classified, according to the ECASS criteria, into petechial infarction without
space-occupying effect (HI) with two subtypes, HI1 (small petechiae) and HI2 (more
confluent petechiae); and hematoma/coagulum with mass effect (PH) divided into PH1
when affecting ≤30% of the infarct bed with mild mass effect and PH2, when affecting >30%
of the infarct bed with significant mass effect or remote hemorrhage [2].

As the aim of our study was to find SNV associated with the risk of PH (PH1 and PH2)
after reperfusion treatment, patients without HT or with HI (HI1 and HI2) were chosen as
controls, and patients with PH were chosen as cases. Remote hemorrhages were excluded
from the study, as their etiology has not yet been clarified and the biological mechanisms
underlying remote hemorrhages are probably different compared to the other HTs [18].

2.1.4. Eligibility Criteria

For the association study, patients >18 years of age with an ischemic stroke that un-
derwent reperfusion therapy (ITV, including mechanical thrombectomy or intra-arterial
fibrinolysis as second intention), who presented with PH, were considered as cases. Con-
trols were selected as patients >18 years with ischemic stroke that underwent reperfusion
therapy, who did not present HT or who presented with HI.

Exclusion criteria: patients not receiving reperfusion therapy, who suffered a remote
PH or unknown HT phenotype.

2.1.5. Standard Protocol Approvals and Patient Consent

This study was approved by the local ethics committee of each participant and an
informed consent document was signed by every patient or their relatives.

2.2. Genotyping

DNA samples were genotyped on commercial arrays from Illumina (San Diego, CA,
USA) (Tables 1 and 2).

2.2.1. Quality Control

For detailed quality controls performed see Supplemental Methods.
Briefly, SNV missing in a large proportion of the subjects, non-biallelic SNV, am-

biguous, monomorphic or duplicated SNV, or SNV that violates the Hardy–Weinberg
(dis)equilibrium (HWE) law were deleted.

Individuals with high rates of genotype missingness, sex discrepancy or unknown
sex, family members or duplicated samples, non-European individuals, and patients with
outlier heterozygosity rates (n = 814) were removed.
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After all these QCs, the total number of patients was 141 cases and 1003 controls in the
discovery cohort. To ensure that there were no duplicate samples between the discovery
and replication cohorts, patients with a pihat > 0.8 were removed from replication cohort.
The number of patients with information for the covariates introduced in the analysis were
1139, 140 cases and 999 controls.

Finally, 895 patients (76 cases and 819 controls) passed the QC and had information
for the covariates in the analysis, constituting the replication cohort.

Studies genotyped on the same platforms were combined in the discovery cohort. For
the replication cohorts data were already imputed [10].

2.2.2. Genome Build

All genomic coordinates are given in NCBI Build 37/UCSC hg19.

2.3. Imputation

Imputation was performed with the Michigan Imputation Server Pipeline using
Minimac4, following their instructions (https://imputationserver.readthedocs.io/en/latest
(accessed on 1 May 2021)). HRC r1.1 2016 (GRCh37/hg19) was the reference panel used,
with European population and, for phasing, Eagle v2.4 was used.

After imputation, QC were performed. We removed SNV with r2 < 0.6 and MAF < 0.1%.
After merging all cohorts, SNVs that were not present in at least 90% of the individuals
were removed.

2.4. Genome-Wide Association Analysis and Meta-Analysis

We performed a linear regression-based association analysis using fastGWAS [19].
Those SNV with minor allele count (MAC) < 6 were subsequently removed. For the discov-
ery cohort, we adjusted for the first two principal components (PC) (Figure 1), age and the
variables remaining significant in the multivariable logistic regression (p-value < 0.05) and
that we had information on the replication cohort: NIHSS. For the replication cohort, the
analysis was adjusted for the three first PC (Figure 1), and the same clinical variables as in
the discovery analysis: age and NIHSS.

Due to the small sample size of the discovery cohort, in order to increase statistical
power, we carried out a meta-analysis of the results of the discovery and replication cohort
with the metal software (http://csg.sph.umich.edu/abecasis/metal (accessed on 5 May
2021)), weighted by the number of individuals contributing to each result [20]. Genomic
control correction was applied to both input files and then to the meta-analysis results.

A p-value < 5 × 10−8 was considered genome-wide significant and a p-value < 1 × 10−5

a nominal genome-wide association.

2.5. Functional Annotation of Associated Variants

FUMA (Functional Mapping and Annotation of Genome-Wide Association Studies)
was used to annotate, prioritize, visualize, and interpret the meta-analysis results (https:
//fuma.ctglab.nl (accessed on 6 May 2021)) [21]. This platform also permits the realization
of an ANNOVAR enrichment test; MAGMA gene analysis, gene-set analysis and gene-
property analysis; identification of expression quantitative trait loci (eQTL), chromatin
interaction data, and mapping. It also provides information about the RegulomeBD score.
This score, that provides information on the probability of affect binding and expression of
target gene, goes from 1 (most likely) to 7 (least likely). As a reference panel, we used UKB
release2b 10k European population.

To search for traits to which the genes closest to the most significant SNVs have
been related, we used the GWAS Catalog (https://www.ebi.ac.uk/gwas (accessed on 6
May 2021)).

For finding gene ontology (GO) terms of the genes of interest, we performed a search
in Ensembl (https://www.ensembl.org/index.html (accessed on 6 May 2021)).
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Figure 1. Principal component analysis (PCA) representation for discovery and replication cohorts. EV: eigenvector.

2.6. Estimation of Genetic Correlations

We used GNOVA (GeNetic cOVariance Analyzer) to estimate genetic covariance
and correlation between traits. For this estimation, GNOVA only requires the genetic
information available in the summary statistics of the traits of interest.

We tested genetic correlation for traits that have been related with HT: any ischemic
strokes (AIS, n = 440,328), large artery atherosclerosis strokes (LAS, n = 301,663), cardieom-
bolic strokes (CES, n = 362,661), and small vessel occlusion strokes (SVO, n = 348,946)
using MEGASTROKE European data [22], deep intracerebral hemorrhage (n = 2075) [23],
lobar intracerebral hemorrhage (n = 1148) [23], white matter hyperintensities (WMH,
n = 11,226) [24], Alzheimer’s disease (AD, n = 63,926) [11], total cholesterol (n = 94,595) [25],
LDL (n = 94,595) [25], HDL (n = 94,595) [25], triglycerides (n = 94,595) [25], sistolic blood
pressure (SBP, n = 757,601) [26], diastolic blood pressure (DBP, n = 757,601) [26], and
diabetes mellitus 2 (DM2) (n = 69,033) [27].

2.7. Statistical Analyses

R version 3.6.3 and Bioconductor packages were used to perform the statistical analysis.
To study whether there were significant differences (p-value < 0.05) between cases and
controls in the discovery and replication cohorts, for quantitative variables with a normal
distribution, we used t-test and a Mann–Whitney U for non-normal quantitative or ordinal
variables. The Chi-square test was used for categorical variables.

Multivariable logistic regression was conducted following a forward stepwise ap-
proach to select clinical variables as covariates for the association study. First, univariable
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logistic regression was performed to study the association between the available variables
and the occurrence of PH. Then, they were added to the multivariable logistic regression
model according to their p-value, from the most significant to the least.

Variables with more than 10% missing values (less than 1030 observations) were not
taken into account for the multivariate model (DLP, smoking habits, mRS, SBP, DBP, intra-
arterial fibrinolysis, and mechanical thrombectomy), as the results of subsequent statistical
analyses might be biased [28] and the analysis underpowered.

2.8. Data Availability

The data that supports the findings of this study is available from the corresponding
author upon reasonable request.

3. Results

3.1. Descriptive Analysis of the Cohorts
3.1.1. Discovery

A total of 1144 patients with an ischemic stroke, and who were treated with reperfusion
treatment, met the inclusion criteria and passed the QC; a total of 1139, with 140 cases and
999 controls, had information for the covariates of the analysis. A total of 10,058,599 SNP
passed QC and were evaluated.

There was a total of 141 cases with PH (12%) and 1003 controls (88%). Of these
controls, 840 had no hemorrhagic transformation (84%) and 163 had HI (16%). Cases
were 77 ± 12 years old (median ± interquartile range -IQR-), 52% were males, 13% (11/88)
received intra-arterial fibrinolysis, and none received mechanical thrombectomy. Con-
trols were 75 ± 16 years old (median ± IQR), 55% were males, 5% (28/620) received
intra-arterial fibrinolysis, and 6% (17/286) mechanical thrombectomy. In the univariable
analysis, the variables significantly associated with PH were a higher NIHSS, higher mean
mRS (0.83 vs. 0.46 in controls), higher percentage of intra-arterial fibrinolysis, and lower
percentage of strokes of atherothrombotic etiology. The detailed descriptive analysis can be
found in Table 3.

The final sample for the analysis with information for all the covariates included in
the association test was 1139 patients, with 140 cases and 999 controls.

In the multivariate analysis with age and the first two PCs, only NIHSS remains
significant (p-value 5.36 × 10−3). Variables with a miss rate >10% or those that were not
collected in the replication cohort were excluded from this analysis.

3.1.2. Replication

A total of 895 patients with an ischemic stroke undergoing reperfusion treatment, met
the inclusion criteria and passed the QC. A total of 7,224,265 SNP after QCs were evaluated.

There was a total of 76 cases with PH (8%) and 819 controls (92%). Cases were
76 ± 11 years old (median ± IQR) and 53% were males. Controls were 72 ± 17 years old
(median ± IQR) and 52% were males. In the univariable analysis, the variables significantly
associated with PH were a higher age, a higher proportion of AF and CES, and a higher
NIHSS. The detailed descriptive analysis can be found in Table 4.

The final sample for the analysis with covariates was 895 patients, 76 cases and
819 controls.

3.2. GWAS

We did not observe any SNV that reached the GWAS significance threshold
(p-value < 5 × 10−8) in the discovery analysis.

The Manhattan and quantile-quantile (QQ) plots, obtained from the discovery and
replication cohorts association study, can be visualized in the supplementary Figures S1
and S2, respectively. We did not observe an overall inflation of p-values; genomic inflation
factor λ was 1.007 in the discovery cohort and 0.999 in the replication.
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Table 3. Descriptive analysis of discovery cohort.

Variables
(Number of Observations)

Controls
(n = 1003)

Cases
(n = 141)

p-Value OR (95% IC)

Age (n= 1142) 75 ± 16 77 ± 12 6.70 × 10−2

Sex (n = 1144), male 55% (548/1003) 52% (73/141) 5.29 × 10−1 0.89 (0.62–1.29)

HTN (n = 1138) 64% (634/998) 65% (91/140) 7.79 × 10−1 1.07 (0.73–1.58)

DM (n = 1143) 22% (225/1002) 30% (42/141) 5.64 × 10−2 1.46 (0.97–2.19)

DLP (n = 821) 38% (279/728) 37% (34/93) 8.21 × 10−1 0.93 (0.57–1.48)

AF (n = 1140) 37% (299/999) 38% (53/141) 7.93 × 10−2 1.41 (0.96–2.07)

SH (n = 788) 21% (148/698) 18% (16/90) 3.93 × 10−1 0.8 (0.42–1.44)

NIHSS (n = 1141) 14 ± 11 17 ± 9 4.11 × 10−4

mRS (n = 587) 0 ± 1 0 ± 1 1.84 × 10−2

Gly (n = 1104) 119 ± 44 127 ± 49 1.02 × 10−1

SBP (n = 705) 153 ± 35 158 ± 37 2.50 × 10−1

DBP (n = 731) 80 ± 20 80 ± 20 4.47 × 10−1

IA (n = 708) 5% (28/620) 13% (11/88) 5.12 × 10−3 3.01 (1.30–6.55)

TM (n = 336) 6% (17/286) 0% (0/50) 8.72 × 10−2 0 (0–1.36)

CES (n = 1115) 46% (451/977) 55% (76/138) 5.57 × 10−2 1.43 (0.98–2.08)

LAS (n = 1115) 20% (193/977) 9% (11/138) 3.91 × 10−4 0.35 (0.17–0.67)

SVO (n = 1115) 1% (12/977) 1% (2/138) 6.88 × 10−1 1.18 (0.13–5.40)

OR (95% IC): odds ratio (95% confidence interval -CI-). HTN: hypertension, DLP: dyslipidemia, AF: atrial fibrillation, SH: smoking habits,
NIHSS: National Institutes of Health Stroke Scale, mRS: modified Rankin Score, Gly: initial glycaemia, SBP: systolic blood pressure,
DBP: diastolic blood pressure; IA: intra-arterial fibrinolysis, TM: mechanical thrombectomy, CES: cardioembolic stroke, LAS: large artery
atherosclerosis stroke, SVO: small vessel occlusion stroke. For quantitative variables, information is expressed as median ± interquartile
range. For categorical variables in frequency (%). Variables significantly associated with PH (p-value < 0.05) are highlighted in bold.

Table 4. Descriptive analysis of the replication cohort.

Variables
(Number of Observations)

Controls
(n = 819)

Cases
(n = 76)

p-Value OR (95% IC)

Age (n = 895) 72 ± 17 76 ± 11 9.82 × 10−3

Sex (n = 895), male 52% (425/819) 53% (40/76) 1 1.03 (0.63–1.7)

DM (n = 643) 18% (103/586) 16% (9/57) 8.56 × 10−1 0.88 (0.37–1.89)

AF (n = 770) 32% (223/700) 49% (34/70) 7.40 × 10−3 2.02 (1.19–3.42)

NIHSS (n = 895) 11 ± 11 16 ± 8 6.33 × 10−6

Gly (n = 464) 120 ± 42 135 ± 52 1.35 × 10−1

CES (n = 670) 60% (365/604) 77% (51/66) 7.36 × 10−3 2.22 (1.20–4.36)

OR (95% IC): odds ratio (95% confidence interval). AF: atrial fibrillation, NIHSS: National Institutes of Health Stroke Scale, Gly: initial
glycaemia, CES: cardioembolic stroke. For quantitative variables, information is expressed as median ± interquartile range. For categorical
variables, in frequency (%).

3.3. Meta-Analysis

With the meta-analysis, we found a genomic locus with a significant genome-wide
association (p-value <5 × 10−8). This genomic locus is constituted by 57 SNV in our meta-
analysis (Supplementary Table S1). Its leading SNV is 12:59127963:A:G (rs79770152) and it
is an intronic variant located in the RP11-362K2.2:RP11-767I20.1 gene, with a p-value of
3.90 × 10−8 (MAF: 0.09; Beta coefficient: 0.09, standard error (SE): 0.015).
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In addition, a total of 28 genomic loci with nominal SNV were found
(p-value < 1.00 × 10−5) (Supplementary Table S2). One of these loci contains a leading
SNV that almost reaches statistical significance at genome-wide level, 9:78563802:G:T
(rs13297983). It is an intronic variant located in the gene PCSK5 with a p-value of 6.10 × 10−8

(MAF: 0.07; Beta coefficient: 0.097, SE: 0.017).
None of these two SNVs are eQTL or present chormatin interactions regarding the

databases available in FUMA. Table 5 shows the description of the top ten genomic loci
with the most significant SNV and Figure 2 the Manhattan plot.

One of the SNV belonging to one of this top ten genomic loci (17:72393744:A:G,
rs4348170, p-value 1.60 × 10−6) has been associated in another GWAS with interleukin
levels [28]. If we perform a GWAS Catalog search for the genes closest to the leading
SNVs of these genomic loci, we find that variants of PCSK5 have been associated with
diffuse plaques of aggregated amyloid-β peptide in the brain, measurement of tau protein
in the form of paired helical filaments, apolipoproteina B, or LDL levels regarding the
consumption of alcohol. KLF5 with neutrophil and monocyte count or lymphocyte per-
centage of leukocytes. TGFBR3 with multiple sclerosis and pulse pressure measurement.
C15orf48 with urinary albumin to creatinine ratio, glomerular filtration rate, and albumin-
uria. RNA5SP448 with LDL and interleukin 12 measurement. SEMA3A with white matter
microstructure measurement, cortical thickness, major depression, and alcohol dependence
or DNA methylation. EIF3H with neurofibrillary tangles.

Gene-based analysis performed with FUMA took into account a total of 18317 protein
coding genes. Therefore, the significant p-value corrected for multiple comparisons was
2.73 × 10−6. None of the genes reached statistical significance. The most significant
associations were SLC30A4 (p-value 1.82 × 10−5) and C15orf48 (p-value 4.58 × 10−5), both
in chromosome 15 (Figure 3).

3.4. MAGMA Analysis and GO Terms

FUMA platform performs MAGMA gene-set analysis for curated gene sets and gene
ontology (GO) terms obtained from MsigDB. The only significant association after adjusting
for the Bonferroni method was the GO term (molecular function) myosin V binding
(adjusted p-value 2.04 × 10−3), which definition is the interaction selectively and non-
covalently with a class V myosin. Supplementary Table S3 shows the top ten of the most
significant curated gene sets and GO terms.

The most relevant GO terms could be visualized on Table 5.

3.5. Genetic Correlations

Genetic correlation analysis detected a shared genetic background among PH pres-
ence and Alzheimer’ Disease and white matter hyperintensities (WMH) with a raw
p-value < 0.05 (Table 6). None of the traits reached a significant p-value adjusted for
multiple comparisons (p-value adjusted with Bonferroni method: 4.16 × 10−3).
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Table 6. Results of the genetic correlation (GNOVA).

Trait Rho Rho SE Corr p-Value

Alzheimer’s Disease 0.049 0.021 0.200 2.15 × 10−2

White Matter Hyperintensities −0.100 0.047 −2.257 3.46 × 10−2

Deep ICH 0.089 0.80 0.141 2.66 × 10−1

ICH 0.070 0.082 0.199 3.03 × 10−1

SVO −0.006 0.008 −0.067 4.90 × 10−1

SBP −0.007 0.013 −0.021 6.06 × 10−1

Lobar ICH 0.031 0.080 0.189 6.96 × 10−1

CES −0.002 0.008 −0.021 7.96 × 10−1

AIS −0.002 0.008 −0.017 8.32 × 10−1

DBP −0.003 0.013 −0.009 8.41 × 10−1

LAS −0.001 0.009 −0.006 9.46 × 10−1

AS −0.0005 0.008 −0.005 2.66 × 10−1

Rho: the genetic covariance estimate; rho SE: standard error of the estimate of rho; Corr: the genetic correlation estimate. ICH: intracerebral
hemorrhage; SVO: small vessel occlusion stroke; SBP: systolic blood pressure; CES: cardioembolic stroke; AIS: any ischemic stroke;
DBP: diastolic blood pressure; LAS: large artery atherosclerosis stroke; AS: all strokes. Traits with p-values < 0.05 are highlighted in bold.

4. Discussion

This is an observational case-control study in order to find genetic risk factors and
biological mechanisms associated with brain parenchymal hemorrhagic transformation
after reperfusion treatment in ischemic stroke.

In a previous work by our group, we explored which SNVs were associated with
hemorrhagic transformation through a GWAS, analyzing extreme phenotypes: PH vs. non
hemorrhagic transformation in patients undergoing only IVT [10]. This led to the finding
that rs7648433, located in ZBTB46 gene, was associated with this phenotype and it has been
implicated in mechanisms such as shear stress and atherosclerosis in other studies.

In the current study, we analyzed patients undergoing IVT and including, additionally,
patients with intra-arterial fibrinolysis or mechanical thrombectomy. We wanted to obtain
more generalized results, as these therapies are widely used and their window time
administration has recently been increased [5–7]. This longer time-window administration
may lead to an increase of hemorrhagic complications, one of the major problems of these
treperfusion therapies. Understanding why a patient may develop PH including patients
underwent any type of reperfusion treatment may be of great interest, as this subtype is
the one with the highest rates of morbi-mortality [2,4].

In addition, we have added other HT subtypes different from PH to the group of
controls (HI). This strategy is interesting to find genetic risk factors associated exclusively
to PH in contrast to our previous work [10], as we are avoiding any possible genetic risk
factor that could be associated to both, HI and PH.

Including HI patients and all reperfusion therapies, we could increase the number of
cases respect to previous studies, increasing our statistical power and analyzing the major
genetic study performed in this field. In our previous work, we analyzed 1904 patients and
in our present study, we were able to analyze 2034 patients.

The differences in these sample sizes are due to the slight increase in the number of
cohorts introduced, the generalization of the study to patients who had undergone intra-
arterial fibrinolysis or mechanical thrombectomy as a second intention, and the different
QC carried out.

Although we did not find statistically significant SNVs after adjusting for multiple
comparisons in our discovery cohort, the meta-analysis did allow us to detect rs79770152
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with a p-value 3.90 × 10−8, an intronic variant located in the RP11-362K2.2:RP11-767I20.1
genes, which are uncharacterized genes. We found that the lncRNAs are supposed to likely
exert their functions in other genomic locations (trans-regulation) [29].

Another SNV very close to be genome-wide significant was rs13297983 with a p-value
6.10 × 10−8, an intronic variant located in the gene PCSK5.

From these leading SNVs of the first ten loci, we can point out that there is one with the
most biological evidence to be a regulatory element: rs6686126, an intronic variant located
in TGFBR3. In addition, some of these SNVs are eQTL which regulate the expression
of different genes in tissues such as the brain, arteries, and peripheral nerves. None of
these two SNVs most significant are eQTL or present chromatin interactions regarding the
databases available in FUMA.

All the leading SNVs that constituted the top ten most significant variants, followed
the same direction of effect in the discovery and replication cohorts. Except rs4348170,
which was not present in the discovery cohort. Furthermore, some of the GO terms were
related with angiogenesis or neuronal development. This is noteworthy, since the blood
vessel is of relevance in the PH and neuronal apoptosis in the prognosis.

Interestingly, several of the genes from the genes included in these loci have been
associated in other GWAS studies to aggregated amyloid-β peptide and tau protein such
as PCSK5 or EIF3H [30]. SEMA3A has been associated with cortical thickness and white
matter microstructure measurement [31], parameters related to cognitive impairment.
SEMA3A gene was also found in the GWAS performed previously by our group (p-
value: 7.85 × 10−8) [10].

We have also found that Alzheimer’s disease, the leading cause of dementia character-
ized by amyloid-β and tau aggregates, shares a genetic background with a predisposition
to PH in patients undergoing reperfusion treatment (raw p-value < 0.05). Moreover, we
found that WMH also share a genetic background with PH. In previous results from our
group, we also observed this genetic correlation with WMH and also with ICH that has
not been observed in the current work [10]. We could hypothesize that the lack of this
association could be due to the fact that it shares genetic background with HT but not so
much with PH, or simply due to a lack of statistical power.

The effect of IVT on overall HT in patients with dementia is controversial in the
literature [32]. Some authors conclude that ITV did not increase the risk of HT in the patients
with dementia compared to the controls without dementia, that underwent IVT [32].

Our results suggest that dementia might play a role in the development of PH due
to Alzheimer’s disease and WMH share a genetic background with PH, although these
associations did not remain significant after adjusting for multiple comparisons. Besides,
we found SNVs (from the genes PCSK5, EIF3H, and SEMA3A) related to amyloid-β, tau
protein, cortical thickness, or WMH. Moreover, the occurrence and localization of cerebral
microbleeds (CMBs) associated with IVT-related hemorrhagic complications could indicate
an underlying cerebral amyloid angiopathy [33]. This pathology is characterized by the
presence of amyloid-β aggregated in the vascular walls of the brain, leading to dementia
and a predisposition to ICH. That could indicate that patients who may develop amyloid
angiopathy in the future may have an increased risk of HT. However, we did not find a
genetic correlation between ICH or ICH subtypes with PH occurrence in our study.

PCSK5 [34] and RNA5SP448 [35] has been found to be associated with LDL levels, a
molecule that has been shown to promote inflammation [36]. Actually, it has been found
that lower LDL cholesterol levels had been associated with HT [3]. KLF5 has been associated
with neutrophil and monocyte count or lymphocyte percentage of leukocytes [37], and
RNA5SP448 with interleukin 12 [38]. Both interleukins and the neutrophil-to-lymphocyte
ratio (NLR) have been shown to be a marker associated with inflammation; a high NLR
can predict HT [39]. This suggests that inflammation may play an important role in the
development of PH. Actually, it has been observed that r-tPA mobilizes immune cells that
exacerbate hemorrhagic transformation in stroke [40].
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TGFBR3 has been associated with pulse pressure measurement. Besides, the SNV
found with nominal significance: 1:92310874:A:G, an intronic variant located in TGFBR3,
has a RegulomeBD score of 2b. In addition, blood pressure variability was found to be
correlated with HT [41]. Nevertheless, we failed to find a genetic correlation between SBP
and DBP with PH.

It is also worth noting that myosin V binding was the GO term significantly associated
with PH. Myosin V is primarily found in the central nervous system serving as neuronal
marker [42] and has been linked to recycling endosomes and exocytosis of secretory MMP2
and MMP9 which have been widely associated with TH [43–45].

Regarding limitations, one of the most important is the small sample size of both the
discovery and replication cohorts, even though it is one of the largest made in this topic.
This is probably the root cause of not finding significant SNVs in the discovery cohort. For
this reason, to increase our statistical power, we performed the meta-analysis that showed a
genome-wide significant SNV and another that was almost significant. Another limitation
is the lack of replication in an independent cohort. However, the same direction of effect
observed for the most significant SNVs in the discovery and replication cohorts indicates
that the results are consistent.

Another limitation is the Spanish origin of all the patients from the discovery cohort,
this might make it difficult to generalize the results to other populations. To overcome this
limitation, the replication cohort included patients from Poland and Finland. Likewise,
the lack of values for the variable of the time elapsed between the onset of symptoms
and the administration of treatment may limit our results. Furthermore, the fact that we
did not have any patient with mechanical thrombectomy who presented PH limits the
generalization of our results to this subgroup of patients. Therefore, studies with a larger
sample size, incorporating more variables, and more patients subjected to mechanical
thrombectomy will be necessary to establish more robust conclusions.

5. Conclusions

With this meta-analysis, we have found a new locus significantly associated with
the risk of PH in patients treated with the different types of reperfusion therapies used
in the clinical practice. Correlation analysis has shown us shared background genetics
between PH and Alzheimer’s disease and WMH. Moreover, the analysis of the most
significant genomic loci supports this relationship, as the nearest genes associated with
the leading SNVs have been related to aggregated amyloid-β, tau protein, or white matter
microstructure. However, also of great interest is that other traits related to these SNVs
pointed to the importance that inflammation may play in the risk of developing PH. Further
studies are needed to test these hypotheses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcm10143137/s1, Figure S1: Manhattan and QQ plot of the discovery cohort; Figure S2: Man-
hattan and QQ plot of the discovery cohort; Table S1: SNVs belonging to the genomic locus with the
leading SNP being significant at GWAS level; Table S2: Description of the GWAS significant locus
and the 28 nominal significant loci; and Table S3: Top ten of the most significant curated gene sets
and gene ontology terms obtained from MsigDB.
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and Aleksandras Vilionskis 7

1 Stroke Centre, Republican Vilnius University Hospital, 04130 Vilnius, Lithuania; mantas.vaisvilas@rvul.lt
2 Center of Neurology, Vilnius University, 08661 Vilnius, Lithuania; rytis.masiliunas@santa.lt (R.M.);

dalius.jatuzis@santa.lt (D.J.)
3 Department of Neurology, Lithuanian University of Health Sciences, 50009 Kaunas, Lithuania;

vaidas.matijosaitis@kaunoklinikos.lt (V.M.); antanas.vaitkus@kaunoklinikos.lt (A.V.);
dovile.gestautaite@kaunoklinikos.lt (D.G.)

4 Laboratory of Behavioral Medicine (Palanga), Neuroscience Institute, Lithuanian University of Health
Sciences, 00135 Palanga, Lithuania; saulius.taroza@lsmuni.lt

5 Department of Neurology, Republican Panevėžys Hospital, 35144 Panevėžys, Lithuania;
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Abstract: (1) Background: Acute ischemic stroke (AIS) is a possible complication of the coronavirus
disease 2019 (COVID-19). Safety and efficacy data on reperfusion therapies (RT)—intravenous
thrombolysis and endovascular treatment (EVT)—in stroke patients with COVID-19 is lacking.
(2) Methods: We performed a retrospective nationwide multi-center pair-matched analysis of COVID-
19 patients with AIS who underwent RT. We included adult COVID-19 patients with AIS who were
treated with RT between 16 March 2020 and 30 June 2021. All subjects were paired with non-infected
controls, matched for age, sex, stroke arterial vascular territory, and RT modality. The primary
outcome measure was a favorable functional outcome defined by the modified Rankin scale (mRS
0–2). (3) Results: Thirty-one subjects and thirty-one matched controls were included. The median
baseline National Institutes of Health Stroke Scale (NIHSS) score was higher in the COVID-19 group
(16 vs. 12, p = 0.028). Rates of ischemic changes and symptomatic intracerebral hemorrhages did not
differ significantly between the two groups at 24 h after RT. The median NIHSS 24 h after reperfusion
remained significantly higher in the COVID-19 group (16 vs. 5, p = 0.003). MRS 0–2 at discharge
was significantly less common in COVID-19 patients (22.6% vs. 51.8%, p = 0.018). Three-month
mortality was 54.8% in the COVID-19 group versus 12.9% in controls (p = 0.001). (4) Conclusion:
Reperfusion therapies on AIS in COVID-19 patients appear to be safe; however, functional outcomes
are significantly worse, and 3-month mortality is higher.

Keywords: COVID-19; ischemic stroke; thrombolysis; thrombectomy; Lithuania; reperfusion therapies;
outcomes; safety

1. Introduction

In December 2019, a cluster of patients with pneumonia caused by a novel severe
acute respiratory coronavirus 2 (SARS-CoV-2) was first described in Wuhan, China [1].
Due to the vast spread of the virus across the globe, a pandemic was declared in March
2020. Ever since, a growing number of publications regarding extrapulmonary manifes-
tations of coronavirus disease (COVID-19) arose. Neurologic manifestations of both the
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central and the peripheral nervous system described included COVID-19 encephalitis,
acute disseminated encephalomyelitis, epileptic seizures, neuromuscular symptoms, acute
demyelinating polyneuropathies, and their variants, as well as acute cerebrovascular syn-
dromes [2–8]. It has been postulated that COVID-19 patients are at an increased risk for
stroke, although the true causality is yet uncertain [9].

The first COVID-19 case in Lithuania was confirmed in late February 2020, followed
shortly by the introduction of a strict nationwide lockdown. Despite thousands of daily
new confirmed cases and the need for allocation of specific healthcare resources, emergency
stroke services were operating in all major stroke centers across the country throughout the
pandemic at full capacity [10,11]. Both intravenous thrombolysis (IVT) and endovascular
treatment (EVT) were used continuously for acute ischemic stroke (AIS) in COVID-19
patients. However, data on the safety of reperfusion therapies (RT) in the COVID-19 popu-
lation is scarce, and potential adverse effects of RTs could be life-threatening. Therefore, we
sought to evaluate the safety and outcomes of reperfusion therapies in COVID-19 patients
with AIS in a nationwide pair-matched retrospective study.

2. Materials and Methods

We conducted a multi-center retrospective pair-matched analysis of reperfusion ther-
apy in COVID-19 patients with AIS across all six comprehensive stroke centers (CSCs) in
Lithuania [12].

Data collection. The data were extracted retrospectively from electronic health records.
We collected demographic data (age, gender), cardiovascular risk factors (hypertension, dys-
lipidemia, smoking, diabetes, atrial fibrillation, presence of symptomatic internal carotid
artery (ICA) >70% or intracranial artery stenosis > 70% on computed tomography an-
giography), clinical (hypoxemia, body temperature, blood pressure on admission) and
laboratory test data (white blood cell (WBC) and lymphocyte count, C reactive protein
(CRP) and D-dimer levels on admission), head computed tomography (CT) findings (Al-
berta Stroke Programme Early CT Score (ASPECTS) on admission, ischemic changes on CT
scan 24 h after RT), median timeliness metrics (onset-to-door (OTD), door-to-needle (DTN)
and door-to-puncture (DTP) times), National Institute of Health Stroke Scale (NIHSS) on
admission, at 24 h after reperfusion therapy, and on day 7 after stroke or at discharge
(whichever occurred first) and reperfusion therapy data (treatment modality, Thrombolysis
in Cerebral Infarction (TICI) score). Neurologic (symptomatic intracerebral hemorrhage
(sICH), cerebral edema), COVID-19-related, and other complications (urinary tract infec-
tion, pulmonary embolism, myocardial infarction, acute heart failure, pulmonary edema,
other organ dysfunction, or major bleeding) were collected. Patient functional outcomes
corresponding to modified Rankin Scale (mRS) score at discharge, as well as in-hospital
and 3-month mortality rates, were retrieved.

Patient selection. We included adult (18 years old or older) AIS patients with diag-
nosed acute COVID-19 infection prior to or on admission to a CSC, treated with reperfusion
therapy (IVT, EVT, or both) between 16 March 2020 and 30 June 2021. Our patients had
not received full vaccination doses. COVID-19 status was confirmed by a nasopharyngeal
swab SARS-CoV-2 real-time polymerase chain reaction (RT-PCR). Patients who recovered
from COVID-19 according to the epidemiological criteria at the time of index AIS were
excluded from the analysis despite having a positive SARS-CoV2 RT-PCR test result.

Control group. Each patient from the subject group was weighted against a control.
All control patients were treated in one of the 6 Lithuanian CSCs during the study period
and were not concomitant with a COVID-19 infection. In addition, control subjects were
matched for age (±5 years), gender, stroke arterial vascular territory, and type of reperfusion
therapy (IVT, EVT, or both). To avoid selection bias, cases for this group were collected by
independent stroke physicians, who were not part of this study, and were only informed
about matching criteria.

Outcomes. The primary outcome measure was a favorable functional outcome, de-
fined as the mRS score of 0–2 on the day of discharge.
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Secondary outcome measures included: early neurological improvement, defined as
reduction of NIHSS score by 4 points or more or score 0–1 at 24 h after reperfusion therapy;
change in NIHSS score 24 h after reperfusion therapy; change in NIHSS score 7 days after
stroke onset or on discharge (whichever occurred first); neurological complications of
reperfusion therapy: sICH was classified using the Safe Implementation of Thrombolysis
in Stroke-Monitoring Study (SITS-MOST) classification (parenchymal hemorrhage type 2,
22–36 h after treatment leading to neurologic deterioration 4 points or more on NIHSS from
baseline or lowest NIHSS or leading to death as previously reported) [13], and cerebral
edema; in-hospital mortality rate; mortality rate 3 months after stroke.

To investigate the effects of clinical and laboratory factors (evaluated on admission)
on the likelihood of favorable functional outcome (mRS 0–2) on the day of discharge and of
3-month mortality after stroke and reperfusion therapies, multivariate logistic regression
models were built.

Statistical analysis. Statistical analysis was performed using the IBM SPSS Statistics
for Windows, Version 26 (IBM SPSS Statistics for Windows, IBM Corporation, Armonk, NY,
USA). The Kolmogorov–Smirnov test was used to verify the normality of the distribution of
continuous variables. The qualitative variables were expressed as absolute frequencies and
percentages. For continuous data, the mean and standard deviation (SD) or median and
interquartile range (IQR) were reported, as appropriate. The Student’s t test (for normally
distributed data) or the Mann–Whitney U test (for not normally distributed data) was used
for the continuous variables and the Chi-square test for the categorical variables. p < 0.05
was considered to be statistically significant. The significant predictors (using a significance
level of <0.1) in the univariate analysis were included in the multivariate analysis, and the
entered method was applied for the logistic regression model to determine the predictors
for a favorable functional outcome (mRS 0–2) on discharge and 3-month mortality after
stroke. The odds ratio (OR) and 95% confidence interval (95% CI) were calculated.

3. Results

3.1. Demographic, Clinical, and Stroke-Related Data

Thirty-one pairs of subjects and matched controls were included in the study. The
mean age was 74.0 years in COVID-19-positive AIS patients and 73.7 years in controls.
Forty females (64.5%) comprised the entire cohort. Prevalence of stroke risk factors did
not differ statistically significantly between the two groups. Fourteen (22.5%) patients
underwent IVT, thirty (48.4%) patients were treated with EVT, and eighteen (29.1%) patients
received bridging therapy. Fifty-six (90.3%) patients in the entire cohort were diagnosed
with anterior circulation stroke. The detailed demographic data and stroke risk factors are
displayed in Table 1.

The median NIHSS score on admission was significantly higher in the COVID-19
patient group compared to controls (16 [10–19] vs. 12.5 (5–15), p = 0.028). The timeliness
metrics (OTD, DTN, and DTP times) did not differ significantly between the two groups.
Albeit not significant, the OTD time was longer for COVID-19 patients as compared to
controls (126 (83–218) vs. 95 (66–205) minutes, respectively). The ASPECTS score on
admission also did not differ significantly.

As expected, the baseline body temperature was statistically significantly higher in
COVID-19 patients compared to controls (p = 0.025), while the rate of hypoxemia and
arterial blood pressure on admission did not differ significantly (Table 2). A significantly
lower lymphocyte count (p = 0.013) and higher CRP values (p < 0.001) were observed in the
COVID-19 group compared to controls, while total WBC count and D-dimer concentration
on admission did not differ.
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Table 1. Patient demographic data and stroke characteristics.

Stroke Patients with
COVID-19

(n = 31)

Control Group
without COVID-19

(n = 31)
p Value

Female, n (%) 20 (64.5) 20 (64.5) 1.000

Mean Age, Years (SD) 74.0 (12.9) 73.7 (12.3) 0.912

Cardiovascular Risk Factors, n (%)
Hypertension 29 (93.5) 26 (83.9) 0.425
Dyslipidemia 15 (48.4) 23 (74.2) 0.067
Smoking 5 (16.1) 2 (6.5) 0.229
Diabetes 6 (19.4) 2 (6.5) 0.255
Atrial Fibrillation 12 (38.7) 19 (61.3) 0.075
Symptomatic ICA Stenosis 6 (19.4) 2 (6.5) 0.255
Intracranial Artery Stenosis 3 (9.7) 5 (16.1) 0.707

Circulation of Stroke, n (%)
Anterior Circulation 28 (90.3) 28 (90.3) 1.000
Posterior Circulation 3 (9.7) 3 (9.7) 1.000

Reperfusion Treatment, n (%)
IVT 7 (22.5) 7 (22.5) 1.000
EVT 15 (48.4) 15 (48.4) 1.000
Bridging Therapy 9 (29.1) 9 (29.1) 1.000

Median Timeliness Metrics, min (IQR)

Onset-To-Door Time 126 (83–218) 95 (66–205) 0.294
IVT 94 (81–137) 80 (55–105)
EVT 245 (121–720) 154.5 (67.75–198.75)
Bridging Therapy 101 (65–130.5) 84 (67.75–220)

Door-To-Needle Time 40.5 (26–72.5) 36 (27–46) 0.626

Door-To-Puncture Time 101 (80.75–162.5) 116.5 (75.5–138.75) 1

Baseline NIHSS, Median (IQR) 16 (10–19) 12.5 (5–15) 0.028

ASPECTS, Median (IQR) § 9 (7.75–10) 10 (8–10) 0.229

SD—standard deviation, ICA—internal carotid artery, IV—Intravenous thrombolysis, EVT—endovascular treat-
ment, mRS—modified Rankin Scale, IQR—interquartile range, NIHSS—National Institutes of Health Stroke Scale,
ASPECTS—Alberta Stroke Programme Early CT Score. § Sample size differs for both subjects (n = 30), and control
group (n = 27) due to missing data. Bold values denote statistical significance at the p < 0.05 level.

Table 2. Baseline clinical and laboratory data.

Stroke Patients with
COVID-19

(n = 31)

Control Group
without COVID-19

(n = 31)
p Value

Clinical Data
Hypoxemia, n (%) † 5(16.1) 3 (9.7) 0.712
Median Body Temperature, ◦C (IQR) 36.6 (36.4–36.8) 36.5 (36.1–36.6) 0.025
Mean Systolic Blood Pressure, mmHg (SD) 159 (28.6) 168 (28.6) 0.214
Mean Diastolic Blood Pressure, mmHg (SD) 86 (21.8) 90 (14.9) 0.350

Laboratory Data
Mean Total WBC Count, ×109/L (SD) 8.8 (5.4) 8.7 (2.6) 0.473
Mean Lymphocyte Count, ×109/L (SD) 1.5 (0.7) 2.1 (1.4) 0.013
Mean CRP, mg/L (SD) 44.3 (63.8) 5.3 (6.4) <0.001
CRP > 5 mg/L, n (%) 23 (74.2) 8 (25.8) <0.001
Median D-Dimer, μg/L (IQR) 675 (78–4898) 1048 (479–2065) 0.979

IQR—interquartile range, SD—standard deviation, WBC—white blood cells, CRP—C-reactive protein. † Defined
as SpO2 < 93%. Bold values denote statistical significance at the p < 0.05 level.

3.2. Primary and Secondary Outcomes

Only 22.6% of COVID-19 patients with AIS in the subject cohort achieved favorable
functional outcomes (mRS 0–2) on discharge as compared to 51.6% in the control group
(p = 0.018) (Table 3).
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Table 3. Patient treatment outcomes and complications.

Stroke Patients with
COVID-19

(n = 31)

Control Group
without COVID-19

(n = 31)
p Value

TICI Score, n (%) † 0.190
2b/3 19 (79.2) 21 (95.5)
0/1/2a 5 (20.8) 1 (4.5)

Ischemic Changes on CT Scan 24 h
After RT, n (%) 24 (77.4) 21 (67.7) 0.393

Stroke Severity, NIHSS, Median (IQR)
24 h After Reperfusion Therapy 16 (5–24) 5 (2–13) 0.003
24 h Change From Baseline 0 (−3–3) −2 (−7.25–0) 0.029
Day 7 or Discharge ‡ 15 (5–21) 4 (1–10) <0.001
Overall Change From Baseline −1 (−6–2) −4 (−9–1) 0.022

Early Neurological Improvement, n (%) § 6 (19.4) 12 (38.7) 0.077

Functional Outcome at Discharge ||

Median mRS (IQR) 4 (3–6) 2 (1–4) 0.004
mRS ≤ 2, n (%) 7 (22.6) 16 (51.6) 0.018

Complications, n (%)
Symptomatic ICH 0 (0) 0 (0) 1.000
Cerebral Edema 7 (22.6) 6 (19.4) 0.755
Pneumonia ¥ 21 (67.7) 2 (8.0) <0.001

Respiratory Failure ¥¥ 20 (64.5) 4 (22.2) 0.007

Other ¶ 8 (25.8) 9 (29.0) 0.776

Prolonged Stay in ICU (>1 day), n (%) 12 (38.7) 6 (19.4) 0.093

Mortality, n (%)
In-Hospital 9 (29.0) 2 (6.5) 0.043
Day 90 17 (54.8) 4 (12.9) 0.001

TICI—thrombolysis in cerebral infarction, NIHSS—National Institutes of Health Stroke Scale, IQR—interquartile
range, mRS—modified Rankin Scale, ICH—intracerebral hemorrhage, ICU—intensive care unit. † Only patients
who had undergone mechanical thrombectomy (n = 46, data of 2 patients was missing). ‡ Whichever occurred
first. § Defined as reduction of NIHSS score by 4 points or more or score 0–1 at 24 h after reperfusion therapy.
|| Sample size differs for both subjects (n = 26) and control group (n = 29) due to missing data. ¥ Sample size
differs for both subjects (n = 31) and control group (n = 25) due to missing data. ¥¥ Sample size differs for both
subjects (n = 31) and control group (n = 18) due to missing data. ¶ Including urinary tract infection, pulmonary
embolism, myocardial infarction, acute heart failure, pulmonary oedema, other organ dysfunction, major bleeding
(excluding pneumonia and respiratory failure). Bold values denote statistical significance at the p < 0.05 level.

Significantly higher NIHSS scores 24 h after reperfusion therapy (16 (5–24) vs. 5 (2–13),
p = 0.003) and on day 7 or discharge (15 (5–21) vs. 4 (1–10), p < 0.001) were evident in the
COVID-19 group as compared to matched controls. The detail outcome data are shown in
Table 3. Rate of cerebral edema after the reperfusion treatment did not differ between the
two groups, and no sICHs were observed. Both in-hospital and 3 month mortality rates
were significantly higher in the COVID-19 group compared to controls (29% and 54.8% vs.
6.5% and 12.9%, p = 0.043 and p = 0.001, respectively).

The analysis of in-hospital mortality patients in both groups showed severe stroke
from onset (baseline NIHSS > 15). COVID-19-positive stroke patients who died in hospital:
5/9 (55.6%) underwent MTE and 4/9 (44.4%) underwent bridging therapy, 2/9 (22.2%) had
unsuccessful MTE (TICI 1 and 2a), 7/9 (77.8%) had acute ischemic changes on CT scan 24 h
after RT, 2/9 (22.2%) experienced reperfusion complications (small scattered petechiae and
subarachnoid hemorrhage, confluent petechiae), 5/9 (55.6%) had various degree cerebral
edema, 8/9 (88.9%) had pneumonia and respiratory failure, 2/9 (22.2%) had other somatic
complications (sepsis, acute kidney failure and urinary tract infection), 2/2 (100%) control
group stroke patients who died in hospital underwent MTE, and reperfusion therapy was
successful (TICI 3) in both cases, Both patients had acute ischemic changes on CT scan 24 h
after RT, both experienced reperfusion complications (hematoma within infarcted tissue,
occupying <30%, intraventricular hemorrhage), both had cerebral edema, and both had
pneumonia and respiratory failure and no other somatic complications.
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3.3. COVID-19 Associated Complications

Severe respiratory failure was observed in 64.5% of COVID-19 patients during any
time point of inpatient treatment, and it was significantly more common compared to con-
trols, where only 22% of patients were in respiratory compromise (p = 0.007). Importantly,
on admission, rates of respiratory failure did not differ between the two groups (hypoxemia
rate 5 (16.1%) in COVID-19 group vs. 3 (9.7%) in controls, p = 0.712). Pneumonia com-
plicated the disease course of 67.7% of COVID-19 patients as compared to 8% of controls
(p < 0.001). Prolonged stay in ICU was observed in 38.7% of COVID-19 patients compared
to 19.4% in control group (p = 0.093).

3.4. Multivariate Analysis

The accuracy of a favorable functional outcome prediction was 83.6%. The significant
variables in the univariate analysis included age (p = 0.028), baseline NIHSS (p < 0.001), and
COVID-19 infection (p = 0.011). In the multivariable model, only baseline NIHSS retained
significance (OR 0.790; 95% CI 0.691–0.902) (Table 4).

Table 4. Logistic regression model on the likelihood of favorable functional outcome (mRS 0–2) on
discharge (n = 61).

Covariates
Univariate Analysis Multivariate Analysis

p Value OR (95% CI) p Value

Age 0.028 0.959 (0.899–1.022) 0.199
Baseline NIHSS <0.001 0.790 (0.691–0.902) 0.000

COVID-19 Infection 0.011 0.312 (0.077–1.260) 0.102
OR—odds ratio, CI—confidence interval, NIHSS—National Institutes of Health Stroke Scale. Bold values denote
statistical significance at the p < 0.05 level in multivariate analysis.

The accuracy of 3-month mortality after stroke and reperfusion therapy was 78.8%.
The significant variables included age (p = 0.022), hypoxemia (p = 0.079), baseline NIHSS
(p = 0.001), COVID-19 infection (p = 0.001), total WBC count (p = 0.079), and CRP concen-
tration (p = 0.093). Increasing age and higher baseline NIHSS on admission were associated
with a higher likelihood of 3-month mortality after stroke and reperfusion therapy. COVID-
19 infection increased the likelihood of death 3 months after stroke and reperfusion therapy
seven times (OR 6.696; 95% CI 1.029–43.584), while hypoxemia, total WBC count, and CRP
concentration were not significant predictors (Table 5).

Table 5. Logistic regression model on the likelihood of 3-month mortality after stroke and reperfusion
therapy (n = 52).

Covariates Univariate Analysis Multivariate Analysis

p Value OR (95% CI) p Value

Age 0.022 1.086 (1.002–1.178) 0.045
Hypoxemia (SpO2 < 93%) 0.079 1.861 (0.225–15.406) 0.565

Baseline NIHSS 0.001 1.184 (1.013–1.383) 0.034
COVID-19 infection 0.001 6.696 (1.029–43.584) 0.047

Total WBC count 0.079 1.126 (0.829–1.530) 0.447
CRP concentration 0.093 1.004 (0.990–1.018) 0.586

OR—odds ratio, CI—confidence interval, NIHSS—National Institutes of Health Stroke Scale, WBC—white blood
cells, CRP—C-reactive protein. Bold values denote statistical significance at the p < 0.05 level in multivariate analysis.

4. Discussion

This is the first Lithuanian nationwide pair-matched multicenter study evaluating
outcomes of COVID-19-positive AIS patients treated with reperfusion therapies. We demon-
strated that COVID-19 stroke patients present with a significantly higher neurologic burden
than non-infected controls. We also found that reperfusion therapies appear safe for COVID-
19 stroke patients in relation to reperfusion-associated complications (symptomatic ICH
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and cerebral edema). Despite successful reperfusion, the COVID-19 stroke patients had
significantly worse outcomes and a high 3-month mortality rate as compared to control
patients. We additionally report 3-month mortality of COVID-19-positive patients with AIS
representing distant sequalae of AIS. Hypoxia had a major role in our COVID-19 cohort
and may have contributed to the high in-hospital and 3-month mortality rate.

Outcomes of COVID-19 patients with AIS seem to be universally unfavorable despite
successful reperfusion. Although COVID-19 patients with mild stroke presentations seemed
to have more favorable outcomes, in general, COVID-19 patients with AIS were more
severely disabled, with a median NIHSS of 15 at discharge as compared to controls. This
is in line with other studies reporting in-hospital mortality rates ranging from 31% to
60% [14–16]. The European multicenter EVT study provided data on 30-day mortality of
27% [17]. In contrast, we report insights on 3-month mortality even higher than previously
reported [18].

In our study, the absolute majority of COVID-19 stroke patients had a more severe
stroke despite no differences in ASPECTS scores between study groups on admission.
These results are comparable to previous reports [18]. However, the true size of ischemic
territory in COVID-19 patients may be larger than initially anticipated. Significantly lower
ASPECTS scores and higher infarct volumes were observed for COVID-19 patients with
AIS on MRI despite early imaging in a previous study [19]. In contrast, we used CT as our
main screening modality. Although discordances between MRI and CT median ASPECTS
scores in non-COVID-19 AIS have been documented, no impact to overall outcomes was
observed [20]. Therefore, COVID-19-specific endothelial dysfunction may have a role in
infarct core size expansion and contribute to poor outcomes.

Moreover, in our study, we demonstrated that COVID-19 stroke patients eligible for
reperfusion therapies had prolonged onset-to-door times. Prolonged ODT in COVID-19
patients might be explained by human factors: first, the lack of available paramedical
teams on-call could have delayed arrival to the hospital. Second, both stroke admission
rates and prolonged ODT were previously reported owing to the reluctance of stroke
patients to seek medical care, especially during the start of the pandemic when vaccination
was not yet available [21]. However, the impact of prolonged ODT on stroke severity is
debatable. Prolonged ODT might also be explained in part by the expanded intervention
window for EVT according to the DAWN trial, demonstrating the undeniable benefits of
EVT beyond 6 h for rigorously selected patients [22]. However, this approach was not
validated for COVID-19 patients, but despite the lack of evidence, the DAWN criteria
were applied according to best clinical practice and consensus statements valid at the time
of therapy [23,24]. Second, data regarding the efficacy of EVT beyond 6 h in COVID-19
stroke patients are conflicting, since there are no studies specifically addressing this issue
in the COVID-19 population. Studies specifically addressing reperfusion beyond 6 h are
required to assess their safety and efficacy profile and more importantly, assess the impact
of COVID-19 in these patients, especially in cases with respiratory compromise.

In our study, DTN and DTP times did not differ significantly between patients infected
with COVID-19 and controls. Every stroke center was pre-notified about COVID-19 posi-
tivity in cases when information was available to the paramedical team and when stroke
teams made safety preparations in advance. However, in most cases, COVID-19 status was
unknown. Treatment of stroke and reperfusion therapy was considered a priority and did
not cause delays in logistics in the emergency departments in either of the stroke centers.

Another aspect to consider is early neurological improvement after reperfusion ther-
apy. In our cohort, successful reperfusion (TICI 2b or TICI 3) was observed in 79.2% of
COVID-19 patients with AIS who underwent EVT, and in all but one patient (95.5%) in the
control group. In addition, the rate of ischemic changes on CT scan 24 h after RT did not
differ between COVID-19 and control groups. Despite successful and timely reperfusion,
COVID-19 stroke patients did not improve neurologically 24 h after reperfusion. We ac-
knowledge the possibility that some patients may have exhibited a higher neurological
burden due to their severe general state and the need for intensive care due to COVID-19.
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We did not calculate the ICU severity scores to represent the general state of these patients.
However, NIHSS scores were evaluated either at 7 days or on discharge for every patient.
At these time points, the absolute majority of patients were discharged from the ICU.
Therefore, we believe that evaluation of NIHSS later in the disease course more accurately
reflects the true neurologic burden. Moreover, a lack of early neurological improvement
was observed in other studies owing to several factors. Early consecutive ischemic strokes
or re-occlusions of the same vessel after successful or complete recanalization were ob-
served at a higher than expected rate of 8% in a systematic study [25]. In our cohort, we
have no data regarding early re-occlusions in COVID-19 stroke patients, since this was
a retrospective study and we do not routinely perform CTA after successful reperfusion
according to national guidelines, unless there is a high clinical suspicion of re-occlusion.

Another proposed explanation for no neurological improvement is the difference in
clot composition in COVID-19 and non-COVID-19 patients. Wang et al. described several
patients with excessive clot fragmentation and distal migration during thrombectomy.
Moreover, once evaluated with thromboelastography, the thrombi showed features of high
clot consolidation and reduced time of clot formation consistent with a severe procoagulant
state [26]. Several other studies reported a hypercoagulable state in COVID-19 patients as
compared to controls, which may attribute to both the devastating multivessel occlusions,
clot fragmentation, consecutive ischemic strokes, or early re-occlusions of blood vessels
that might contribute to poor outcomes [27]. Although we cannot confirm the different
clot features for COVID-19 stroke patients in our study, other aspects of these patients are
worth considering.

Hypoxia is a major contributing factor to poor outcomes in AIS patients. In our cohort,
64.5% of COVID-19 stroke patients suffered from respiratory failure. Almost one-third
of COVID-19 patients with AIS required prolonged intubation due to severe respiratory
system compromise. In a subgroup analysis of the former group (unpublished data),
patients in whom the respiratory function was severely affected were those who showed
no neurologic improvement 24 h after reperfusion. Most of these patients presented with
LVOs and required EVT for reperfusion. Due to a relatively small sample size in our
cohort, we could not perform a subgroup analysis with optimal statistical power, but
a tendency toward more severe strokes in patients with severe respiratory compromise
was observed. This is in line with previous reports. Two meta-analyses showed that
severe COVID-19 disease is more often complicated by severe ischemic strokes [16,28]. It is
proposed that patients with severe respiratory compromise can be deemed as high risk for
poor outcomes and in-hospital mortality [15]. A stroke center in New York reported good
early neurological improvement in COVID-19 stroke patients who underwent endovascular
treatment. None of the COVID-19 stroke patients who dramatically improved showed signs
of respiratory distress [29]. Respiratory function, although analyzed in AIS with COVID-
19 cohorts, has not been widely addressed in the subpopulation of patients undergoing
reperfusion therapies for AIS. In our study, we emphasize the importance of respiratory
complications for AIS patients undergoing specialized treatment. Respiratory failure could
be an important factor for early neurological deterioration or lack of improvement despite
successful reperfusion. Novel strategies involving optimal management of respiratory
compromise should be exploited to improve the outcomes for stroke patients undergoing
reperfusion therapy.

Although available safety evidence is scarce, reperfusion in cases of AIS was recom-
mended by an international panel of experts [23,24]. For IVT, various studies report sICH
rates from 2.8% to 10% in COVID-19 stroke patients [30–33]. As for EVT, a European
multicenter retrospective study of 93 COVID-19 stroke patients reported a rate of sICH of
5.4% [17]. In contrast, results from the largest to date EVT trial MR CLEAN reports sICH
rates of 7.7%, although differences between the two studies’ sample sizes have to be taken
into account [34]. Results from our study are comparable to the aforementioned studies
and provide additional insights into the safety of reperfusion therapies for COVID-19
stroke patients. All ICHs were asymptomatic in the COVID-19 group and did not differ
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statistically from controls. As given the information provided, reperfusion therapies appear
to be safe and beneficial for some patients, but large prospective trials evaluating both the
safety and efficacy of these treatments are warranted.

Risk factors associated with high dependency and mortality in COVID-19 AIS patients
include older age, COVID-19 infection, and stroke severity on admission. The logistic
regression model in our study showed only higher baseline NIHSS to be associated with
worse functional outcomes. As for 3-month mortality, age, higher baseline NIHSS and
COVID-19 infection were significant predictors in the logistic regression model. COVID-19
infection increased the likelihood of death 3 months after stroke and reperfusion therapy
seven times. We acknowledge that the regression analysis model in our study may not
reflect the true predictors of poor outcomes in COVID-19 AIS patients undergoing RT due to
the retrospective nature of the study, data shortages, and a small sample size. Furthermore,
we included to our univariate and multivariate logistic regression only patient history data
and clinical and laboratory data evaluated on admission. Earlier, we argued that hypoxia is
an important factor for the expansion of infarcted brain tissue and may be associated with
poor outcomes given the high rates of severe respiratory failure in our study. This might
explain the higher rates of in-hospital mortality. However, for the survivors, the causes of
3-month mortality rates remain to be validated.

Strengths. The strength of our study lies within a couple of points. First, the study
was conducted across all Lithuanian stroke centers. Second, we added valuable insights
to the available safety data of reperfusion therapies in AIS with COVID-19 demonstrating
relative safety of all treatment modalities. We have performed one of the few studies
reporting COVID-19 patients with AIS mortality at 3 months. As a result, it was possible
to compare COVID-19 patients with AIS with controls demonstrating clear differences in
mortality and functional outcomes, raising COVID-19 as a potential risk factor predicting
poor outcomes in AIS patients.

Limitations. The major weaknesses of our study are the retrospective nature and a
relatively small sample size, restricting subgroup analysis of reperfusion modalities and
evaluation of outcomes within. Another weakness is the chosen pair-matched analysis
method, which might not accurately represent the true demographic and stroke-specific
data of the control patients. We could not perform a subgroup analysis of different treat-
ment modalities that would have added additional safety and outcome data. The regression
analysis model, albeit significant for some factors, we believe, does not reflect all predic-
tors of poor outcomes in COVID-19 patients. Heterogeneity between different centers
concerning treatment management of patients with AIS should be considered. Although
we reported 3-month mortality rates, we could not compare functional outcomes of sur-
viving COVID-19 stroke patients to the control group, which would provide additional
information on distant effects of COVID-19 on AIS survivors.

5. Conclusions

In conclusion, reperfusion therapies on AIS in COVID-19 patients appear to be safe
and should be used. COVID-19-positive AIS patients seem to have more debilitating strokes
from onset. Despite successful and timely reperfusion, they tend to have poor functional
outcomes with high in-hospital and 3-month mortality rates. For the surviving patients,
studies to compare functional outcomes in the post-acute COVID phase between COVID-19
patients with AIS and non-infected stroke survivors are needed.
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Abstract: Frailty is associated with an increased risk of adverse health-care outcomes in elderly
patients. The Hospital Frailty Risk Score (HFRS) has been developed and proven to be capable of
identifying patients which are at high risk of adverse outcomes. We aimed to investigate whether frail
patients also face adverse outcomes after experiencing an endovascular treated large vessel occlusion
stroke (LVOS). In this retrospective observational cohort study, we analyzed patients ≥ 65 years that
were admitted during 2015–2019 with LVOS and endovascular treatment. Primary outcomes were
mortality and the modified Rankin Scale (mRS) after three months. Regression models were used
to determine the impact of frailty. A total of 318 patients were included in the cohort. The median
HFRS was 1.6 (IQR 4.8). A total of 238 (75.1%) patients fulfilled the criteria for a low-frailty risk with
a HFRS < 5.72 (22.7%) for moderate-frailty risk with an HFRS from 5–15 and 7 (2.2%) patients for a
high-frailty risk. Multivariate regression analyses revealed that the HFRS was associated with an
increased mortality after 90 days (CI (95%) 1.001 to 1.236; OR 1.112) and a worse mRS (CI (95%) 1.004
to 1.270; OR 1.129). We identified frailty as an impact factor on functional outcome and mortality in
patients undergoing thrombectomy in LVOS.

Keywords: stroke; frailty; elderly patients; hospital frailty risk score; mechanical thrombectomy

1. Introduction

Treatment of older people can be a challenge for health care systems. An aging
population leads to a higher frequency of age related diseases such as dementia, cancer
or stroke, often in patients with multimorbidity [1]. But hospital admission and even
therapies can be a cause of harm for some older people [2]. Analyses of frailty can help
to identify those patients. Frailty is described as a decline of function in multiple organ
systems linked to aging and an increased risk of poor outcome [3]. Recently, a novel
frailty score based on Tenth Revision of the international classification of disease (ICD-10)
diagnostic codes was developed and proven to be capable of identifying patients which
are at high risk of adverse outcomes [4]. In total, the score consists of 109 ICD-codes.
The authors created a points system, where a certain number of points are awarded for
each ICD-10 code and added together to create the final frailty risk score. ICD-10 codes
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with the highest impact are Dementia in Alzheimer’s disease, Hemiplegia, Alzheimer’s
disease followed by sequelae of cerebrovascular disease and other signs involving the
nervous and musculoskeletal systems, including a tendency to fall. The score has several
advantages since it is easy to calculate based on the medical history of the patients with a
low interrater variability [4]. Frailty, analyzed via the Hospital Frailty Risk Score (HFRS)
has been shown to be correlated with poor outcomes, for example after transcatheter valve
therapies [5], catheter ablation of atrial fibrillation [6], heart failure [7,8] as well as acute
myocardial infarction [7]. In stroke patients, pre-stroke frailty seems to be associated with
a shorter survival [9] and patients with stroke are more likely to be classified as frail [10].
Furthermore, pre-existing comorbidities in stroke are associated with a higher short-term
and long-term mortality [11] and it is associated with an attenuated improvement following
stroke thrombolysis [12]. But to date, there are no data regarding the impact of frailty on
the efficacy of mechanical thrombectomy. Since mechanical thrombectomy has become the
standard of care for large vessel occlusion stroke (LVOS) patients after publication of the
first five randomized trials in 2015 [13], understanding the mechanisms influencing the
outcome has been a challenge. Time from onset of stroke to treatment as well as high Alberta
Stroke Program Early CT scores (ASPECTS) is crucial for a favorable outcome [14–16].

It is known that increasing age is associated with poor outcomes [13]. Octagenarians
and Nonagenarians treated by mechanical thrombectomy have a higher mortality and mor-
bidity than younger patients. Still, successful recanalization leads to a better neurological
outcome and a lower mortality in these patients [17–19].

Thus, it would be helpful to implement indicators or scores which are of prognostic
value in patients undergoing thrombectomy. The aim of this study was to examine the
outcome of elderly patients suffering from LVO with regard to frailty.

2. Materials and Methods

2.1. Study Design, Setting and Study Population

We conducted a retrospective observational cohort study at the University Med-
ical Center in Göttingen by using linked clinical and health administrative databases
from 2015 to 2019. This included the stroke database, which we analyzed for elderly
patients ≥ 65 years being admitted with LVOS and endovascular treatment. LVOS was
defined as a stroke due to an occlusion of the carotid artery, middle cerebral artery in the
M1 segment or proximal M2 segment, anterior cerebral artery, posterior cerebral artery or
basilar artery. The trial was registered and approved prior to inclusion by the ethics com-
mittee of the University of Medicine Göttingen (Ethikkommission der Universitätsmedizin
Göttingen (No: 13/7/15An)). Written consent was obtained by all participants or their
legally authorized representatives.

2.2. Study Outcomes

Primary outcomes of patients were measured by the three months mortality rate as
well as the modified Rankin Scale (mRS) after three months. A good outcome was defined
as a mRS from 0–2 and a poor outcome as mRS from 3–6.

2.3. Data Sources

The prospectively derived stroke database contains data of patients with LVOS un-
dergoing mechanical thrombectomy in the University Medical Center in Göttingen during
2015–2019. The collected data of the stroke database included neurological features such
as the National Institute of Health Stroke Scale (NHISS), mRS at discharge and after three
months, as well as neuroradiological characteristics such as the Alberta stroke program
early CT score (ASPECTS) and the modified thrombolysis in cerebral infarction scale
(mTICI). NHISS and mRS were assessed by an experienced neurologist, ASPECTS and
mTICI by a senior neuroradiologist. Δ-NIHSS was calculated for each patient as the differ-
ence between NIHSS at admission and NIHSS at discharge. For the three-month follow up,
patients were examined in person. A telephone interview was made in case the patient
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was not able to come to the hospital. Furthermore, baseline characteristics such as age
and gender of the patients were collected, as well as the average length of stay, rate of
pneumonia, rehospitalization rate and mortality after three months. To analyze frailty,
the Hospital Frailty Risk Score (HFRS) was calculated for each patient of the database based
on the International classification of disease (ICD)-10 codes at time of admission of the
patients using the pre-morbid condition of the patients including all data available at the
timepoint of stroke admission, including previous admissions. The acute stroke symptoms
were not included into the score. The HFRS is a recently developed and validated score to
measure frailty [4]. Moreover, individuals were categorized as low (<5), intermediate (5–15)
or high risk (>15) for frailty based on previously published cut-off points [4]. Patients in
the intermediate-risk and high-risk categories were defined as frail. Apart from HFRS,
Elixhauser and Charlson comorbidity indices were calculated for each patient based upon
diagnoses of the patients at discharge. Both indices have been reported to be a predictor
for mortality [20,21].

2.4. Statistical Analysis

For descriptive statistics, continuous variables are presented in means with a standard
deviation or a median with an interquartile range. Categorial variables are demonstrated
as counts and percentages. Outcomes and the influence of different HFRS risk-categories
on hospital stay and pneumonia were assessed using a chi-squared or Kruskal-Wallis-Test
as appropriate. To analyze outcomes and mortality of patients after three months, a logistic
regression analysis was performed. Univariable logistic regression models were used to
identify factors associated with a statistical probability (p < 0.001) on the outcome and
mortality of the patients and then were included into the multivariable logistic regression
model. HFRS, TICI-Scale, the Elixhauser- as well as the Charlston-Comorbitity Index, age,
hours ventilation, rate of pneumonia, NHISS at admission and discharge, delta-NIHSS,
iv-rtPA, gender, hemicraniectomy, mRS at discharge, ASPECTS, intracranial hemorrhage
and time from onset to recanalization were run as univariate models. Results were con-
sidered statistically significant when p < 0.05. Since there was evidence of a threshold
phenomenon, the association of HFRS and mortality was assessed using a segmented
linear regression model, as implemented in the R package “segmented” [22]. All statistical
analysis was performed using IBM SPSS Statistics vs. 26 (IBM, Armonk, NY, USA), except
from regression analysis and c-statistics, which were performed in R.

3. Results

Of the 655 patients of our stroke database, 410 patients had complete follow-up data
and 318 fulfilled the inclusion criteria (LVOS with mechanical thrombectomy) with an
age ≥65 years. The median age of the patients was 80.1 years (IQR 9.58), the majority
of patients were female (60.4%) and 40 (12.6%) suffered from pneumonia. The clinical
characteristics are presented in Table 1.

The median HFRS was 1.6 (IQR 4.8). When we calculated the HFRS risk categories,
238 (75.1%) patients met the criteria for low-risk with a HFRS < 5, while 73 (22.7%) fulfilled
the criteria for moderate-risk with a HFRS from 5–15 and 7 (2.2%) patients for high-risk.
Regarding the neurological characteristics, the median NIHSS on admission was 15 (IQR 10)
and 8 (IQR 19) at discharge. The median mRS after 90 days was 4 (IQR 5) and 120 patients
(37.7%) had died after 90 days. A total of 109 (34.3%) patients had a favorable outcome
with a mRS from 0–2, whereas 209 (65.7%) of the patients had an unfavorable outcome
with an mRS 4–6. The neuroradiological characteristics of the patients are listed in Table 2.
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Table 1. Clinical characteristics.

Clinical Characteristics Total n = 318

Age [median (IQR)] 80.1 (IQR 9.58)
Female [n (%)] 192 (60.4%)

Pneumonia [n (%)] 40 (12.6%)
NIHSS at admission [median (IQR)] 15.0 (IQR 10)
NIHSS at discharge [median (IQR)] 8 (IQR 19)
mRS at discharge [median (IQR)] 4 (IQR 3.75)
mRS at 90 days [median (IQR)] 4 (IQR 5)

good outcome (mRS 0–2) [n (%)] 109 (34.3%)
HFRS [median (IQR)] 1.6 (IQR 4.8)

low frailty risk (<5) [n (%)] 238 (75.1%)
moderate frailty risk (5–15) [n (%)] 73 (22.7%)

high frailty risk (>15) [n (%)] 7 (2.2%)
Charlson comorbidity index [median (IQR)] 4 (IQR 6)

Elixhauser comorbidity index [median (IQR)] 9 (IQR 13)
Hemicraniectomy [n (%)] 11 (3.5%)

intravenous thrombolysis [n (%)] 187 (58.8%)
in hospital death [n (%)] 63 (19.8%)

mortality rate after 90 days [n (%)] 120 (37.7%)
NIHSS: National Institute of Health Stroke Score, mRS: modified Rankin Scale, HFRS: Hospital Frailty Risk Score.

Table 2. Neuroradiological characteristics.

Neuroradiological Characteristics n = 318

door-to-groin time [min (IQR)] 50 (31)
Time from onset to treatment [min (IQR)] 110 (70)

Time from onset to recanalization [min (IQR)] 231 (210)
periprocedural subarachoid hemorrhage [n (%)] 32 (10.1%)

intracerebral hemorrhage [n (%)] 39 (12.4%)
mTICI scale

0 24 (7.6%)
1 6 (1.9%)

2a 29 (9.2%)
2b 75 (23.7%)
2c 50 (15.8%)
3 132 (41.8%)

Occlusion side
Proximal internal carotid artery 11 (3.5%)

Carotid-T 56 (17.6%)
M1-branch of MCA 152 (47.8%)
M2-branch of MCA 54 (17%)

Basilar artery 32 (10.1%)
ACA 4 (1.3%)
PCA 7 (2.2%)

ASPECTS [median (IQR)] 8 (2)
mTICI scale: modified thrombolysis in cerebral infarction scale, MCA: middle cerebral artery, ACA: anterior
cerebral artery, PCA: posterior cerebral artery, ASPECTS: Alberta stroke program early CT score, IQR: interquartile
range. a,b,c: a part of the scale.

Frail patients, defined by a HFRS ≥ 5, were older than non-frail patients (83.8 (IQR
9.6) vs. 78.9 (IQR 9.6); p < 0.001) but there was no significant difference in age between
patients with a moderate or high frailty risk (83.8 (IQR 9.9) vs. 84.2 (IQR 7.2); p = 0.753).
Detailed information about the differences in the frailty groups are listed in Tables 3 and 4.
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Table 3. Clinical characteristics of the different frailty groups.

Clinical Characteristics HFRS < 5 HFRS 5–15 HFRS > 15 p-Value

age [median (IQR)] 78.9 (9.6) 83.8 (9.6) 84.2 (7.2) p < 0.001
Female [n (%)] 137 (57.6%) 50 (68.5%) 5 (71.4%) p = 0.206

Pneumonia [n (%)] 27 (11.3%) 11 (15.3%) 1 (14.3%) p = 0.664
NIHSS at admission [median (IQR)] 15 (9) 14 (8) 17 (6) p = 0.254
NIHSS at discharge [median (IQR)] 7 (16) 12 (35) 15 (37) p = 0.052
mRS at discharge [median (IQR)] 3 (4) 4 (4) 5 (3) p = 0.027
mRS at 90 days [median (IQR)] 4 (2) 5 (2) 6 (5) p < 0.001

good outcome (mRS 0–2) [n (%)] 95 (39.9%) 14 (19.4%) 0 (0%) p < 0.001
Charlson comorbidity index [median (IQR)] 4 (2) 5 (3.5) 5 (2) p < 0.001

Elixhauser comorbidity index [median (IQR)] 9 (10.5) 15 (14) 13 (10) p = 0.005
Hemicraniectomy [n (%)] 9 (3.8%) 2 (2.7%) 0 (0%) p = 0.811

intravenous thrombolysis [n (%)] 137 (57.6%) 45 (51.6%) 5 (71.4%) p = 0.652
in hospital death [n (%)] 44 (18.5%) 18 (25.0%) 1 (14.3%) p = 0.448

mortality rate after 90 days [n (%)] 79 (33.2%) 36 (50.0%) 5 (71.4%) p = 0.005

IQR: interquartile range, NIHSS: National Institute of Health stroke score, mRS: modified Rankin Scale.

Table 4. Neuroradiological characteristics of the different frailty groups.

Neuroradiological Characteristics HFRS < 5 HFRS 5–15 HFRS > 15 p-Value

Door-to-groin time [min (IQR)] 50 (31) 47 (40) 54 (50) p = 0.572
Onset to recanalization time [min (IQR)] 228 (198) 241.5 (293) 219.5 (103) p = 0.697

onset to treatment time [min (IQR)] 107.5 (66) 115 (86) 140 p = 0.798
periprocedural subarachoid hemorrhage [n (%)] 23 (10.1%) 8 (11.1%) 1 (16.7%) p = 0.855

intracerebral hemorrhage [n (%)] 32 (13.6%) 7 (9.7%) 0 (0%) p = 0.410
TICI [n (%)] p = 0.676

0 18 (7.6%) 5 (6.8%) 1 (14.3%)
1 5 (2.1%) 1 (1.4%) 0 (0%)
2a 17 (7.2%) 11 (15.1%) 1 (14.3%)
2b 57 (24.2%) 15 (20.5%) 3 (42.9%)
2c 38 (16.1%) 11 (15.1%) 1 (14.3%)
3 101 (42.8%) 30 (41.1%) 1 (14.3%)

Occlusion site p = 0.039
Proximal ACI 10 (4.2%) 1 (1.4%) 0 (0%)

Carotid-T 46 (19.3%) 8 (11%) 2 (28.6%)
M1-branch of MCA 114 (47.9%) 38 (52.1%) 0 (0%)
M2-branch of MCA 31 (13%) 18 (24.7%) 5 (71.4%)

Basilar artery 26 (10.9%) 6 (8.2%) 0 (0%)
ACA 3 (1.3%) 1 (1.4%) 0 (0%)
PCA 6 (2.5%) 1 (1.4%) 0 (0%)

ASPECTS 8 (2) 9 (1) 9 (3) p = 0.165

IQR: interquartile range, mTICI: modified thrombolysis in cerebral infarction scale, ACI: internal carotid artery, ACA: anterior cerebral
artery, PCA: posterior cerebral artery, ASPECTS: Alberta stroke program early CT score. a,b,c: a part of the scale.

There was no significant difference in mortality at discharge, but there was a sig-
nificant association between mortality and frailty after 90 days in the logistic regression
analysis. In the univariate models, we found that the likelihood of mortality after 90 days
significantly increased with HFRS (p < 0.001; CI (95%) 1.053 to 1.1183; OR 1.16) as well as
the likelihood of an unfavorable neurological outcome (p < 0.001; CI (95%) 1.069 to 1.248;
OR 1.155). The C-statistics of the model on mortality after 90 days were 0.6293. Multivariate
analyses revealed that along with age, the mTICI scale, Δ-NIHSS, ASPECTS and HFRS
(p = 0.020; CI (95%) 1.018 to 1.240; OR 1.24) showed a significant relationship with the
likelihood of mortality after 90 days, as shown in Table 5.
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Table 5. Multivariate logistic regression analysis of Influence on mortality after 90 days; HFRS: Hospital Frailty Risk Score,
mTICI scale: modified thrombolysis in cerebral infarction scale, ASPECTS: Alberta Stroke Program Early CT Score, NIHSS:
National Institute of Health Stroke Score, Δ-NIHSS: difference between the NIHSS at admission and discharge.

Mortality after 90 Days Odds Ratio 95% Confidence Interval p-Value

HFRS 1.124 1.018 1.240 0.020
Age (years) 1.159 1.090 1.232 <0.001
mTICI scale 0.760 0.581 0.993 0.044
ASPECTS 0.740 0.576 0.951 0.019
Δ-NIHSS 0.868 0.835 0.903 <0.001

Plotting the relationship between HFRS and the rate of mortality after 90 days sug-
gested a threshold phenomenon, as seen in Figure 1.

Figure 1. Association of HFRS over mortality after 90 days. The different HFRS risk categories are
divided by the grey lines. The first line is the boundary between the low- and moderate-frailty risk
category, the second line between moderate- and high-frailty risk. The grey shade is indicating the
standard deviation.

There was a steep increase in mortality up to a frailty score of three, afterwards the
gradient flattened out until it reached a plateau at about a frailty score of 15. No significant
difference was detectable in the gradient of the curve.

When dividing into the three frailty-risk categories, in-hospital death in the low-risk
group was 18.5% (44), in the moderate-risk group 25.0% (18) and in the high-risk group
14.3% (1) (p = 0.448). After 90 days, the mortality rate was 33.2% (79) in the low-risk group,
50.0% (36) in the moderate-risk group and 71.4% in the high-risk group (5); (p = 0.005).

Furthermore, there was a significant influence of the HFRS (p = 0.029; CI (95%) 1.012
to 1.254; OR 1.127) along with age, mTICI, ASPECTS, age, the Elixhauser Comorbidity
Index and Δ-NIHSS in the multivariate analysis on neurological outcomes of the patients,
as shown in Table 6.
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Table 6. Multivariate logistic regression analysis of neurological outcome after 90 days measured by mRS.

Poor Neurological Outcome
(mRS 3–6)

Odds Ratio 95% Confidence Interval p-Value

HFRS 1.127 1.012 1.254 0.029
Age 1.077 1.023 1.135 0.005

ASPECTS 0.584 0.450 0.758 <0.001
mTICI scale 0.696 0.526 0.921 0.011

Elixhauser Comorbidity Index 1.074 1.028 1.122 0.001
Δ-NIHSS 0.897 0.857 0.939 <0.001

HFRS: Hospital Frailty Risk Score, ASPECTS: Alberta Stroke Program Early CT Score, mTICI scale: modified thrombolysis in cerebral
infarction scale, mRS: modified Rankin Scale, NIHSS: National Institute of Health Stroke Score.

After dividing into the three frailty categories, patients in a low frailty risk category
were more likely to have a favorable outcome than those in a moderate or high frailty risk
category; this reached statistical significance (95 (39.9%) vs. 14 (19.4%) vs. 0 (0%); p < 0.001)
and can be seen in Figure 2.

Figure 2. Proportion of the modified Rankin Scale after mechanical thrombectomy as a percentage of
the different HFRS categories.

Frail patients, with a HFRS ≥ 5, did not secondary complications suffer significantly
more often such as pneumonia (27 (11.3%) vs. 11 (15.3%) vs. 1 (14.3%); p = 0.664) and their
rate of mechanical ventilation was similar to patients with a low frailty score (130 (54.6%)
vs. 36 (50.0%) vs. 4 (57.1%); p = 0.776). The length of stay in the hospital did not differ
between patients with a low, moderate or high frailty risk (10 (IQR 11) vs. 10.5 (IQR 8) vs.
9 (IQR 5) days; p = 0.656). No patient in the high-risk frailty group exceeded the maximum
length of stay (0.29 (±2.413) vs. 0.1 (±0.118) vs. 0 (±0); p = 0.776). With respect to all three
frailty groups, the total number of patients exceeding the g-DRG calculated maximum of
stay was rather small, as can be seen in Figure 3.
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Figure 3. Boxplots of the influence of the HFRS on the length of stay in hospital. A white dot is
indicating an outlier (3rd quartile + 1.5 interquartile range or 1st quartile − 1.5 interquartile range)
and a * an extreme outlier (3rd quartile + 3 interquartile range or 1st quartile − 3 interquartile range).

A similar length of stay is also reflected in the renumeration for the patients. Renu-
meration was similar without a significant difference in the three different risk groups
(low-risk 18525.83 EUR (IQR 7900.15 EUR) vs. moderate-risk 22418.75 EUR (IQR 7285.41
EUR) vs. high-risk 19903.06 EUR (IQR 10070.45 EUR); p = 0.401).

4. Discussion

In this monocentric cohort, more than 75% of all endovascular treated strokes were
older than 65 years and our study could demonstrate that frailty, as assessed by the
HFRS, has an impact on mortality after mechanical thrombectomy in large vessel occlusion
stroke. Frail patients have a significantly higher mortality rate after three months than non-
frail patients. Compared to previous studies on frail patients with stroke [18], our study
provides a very distinct and highly relevant subgroup of strokes, namely LVO induced
strokes treated with thrombectomy. We applied the HFRS as a well evaluated frailty score,
and were able to correct for multiple confounders due to our comprehensive data set.

In an aging population, frailty and the associated treatment risk is of emerging interest.
Multiple scores been developed to predict mortality in patients, such as the Charlson
Comorbidity Index and Elixhauser Comorbidity Index [20,21]. However, in our study,
the Elixhauser Comorbidity Index and Charlson Comorbidity Index were not able to
predict mortality in thrombectomized patients.

The ICD-10 based hospital frailty risk score is based on administrative data and
therefore is an easy and accessible score to measure frailty, possibly enabling the physician
to calculate the risk for adverse events prior to hospital admission and enabling consultation
of patients or relatives.

Previously this score has been used to evaluate outcome after transcatheter valve ther-
apies [5]. In contrast to TAVI procedures, the magnitude of the effect in thrombectomized
patients is lower than those undergoing TAVI (HR TAVI 3.1, OR thrombectomy: 1.2).

Moreover, frailty is not only a predictor of mortality in patients, additional to age [13],
ASPECTS [15] and other parameters such as time [14]; frailty is another parameter to
predict a neurological outcome of mechanical thrombectomy in large vessel occlusion
stroke. Frail patients have a worse neurological outcome after 90 days compared to non-
frail patients. Only 20% of the medium risk group achieve a favorable outcome after
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3 months (mRs 0–2; Figure 1). The effect on neurological outcome might be influenced by
premorbid disabilities, since frail patients suffer more often from dementia and premorbid
stroke [23] than non-frail patients. Although more detailed analyses are warranted to
better understand the possible influence of distinct premorbid diseases on disability and,
hence on outcome, further data on premorbid disability beyond specific diseases might
also help to address this in future studies.

Apart from mortality and neurological outcomes, we did not find a significant differ-
ence in secondary complications or prolonged stays in hospital between different frailty
groups. This is in contrast to previous data of a general hospital population [24] and a popu-
lation after degenerative spine operations [25], in which an association between frailty and
prolonged hospitalization had been shown. But medical interventions in stroke patients,
leading to a prolonged hospital stay such as hemicraniectomy are rarely performed in frail
patients. Moreover, it may be possible that other secondary complications like acute renal
failure and septicemia are not treated extensively in high-risk frailty patients, as it is more
likely that frail patients were sent back to care facilities in a palliative regime after disabling
stroke. Another possibility is that the cut-offs differentiating between low, moderate and
high-risk groups may not be accurate for stroke patients. This is indicated by the different
curves of the association between mortality and HFRS in our study comparing to the
original work [4]. Since HFRS was not intended to describe adverse outcomes in a specific
stroke population, future studies are needed to validate the cut-offs in stroke patients.

One strength of our study is the complete data set without missing data, which mini-
mizes a bias.

Another advantage of the HFRS is that it can be implemented automatically in hos-
pital information systems. This refers to patients for whom the necessary administrative
data are already available at the time of a new stroke admission. Because the ICD-10
code is routinely recorded electronically, determination of the HFRS can be automatically
embedded in the hospital’s electronic medical record and even has the potential to be
programmed into frailty-attuned clinical decision support systems. Having the HFRS be
automatically available at hospital admission may avoid the challenges of implementing
manual scores such as the Clinical Frailty Scale and improve standardization of frailty
assessment. This may have additional potential, particularly in stroke patients, where ev-
ery second counts and acute disability (e.g., hemiplegia, aphasia) may complicate clinical
judgement of premorbid frailty status on admission.

Whether the HFRS, a purely clinical frailty assessment or a combination of both is
better suited to predict outcome in frail stroke patients needs to be clarified in further
studies. In addition, further studies are needed to determine whether a frailty assessment
can guide and optimize clinical care at the individual patient level.

Our study has several limitations. One limitation, not only of our study but also the
HFRS, is the lack of complete administrative patient data at admission, which may lead to
a misclassification bias. Several diagnoses, for example unspecified fall or care diagnoses
involving the use of rehabilitation procedures which are part of the HFRS, are not always
documented in patients’ medical history, leading to an incomplete and therefore lower
score. This is not only a shortcoming of our study but a general problem for the HFRS,
in particular when used in a clinical setting. In addition, not all ICD-scores used to calculate
the HFRS are used in the German reimbursement system.

Another limitation, leading to a possible selection bias, is that we only included
patients who underwent mechanical thrombectomy and not those with LVOS without
treatment. This was because frail patients are more likely to be excluded from mechanical
thrombectomy compared to non-frail patients due their premorbid disabilities. Therefore,
the rather positive clinical outcome results of the frail group may be overestimated. Espe-
cially in the high-risk frailty group, the number of patients is rather low. Therefore, it may
be possible that our study underpowered this patient subgroup. This problem could be
addressed by applying larger patient cohorts, e.g., from multicentric registries, to further
explore the effects of strokes on high-risk frailty.
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5. Conclusions

Frailty leads to a higher mortality and morbidity in patients with large vessel occlusion,
even in medium frail patients, only 20% reach a favorable outcome. Therefore, identifying
frail patients and stratifying risk categories using the HFRS may help to communicate with
patients and families about the incidence of potential outcomes.

Author Contributions: Conceptualization, J.L. and C.A.F.v.A.; methodology, M.S., J.L., C.A.F.v.A.
and M.K.; validation, J.L., C.A.F.v.A.; formal analysis, M.S.; investigation, D.B., I.M., M.-N.P. and A.B.;
resources, M.B., C.H.R. and J.L.; data curation, M.S.; writing—original draft preparation, M.S.;
writing—review and editing, A.B., J.L. and C.A.F.v.A.; visualization, M.S.; supervision, M.B., J.L.
and C.A.F.v.A.; project administration, M.B. and C.H.R.; All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The trial was registered and approved prior to inclusion by
the ethics committee of the University Medicine Göttingen (Ethikkommission der Universitätsmedi-
zin Göttingen (No: 13/7/15An)). All methods were carried out in accordance with the declaration
of Helsinki.

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

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to the need to respect the privacy of the patients.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rechel, B.; Grundy, E.; Robine, J.-M.; Cylus, J.; Mackenbach, J.P.; Knai, C.; McKee, M. Ageing in the European Union. Lancet 2013,
381, 1312–1322. [CrossRef]

2. Hubbard, R.E.; Peel, N.M.; Samanta, M.; Gray, L.C.; Mitnitski, A.; Rockwood, K. Frailty Status at Admission to Hospital Predicts
Multiple Adverse Outcomes. Age Ageing 2017, 46, 801–806. [CrossRef] [PubMed]

3. Clegg, A.; Young, J.; Iliffe, S.; Rikkert, M.O.; Rockwood, K. Frailty in Elderly People. Lancet 2013, 381, 752–762. [CrossRef]
4. Gilbert, T.; Neuburger, J.; Kraindler, J.; Keeble, E.; Smith, P.; Ariti, C.; Arora, S.; Street, A.; Parker, S.; Roberts, H.C.; et al.

Development and Validation of a Hospital Frailty Risk Score Focusing on Older People in Acute Care Settings Using Electronic
Hospital Records: An Observational Study. Lancet 2018, 391, 1775–1782. [CrossRef]

5. Kundi, H.; Popma, J.J.; Reynolds, M.R.; Strom, J.B.; Pinto, D.S.; Valsdottir, L.R.; Shen, C.; Choi, E.; Yeh, R.W. Frailty and Related
Outcomes in Patients Undergoing Transcatheter Valve Therapies in a Nationwide Cohort. Eur. Heart J. 2019, 40, 2231–2239.
[CrossRef] [PubMed]

6. Kundi, H.; Noseworthy, P.A.; Valsdottir, L.R.; Shen, C.; Yao, X.; Yeh, R.W.; Kramer, D.B. Relation of Frailty to Outcomes After
Catheter Ablation of Atrial Fibrillation. Am. J. Cardiol. 2020, 125, 1317–1323. [CrossRef]

7. Kundi, H.; Wadhera, R.K.; Strom, J.B.; Valsdottir, L.R.; Shen, C.; Kazi, D.S.; Yeh, R.W. Association of Frailty With 30-Day Outcomes
for Acute Myocardial Infarction, Heart Failure, and Pneumonia Among Elderly Adults. JAMA Cardiol. 2019, 4, 1084–1091.
[CrossRef]

8. Kwok, C.S.; Zieroth, S.; Spall, H.G.C.V.; Helliwell, T.; Clarson, L.; Mohamed, M.; Mallen, C.; Duckett, S.; Mamas, M.A. The Hospital
Frailty Risk Score and Its Association with In-Hospital Mortality, Cost, Length of Stay and Discharge Location in Patients with
Heart Failure Short Running Title: Frailty and Outcomes in Heart Failure. Int. J. Cardiol. 2020, 300, 184–190. [CrossRef]

9. Winovich, D.T.; Longstreth, W.T.; Arnold, A.M.; Varadhan, R.; Zeki Al Hazzouri, A.; Cushman, M.; Newman, A.B.; Odden, M.C.
Factors Associated with Ischemic Stroke Survival and Recovery in Older Adults. Stroke 2017, 48, 1818–1826. [CrossRef]

10. Palmer, K.; Vetrano, D.L.; Padua, L.; Romano, V.; Rivoiro, C.; Scelfo, B.; Marengoni, A.; Bernabei, R.; Onder, G. Frailty Syndromes
in Persons with Cerebrovascular Disease: A Systematic Review and Meta-Analysis. Front. Neurol. 2019, 10. [CrossRef]

11. Schmidt, M.; Jacobsen, J.B.; Johnsen, S.P.; Bøtker, H.E.; Sørensen, H.T. Eighteen-Year Trends in Stroke Mortality and the Prognostic
Influence of Comorbidity. Neurology 2014, 82, 340–350. [CrossRef]

12. Evans, N.R.; Wall, J.; To, B.; Wallis, S.J.; Romero-Ortuno, R.; Warburton, E.A. Clinical Frailty Independently Predicts Early
Mortality after Ischaemic Stroke. Age Ageing 2020, 49, 588–591. [CrossRef]

13. Goyal, M.; Menon, B.K.; van Zwam, W.H.; Dippel, D.W.J.; Mitchell, P.J.; Demchuk, A.M.; Dávalos, A.; Majoie, C.B.L.M.;
van der Lugt, A.; de Miquel, M.A.; et al. Endovascular Thrombectomy after Large-Vessel Ischaemic Stroke: A Meta-Analysis of
Individual Patient Data from Five Randomised Trials. Lancet 2016, 387, 1723–1731. [CrossRef]

14. Saver, J.L.; Goyal, M.; van der Lugt, A.; Menon, B.K.; Majoie, C.B.L.M.; Dippel, D.W.; Campbell, B.C.; Nogueira, R.G.;
Demchuk, A.M.; Tomasello, A.; et al. Time to Treatment with Endovascular Thrombectomy and Outcomes from Ischemic
Stroke: A Meta-Analysis. JAMA 2016, 316, 1279–1289. [CrossRef]

182



J. Clin. Med. 2021, 10, 2171

15. Hill, M.D.; Rowley, H.A.; Adler, F.; Eliasziw, M.; Furlan, A.; Higashida, R.T.; Wechsler, L.R.; Roberts, H.C.; Dillon, W.P.;
Fischbein, N.J.; et al. Selection of Acute Ischemic Stroke Patients for Intra-Arterial Thrombolysis with Pro-Urokinase by Using
ASPECTS. Stroke 2003, 34, 1925–1931. [CrossRef]

16. Tsogkas, I.; Knauth, M.; Schregel, K.; Behme, D.; Wasser, K.; Maier, I.; Liman, J.; Psychogios, M.N. Added Value of CT Perfusion
Compared to CT Angiography in Predicting Clinical Outcomes of Stroke Patients Treated with Mechanical Thrombectomy.
Eur. Radiol. 2016, 26, 4213–4219. [CrossRef]

17. Meyer, L.; Alexandrou, M.; Flottmann, F.; Deb-Chatterji, M.; Abdullayev, N.; Maus, V.; Politi, M.; Bernkopf, K.; Roth, C.;
Kastrup, A.; et al. Endovascular Treatment of Very Elderly Patients Aged ≥90 with Acute Ischemic Stroke. J. Am. Heart Assoc.
2020, 9, e014447. [CrossRef]

18. Drouard-de Rousiers, E.; Ludovic, L.; Sébastien, R.; Consoli, A.; Mazighi, M.; Labreuche, J.; Kyheng, M.; Gory, B.; Dargazanli, C.;
Arquizan, C.; et al. Impact of Reperfusion for Nonagenarians Treated by Mechanical Thrombectomy. Stroke 2019, 50, 3164–3169.
[CrossRef]

19. Derex, L.; Haesebaert, J.; Odier, C.; Alesefir, W.; Berthezène, Y.; Buisson, M.; Daneault, N.; Deschaintre, Y.; Eker, O.F.; Gioia, L.; et al.
Predictors of Outcome After Mechanical Thrombectomy in Stroke Patients Aged ≥85 Years. Can. J. Neurol. Sci. J. Can. Sci. Neurol.
2021, 1–6. [CrossRef]

20. Moore, B.J.; White, S.; Washington, R.; Coenen, N.; Elixhauser, A. Identifying Increased Risk of Readmission and In-Hospital
Mortality Using Hospital Administrative Data: The AHRQ Elixhauser Comorbidity Index. Med. Care 2017, 55, 698–705. [CrossRef]

21. Bannay, A.; Chaignot, C.; Blotière, P.-O.; Basson, M.; Weill, A.; Ricordeau, P.; Alla, F. The Best Use of the Charlson Comorbidity
Index with Electronic Health Care Database to Predict Mortality. Med. Care 2016, 54, 188–194. [CrossRef]

22. Muggeo, V.M.R. Segmented: An R Package to Fit Regression Models with Broken-Line Relationships. R News 2008, 8, 20–25.
23. Eckart, A.; Hauser, S.I.; Haubitz, S.; Struja, T.; Kutz, A.; Koch, D.; Neeser, O.; Meier, M.A.; Mueller, B.; Schuetz, P. Validation of the

Hospital Frailty Risk Score in a Tertiary Care Hospital in Switzerland: Results of a Prospective, Observational Study. BMJ Open
2019, 9, e026923. [CrossRef]

24. McAlister, F.; van Walraven, C. External Validation of the Hospital Frailty Risk Score and Comparison with the Hospital-Patient
One-Year Mortality Risk Score to Predict Outcomes in Elderly Hospitalised Patients: A Retrospective Cohort Study. BMJ Qual. Saf.
2019, 28, 284–288. [CrossRef] [PubMed]

25. Hannah, T.C.; Neifert, S.N.; Caridi, J.M.; Martini, M.L.; Lamb, C.; Rothrock, R.J.; Yuk, F.J.; Gilligan, J.; Genadry, L.; Gal, J.S. Utility
of the Hospital Frailty Risk Score for Predicting Adverse Outcomes in Degenerative Spine Surgery Cohorts. Neurosurgery 2020.
[CrossRef] [PubMed]

183





Journal of

Clinical Medicine

Article

Acute Recanalization of Large Vessel Occlusion in the Anterior
Circulation Stroke: Is Mechanical Thrombectomy Alone Better
in Patients over 80 Years of Age? Findings from a Retrospective
Observational Study
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Abstract: Real-world data report worse 3-month clinical outcomes in elderly patients with acute
ischemic stroke (AIS) treated with mechanical thrombectomy (MT). The aim was to identify fac-
tors influencing clinical outcome in elderly patients with anterior circulation AIS treated with MT
(±intravenous thrombolysis (IVT)). In a retrospective, monocentric study, analysis of prospectively
collected data of 138 patients (≥80 years) was performed. IVT was an independent negative predictor
(OR 0.356; 95% CI: 0.134–0.942) and female sex an independent positive predictor (OR 4.179, 95% CI:
1.300–13.438) of 3-month good clinical outcome (modified Rankin scale 0–2). Female sex was also
an independent negative predictor of 3-month mortality (OR 0.244, 95% CI: 0.100–0.599). Other
independent negative predictors of 3-month good clinical outcome were older age, lower pre-stroke
self-sufficiency, more severe neurological deficit and longer procedural intervals. Mortality was also
independently predicted by longer procedural interval and by the occurrence of symptomatic intracere-
bral hemorrhage (p < 0.05 in all cases). Our results demonstrated, that in patients aged ≥80 years with
anterior circulation AIS undergoing MT (±IVT), IVT reduced the chance of 3-month good clinical
outcome and female sex was associated with a greater likelihood of 3-month good clinical outcome
and lower probability of 3-month mortality.

Keywords: anterior circulation; acute ischemic stroke; large vessel occlusion; elderly patients; mechanical
thrombectomy; intravenous thrombolysis; bridging therapy; recanalization; clinical outcome

1. Introduction

Mechanical thrombectomy (MT) is currently the standard treatment for acute ischemic
stroke (AIS) in the anterior circulation due to the emergent large vessel occlusion (ELVO).
MT has been shown to lead to higher recanalization rates and better clinical outcomes in
selected patients compared to intravenous thrombolysis (IVT) alone [1–5]. Although the
guidelines recommend, unless there is a contraindication, treatment with intravenous re-
combinant tissue plasminogen activator (rtPA) before MT (bridging therapy) [6,7], there are
doubts about the benefit of IVT preceding MT [8–16]. Real-world data consistently report
worse 3-month clinical outcomes in elderly patients compared to younger patients [17–24].
Nevertheless, the factors influencing the clinical outcome in elderly patients have not been
fully elucidated.

The aim was to identify factors influencing the recanalization rate, the occurrence of
symptomatic intracerebral hemorrhage (sICH) and the clinical outcome in elderly patients
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(≥80 years) with anterior circulation AIS due to ELVO undergoing MT (±IVT) in routine
clinical practice.

2. Materials and Methods

2.1. Data Source and Study Population

All relevant data used for this retrospective analysis were manually extracted from
hospital information systems and available individual patient medical charts, including
documentation from the referring hospital (in the case of patients with secondary transport),
emergency physician notes, neurology notes, and medication administration records.

In a retrospective, monocentric study, a set of 138 consecutive elderly patients (≥80 years)
with anterior circulation AIS due to ELVO treated with MT using second generation stent-
retrievers (±IVT) from January 2013 to June 2019 in the Comprehensive Stroke Center
(CSC), University Hospital in Hradec Králové, Czech Republic, was analyzed. Some
patients were transported to the CSC directly, others were transported to the CSC for MT
from primary stroke centers (PSC). The indication for MT was determined in accordance
with the valid guidelines [6,25–28].

2.2. Computed Tomography Imaging

Non-enhanced computed tomography (NECT) of the brain with the assessment of
the Alberta Stroke Program Early CT Score (ASPECTS) and CT angiography (CTA) of
the cervical and intracranial arteries including the evaluation of the collateral system was
performed in all patients. For CTA, a non-ionic contrast iomeprol (Iomeron 400, Bracco,
Torviscosa, Italy) was administered intravenously (total volume of 60 mL, speed 4 mL/s).
Patients treated more than 6 h from symptoms onset and patients with unknown AIS onset
time also underwent perfusion CT (PCT) examination using 40 mL of the same contrast
medium infused intravenously at 5 mL/s. The time to maximum (Tmax) delay > 6 s was
used for the display of ischemic penumbra and, the relative cerebral blood flow < 30% of
that in normal tissue for a diagnosis of ischemic core (irreversibly injured brain tissue) [29].
In patients with IVT administered in the PSC, a control brain NECT was performed in
the CSC prior to MT initiation to exclude bleeding complications and the development of
extensive cerebral infarction. A Somatom Definition AS + (Siemens, Forchheim, Germany)
scanner was used for CT examinations.

2.3. Intravenous Thrombolysis

Intravenous thrombolysis with a standard dose of 0.9 mg/kg (maximum dose 90 mg)
of recombinant tissue plasminogen activator (Actilyse, Boehringer Ingelheim, Ingelheim
am Rhein, Germany) was applied in all patients with known stroke onset time fulfilling
the inclusion and exclusion criteria according to the valid guidelines. Furthermore, 10% of
the rtPA dose was administered as intravenous bolus, followed by a 60-min infusion of the
remaining 90% of the dose [30].

2.4. Digital Subtraction Angiography and Mechanical Thrombectomy

Within a 6-h time window from AIS symptoms onset, MT was performed in patients
with ASPECTS ≥ 6 on NECT. The result of PCT was crucial in patients treated more than
6 h from AIS symptoms onset and in patients with unknown AIS onset time—MT was
performed in patients with a small ischemic core (≤70 mL; based of the results of previous
studies [31]) and with the presence of ischemic penumbra. Patients without mismatch were
excluded from therapy. A poor condition of the collateral system, if representing the only
unfavorable prognostic factor, was not a reason for the exclusion from the MT. MT was
started as soon as possible, not waiting for the IVT effect, if applied.

A biplane angio machine (Philips Allura FD 20/20, Best, The Netherlands) was used
for DSA examination. Non-ionic contrast iodixanol (Visipaque 320, GE Healthcare AS, Oslo,
Norway) was administered intra-arterially using a Seldinger technique (total volume of
6 mL, speed 7 mL/s). For MT, second-generation stent-retrievers were used—Trevo (Trevo
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ProVue, Concentric Medical, Mountain View, CA, USA), Solitaire (Solitaire, Covidien,
Dublin, Ireland), Eric 4 (ERIC 4 Retrieval Device, MicroVention Terumo, Saint-Germain-
en-Laye, France), and Preset (pREset, Phenox GmbH, Bochum, Germany). The choice of
stent-retriever depended on the decision of the radiologist. In the majority of procedures,
the balloon guiding catheter (Merci 8F, Concentric Medical, Mountain View, CA, USA)
was placed within the internal carotid artery (ICA). In the presence of a loop, the catheter
was placed below it. A microcatheter (0.021 inch) with stent-retriever was subsequently
introduced. The stent-retriever was deployed across the occlusion and after 4 min the stent
was slowly retrieved, while flow arrest in the accessing artery was applied by balloon
inflation. Manual aspiration was applied through the guiding catheter via sidearm using
a 20-cc syringe. In most cases, the procedure was performed under conscious sedation,
without general anesthesia. Blood pressure was kept above 140 mm Hg.

2.5. Observed Parameters

The following data were collected: demographic data (age, sex, occurrence of vascular
risk factors—arterial hypertension, diabetes mellitus, dyslipidemia, coronary artery disease,
atrial fibrillation, prior stroke/transient ischemic attack), pre-intervention data (pre-stroke
modified Rankin scale (mRS) value [32], direct/interhospital transfer, neurologic deficit—
assessed using the National Institutes of Health Stroke Scale (NIHSS) [33], initial ASPECTS
values, presence of leukoaraiosis (defined as CT signs of hypodense lesions around the
anterior and posterior horns of the lateral ventricles [34]), location of vessel occlusion), and
procedural characteristics (time intervals—the time when the patient was last seen normal
was used in patients with an unknown AIS onset time, number of stent-retriever passes
(SRPs), recanalization rate assessed using TICI score with successful recanalization defined
as TICI 2b/3 [35], occurrence of sICH defined according to the Safe Implementation of
Thrombolysis in Stroke-Monitoring Study (SITS-MOST) criteria [36] and 3-month clinical
outcome assessed using mRS—with good clinical outcome defined as 0–2 points). Clinical
outcome was assessed by a certified treating neurologist not blinded for the result of the MT.
In patients, who were unable to attend a follow-up visit at the CSC, a telephone interview
with another treating physician or the family members was used.

2.6. Statistical Analysis

The normality of the distributions was confirmed using the Kolmogorov–Smirnov
test. Fisher’s exact test was used to assess the relationship between categorical variables.
The Mann–Whitney U-test or unpaired t-test was used, depending on data normality, to
evaluate the impact of quantitative parameters.

A multivariate linear logistic regression model was used for the prediction of success-
ful recanalization, sICH occurrence, 3-month good clinical outcome, and 3-month mortality.
Bonferroni test was used for multiple comparison. Multiple colinear time predictors have
been reduced to “onset-to-groin puncture” and “groin puncture-to-end of intervention”
independent predictors.

Standard multivariate logistic regression was separately used for each binary output
variable of interest. In the initial model, 28 predictors were used. First, we examined
possible hidden relationships between output variables and explanatory ones as they could
cause difficulty to the estimation process on one hand, but on the other, could also provide
direct implications between these two groups of variables.

Explanatory variables involved in such relationship with an output variable were
excluded from the data set when estimating the corresponding model for this output
variable. Then complete models were estimated using all input variables without hidden
relationships with the dependent variable. As not all estimated coefficients in the complete
models were significant at the level of 0.95, we examined the justification of their inclusion
into the model with the likelihood ratio (LR) test. Due to the large number of explanatory
insignificant variables and their possible mutual dependency in many cases, the testing
was proceeded as follows. First, we removed all statistically insignificant variables from
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the complete model and used the LR test to verify whether such exclusion was statistically
justifiable. If not, we returned the previously eliminated variables into the model in a piece-
wise mode according their p values in the full model until the null hypothesis of excluding
the rest of them was not rejected by the LR test. For all explanatory variables included in
final models we calculated their odds ratio and its corresponding confidence intervals.

The MATLAB Statistical Toolbox (MathWorks, Natick, MA, USA) was used for
statistical analysis.

2.7. Ethics

The entire study was conducted in accordance with the Declaration of Helsinki of 1964
and its later amendments (including the last in 2013). All procedures were performed in
accordance with institutional guidelines. The study was approved by the Ethics Committee
of the University Hospital Hradec Králové (approval No. 201912 S16R). All conscious
patients signed informed consent forms for the eligible and available diagnostics and
treatment. Independent witnesses verified the signatures in cases in which there were
technical problems.

3. Results

The set consisted of 138 elderly patients (≥80 years) (98 females; mean age 84.6 ± 3.5 years),
out of whom 57 (41.3%) patients were treated with MT alone (MT-A) and 81 (58.7%) patients
with MT + IVT. Baseline characteristics are presented in Table 1.

Table 1. Baseline characteristics.

Characteristic MT-A (n = 57) IVT + MT (n = 81) p

Age, (years) † 84.6 ± 3.7 (83) (82–87) 84.2 ± 3.4 (84) (81.75–87) 0.51
Female sex 43 (75.4) 55 (67.9) 0.79

Medical history
Arterial hypertension 50 (87.7) 72 (88.9) 1.00

Diabetes mellitus 19 (33.3) 25 (30.9) 0.86
Dyslipidemia 21 (36.8) 30 (37.0) 1.00

Coronary artery disease 22 (38.6) 27 (33.3) 0.74
Atrial fibrillation 22 (38.6) 34 (42.0) 0.87
Prior stroke/TIA 15 (26.3) 17 (21.0) 0.69
Pre-stroke mRS

0–2 32 (56.1) 56 (69.1) 0.49
3–5 15 (26.3) 13 (16.0) 0.30

Uncertain 10 (17.5) 12 (14.8) 0.82
Unknown symptom onset 22 (38.6) 13 (16.0) 0.04
Direct transfer to the CSC 45 (78.9) 55 (67.9) 0.18
Initial qualifying NIHSS † 14.9 ± 4.6 (15) (12–18) 15.0 ± 4.9 (15) (13–17) 0.87
Initial CT characteristics
ASPECTS—all patients † 8.7 ± 1.0 (9) (8–9) 8.1 ± 1.4 (8) (7–9) 0.002

ASPECTS—direct transfer to the CSC † 8.8 ± 1.1 (9) (9–10) 8.1 ± 1.4 (8) (7–9) 0.008
ASPECTS—interhospital transfer † 8.4 ± 0.8 (9) (8–9) 7.9 ± 1.3 (8) (7–9) 0.24

Leukoaraiosis 21 (36.8) 33 (40.7) 0.87
Occluded vessel

M1 35 (61.4) 47 (58.0) 0.89
M2 10 (17.5) 11 (13.6) 0.64

Distal ICA + M1 (L occlusion) 9 (15.8) 11 (13.6) 0.63
Distal ICA + M1 + A1 (T occlusion) 1 (1.8) 4 (4.9) 0.65

ICA + M1 (tandem occlusion) 2 (3.5) 8 (9.9) 0.09
IVT 0 (0) 81 (100.0)

IVT ≤ 3 h 0 (0) 75 (92.6)

Data are n (%) for categorical variables or mean ± SD (median) (IQR) for numerical variables †. ASPECTS, Alberta Stroke Program Early
CT Score; CSC, Comprehensive Stroke Center; CT, computed tomography; ICA, internal carotid artery; IQR, interquartile range; IVT,
intravenous thrombolysis; M1, middle cerebral artery—segment 1; M2, middle cerebral artery—segment 2; mRS, modified Rankin scale;
MT, mechanical thrombectomy; MT-A, MT alone; n, number of patients; NIHSS, National Institutes of Health Stroke Scale; SD, standard
deviation; TIA, transient ischemic attack.

In patients treated with MT-A versus MT + IVT, there was significantly more frequent
unknown symptom onset (38.6% versus 16.0%, p = 0.04) and ASPECTS values were signifi-
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cantly higher—both in the whole sets (mean 8.7 versus 8.1, p = 0.002) and in the subgroups
of patients with direct transfer to the CSC (8.8 versus 8.1, p = 0.008).

As the first stent-retriever, Trevo was used 104 times (75.4%), Solitaire 32 times (23.2%),
and both Eric 4 and Preset were used once. Two types of stent-retrievers were used twice
during one procedure. One SRP was sufficient in 49.3% of patients, more than three SRPs
were needed in 10.1% of patients. Furthermore, 26 out of 38 patients with secondary
transport to the CSC were treated with IVT in the PSC. This represents only 32.1% out of 81
patients treated with IVT and this small proportion does not allow evaluation of the benefit
and risk of this treatment prior to patients’ transfer to the CSC. As presented in Table 2, IVT
administration did not delay the start of MT, the interval from the known time of onset-to-
groin puncture was even slightly shorter in the IVT + MT group than in the MT-A group.
Door intervention center-to-groin puncture time was shorter by about half in patients with
secondary transport to the CSC than in patients with direct transfer, because the emergency
department and intervention team were pre-activated by the PSC. In the whole group,
sICH occurred in 6.5% of patients—more frequently in patients with unknown time of
symptoms onset (8.6%), with interhospital transfer (7.9%), with leukoaraiosis (11.1%), and
with IVT (8.6%). The same factors reduced the chances of the achievement of a good clinical
outcome (30.4% in the whole group) and increased the mortality (36.2% in the whole
group)—28.6% and 40.0% in patients with unknown time of symptoms onset, 26.3% and
42.1% with interhospital transfer, 22.2% and 42.6% with leukoaraiosis and, 25.9% and 40.7%
with IVT. By day 10, only 26% of patients had died, with the largest number (40%) dying
between days 31 and 90. Pre-stroke mRS affected both the achievement of good clinical
outcome (45.5% in patients with pre-stroke mRS ≤ 2) and mortality (29.5% in patients with
pre-stroke mRS ≤ 2 and 46.4% with pre-stroke mRS 3–5). Procedural characteristics and
outcomes in particular groups are presented in Table 2.

Table 2. Procedural characteristics and outcomes.

Characteristic MT-A (n = 57) IVT + MT (n = 81) p

Time intervals (min)

Onset-to-needle † 117.7 ± 38.6 (120.0) (98.5–140.0)

Onset-to-groin puncture † 209.0 ± 93.4 (184.0) (141–265) 197.0 ± 63.3 (178.5) (145–229.5) 0.42

Door intervention
center-to-groin puncture † 78.6 ± 32.9 (79.5) (56–106) 72.8 ± 27.8 (74) (51.75–91.25) 0.31

Direct transfer to the CSC † 89.5 ± 27.7 (85.5) (70.5–105) 85.5 ± 22.0 (83.0) (72.5–101) 0.42
Interhospital transfer † 40.8 ± 22.2 (30.0) (27–50.5) 47.5 ± 19.2 (40.5) (32.5–56) 0.35

Groin puncture-to-end
of intervention † 46.8 ± 27.2 (40.0) (28–58) 46.2 ± 27.3 (38.5) (25–56) 0.91

Onset-to-end of intervention † 257.7 ± 98.2 (255) (173–313) 242.8 ± 67.3 (228.5) (191.5–286) 0.37

Stent-retriever
passes

All patients † 2.1 ± 1.6 (2) (1–3) 1.9 ± 1.0 (2) (1–3)
1 27 (47.4) 41 (50.6) 0.88
2 14 (24.6) 19 (23.5) 1.00
≥3 7 (12.3) 7 (8.7) 0.58

Recanalization
grade

TICI 0 6 (10.5) 2 (2.5) 0.08
TICI 1 0 (0) 2 (2.5) 0.51

TICI 2a 9 (15.8) 14 (17.3) 1.00
TICI 2b 14 (24.6) 25 (30.9) 0.58
TICI 3 28 (49.1) 38 (46.9) 0.88

TICI ≥2b 42 (73.7) 63 (77.8) 0.90
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Table 2. Cont.

Characteristic MT-A (n = 57) IVT + MT (n = 81) p

sICH
occurrence

All patients 2 (3.5) 7 (8.6) 0.32
Pre-stroke mRS ≤ 2 1/32 (3.1) 5/56 (8.9) 0.41

Unknown symptom onset 1/22 (4.5) 2/13 (15.4) 0.55
Direct transfer to the CSC 2/45 (4.4) 4/55 (7.3) 0.69

Interhospital transfer 0 (0) 3/26 (11.5)
Leukoaraiosis 1/21(4.8) 5/33 (15.2) 0.40

IVT 7 (8.6)

3-month good
clinical

outcome
(mRS 0–2)

All patients 21 (36.8) 21 (25.9) 0.38
Pre-stroke mRS ≤ 2 21/32 (65.7) 19/56 (33.9) 0.12

Unknown symptom onset 8/22 (36.4) 2/13 (15.4) 0.46
Direct transfer to the CSC 17/45 (37.8) 15/55 (27.3) 0.54

Interhospital transfer 4/12 (33.3) 6/26 (23.1) 0.71
Leukoaraiosis 5/21 (23.8) 7/33 (21.2) 1.00

IVT 21 (25.9)

3-month
mortality
(mRS 6)

All patients 17 (29.8) 33 (40.7) 0.21
Day 1–10 5/17 (29.4) 8/33 (24.2) 0.76
Day 11–30 6/17 (35.3) 11/33 (33.3) 1.00
Day 31–90 6/17 (35.3) 14/33 (42.4) 1.00

Pre-stroke mRS ≤ 2 7 (21.9) 19 (33.9) 0.48
Unknown symptom onset 8/22 (36.4) 6/13 (46.2) 0.75
Direct transfer to the CSC 12/45 (26.7) 22/55 (40.0) 0.42

Interhospital transfer 5/12 (41.7) 11/26 (42.3) 1.00
Leukoaraiosis 8/21 (38.1) 15/33 (45.5) 0.80

IVT 33 (40.7)

Data are n (%) for categorical variables or mean ± SD (median) (IQR) for numerical variables †. CSC, Comprehensive Stroke Center; IQR,
interquartile range; IVT, intravenous thrombolysis; mRS, modified Rankin scale; MT, mechanical thrombectomy; MT-A, MT alone; n,
number of patients; SD, standard deviation; sICH, symptomatic intracerebral hemorrhage; TICI, Thrombolysis in Cerebral Infarction.

As presented in Table 3, higher number of stent-retriever passes was identified as an
independent negative predictor of the achievement of successful recanalization. Higher
ASPECTS value was identified as an independent negative predictor and the presence
of leukoaraiosis as an independent positive predictor of the sICH occurrence. IVT was
identified as an independent negative predictor of the achievement of 3-month good
clinical outcome. Female sex was identified as an independent positive predictor of the
achievement of 3-month good clinical outcome and as an independent negative predictor of
3-month mortality. Other independent negative predictors of the achievement of 3-month
good clinical outcome were, as expected, older age, lower pre-stroke self-sufficiency, more
severe neurological deficit and longer time intervals (onset-to-groin, groin puncture-to-end
of intervention). In addition to older age, mortality was independently predicted by the
longer groin puncture-to-end of intervention interval and by the sICH occurrence (Table 3).

Table 3. Significant independent predictors of the observed parameters—results of multivariate logistic regression analysis.

Observed Parameter Predictor OR (95% CI) p

Successful
recanalization

(TICI 2b/3)
Number of stent-retriever passes 0.537 (0.376–0.766) 6 × 10−4

sICH
ASPECTS 0.559 (0.320–0.977) 0.041

Leukoaraiosis 4.947 (1.036–23.619) 0.045

3-month good clinical outcome (mRS 0–2)

Age 0.803 (0.689–0.937) 0.005
Female sex 4.179 (1.300–13.438) 0.016

Pre-stroke mRS 0.052 (0.006–0.477) 0.009
NIHSS value 0.856 (0.756–0.968) 0.013

IVT 0.356 (0.134–0.942) 0.038
Onset-to-groin interval 0.991 (0.984–0.999) 0.023

Groin puncture-to-end of
intervention 0.964 (0.941–0.987) 0.002
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Table 3. Cont.

Observed Parameter Predictor OR (95% CI) p

3-month mortality
(mRS 6)

Age 1.250 (1.106–1.413) 3 × 10−4

Female sex 0.244 (0.100–0.599) 0.002
Groin puncture-to-end of

intervention 1.015 (1.001–1.030) 0.040

sICH 6.681 (1.171–38.105) 0.032

ASPECTS, Alberta Stroke Program Early CT Score; CI, confidence interval; IVT, intravenous thrombolysis; mRS, modified Rankin scale;
NIHSS, National Institutes of Health Stroke Scale; OR, odds ratio; sICH, symptomatic intracerebral hemorrhage; TICI, Thrombolysis in
Cerebral Infarction.

4. Discussion

About 30% of patients with AIS are aged 80 and over, 17% are even older than 85 years,
and the proportion of elderly patients will continue to increase as the population ages [37,38].
The fact that AIS due to ELVO in elderly patients has a poor prognosis without MT (in the
medical arm/IVT group of HERMES meta-analysis only 13.9% of these patients achieved
mRS 0–2 and their mortality was 45.2% [18]) supports the legitimacy of the use of MT in
this age group, although its results are significantly worse compared to younger patients
despite similar successful recanalization rates [17–24]. In the HERMES meta-analysis, in
patients treated with MT, mRS ≤ 2 was achieved in 46% of patients aged 57–77 years and
only in 29.8% of patients aged ≥80 years, and, mortality was 15.3% and 28% in particular
groups [1,3,5]. In the STRATIS registry of patients treated with MT, rates of good clinical
outcomes significantly decreased for each 5-year increment of age from <65 to >90 years,
from 64.3% to 26.5%, while mortality significantly increased from 7.9% to 35.1% [19]. In the
TREVO registry, 33.7% of patients aged ≥80 years reached mRS ≤ 2 and their mortality was
27.2%, while the same values for younger patients were 62.2 and 9.6%, respectively [20].
Out of 560 patients treated with MT in seven US centers, 108 patients aged ≥80 years
also had significantly worse clinical outcomes when compared with younger patients—
mRS ≤ 2 was achieved in 20.5% versus 44.4% and mortality was 34.3% versus 20% in
particular groups [21]. Our results are comparable to those published—3-month good
clinical outcome (mRS ≤ 2) was achieved in 30.4% of our patients aged ≥80 years and their
3-month mortality was 36.2%.

Older patients have poor clinical outcome at 3 months despite high rates of the
achieved recanalization. In our group, successful recanalization (TICI 2b/3) was achieved
in 76.1% of patients aged ≥80 years. In the work published in 2016, early neurological
improvement depended on successful recanalization, not on the age of MT-treated patients.
However, older patients exhibited poor mid-term functional outcome due to post-stroke
complications and other factors that were not, or only indirectly, related to the brain tissue
damage induced by the incident stroke [39]. Corresponding to our finding is that a larger
proportion of patients aged ≥80 years died later—40% of them between days 31 and
90, when a direct association with brain tissue damage due to stroke is unlikely. Factors
that adversely affect the prognosis in older patients may be pre-existing neuronal loss
and reduced neuronal plasticity, leukoaraiosis, higher rate of comorbidities, and post-
stroke complications (e.g., infections or injuries due to falls) [40,41]. In our patients with
leukoaraiosis, when compared to the whole group, we recorded a higher occurrence of
sICHs (11.1% versus 6.5%) and higher 3-month mortality (42.6% versus 36.2%) and a less
frequent 3-month good clinical outcome (22.2% versus 30.4%). Due to pre-existing changes,
the brain of elderly patients has depleted or borderline functional capacity, and is therefore
able to tolerate only a small volume of infarction [42,43].

Whether treatment with IVT before MT in patients with anterior circulation stroke
due to ELVO is of any benefit is currently one of the most important unanswered questions
in acute stroke management [16]. To date, the results of randomized control trials (RCTs),
as well as several registries and multicenter and single-center studies, suggest that MT-A
is equally effective and not inferior to MT + IVT, if patients are immediately treated in
stroke centers with rapid access to endovascular procedures. This was recently confirmed
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by multicenter RCTs from China and Japan (DIRECT-MT [44], DEVT [45], and SKIP [46]),
which did not show a statistically significant difference between patients treated with
MT-A versus MT + IVT in self-sufficiency at 3 months (36.4%, 54.3%, and 59.4% versus
36.8%, 46.6%, and 57.3%, resp.) or in mortality (17.7%, 17.2%, and 7.9% versus 18.8%, 17.8%,
and 8.7%, resp.). In the DIRECT-MT trial, even a 5% higher successful recanalization rate
achieved in patients treated with MT + IVT did not lead to a better functional outcome, and
a relatively lower achievement of independence in both treatment groups was probably
due to remarkably low rates of favorable collaterals [44]. Meta-analysis of six older RCTs
with 940 patients treated with IVT and endovascular treatment and 107 patients treated
with endovascular treatment alone showed that endovascular treatment was associated
with a higher likelihood of the achievement of better outcome at 3 months—both in the
group with IVT (OR 1.83) and without IVT (OR 2.47) [10]. The results of the meta-analysis
of eight RCTs were similar [13]. No statistically significant differences were also confirmed
by the pooled analysis of SWIFT and STAR studies [11]. Similar clinical outcomes at
90 days (either good clinical outcome, mortality, or both) in patients treated with MT-A
and MT + IVT were also found in the Catalan SONIIA registry from 2011 to 2015 [12],
Bernese Stroke Registry (with the exception of a lower mortality in the MT-A group) [9]
(even after adding patients from the Essen registry, despite the fact that MT was delayed
by 1 h in patients with MT + IVT [14]), and in other studies [8,15]. However, there are also
works reporting better outcomes in patients treated with MT + IVT than with MT-A. In
the German REVASK registry from 2012 to 2013, comparing patients with MT + IVT and
MT-A, good 3-month clinical outcome was achieved in 47.5% versus 38.1% and mortality
was 17.8% versus 27.8% in particular groups. As well as in our patient set, patients with
MT + IVT had shorter times to groin puncture [47]. IVT was a predictor of the achievement
of good outcome in another German registry from 2015 to 2018 (OR 1.49) [23], and better
functional outcome (adjusted OR (aOR) 1.47 and 1.4, resp.) and lower mortality (aOR
0.58 and 0.74, resp.) were found in patients treated with IVT + MT versus MT-A in the
Dutch MR CLEAN registry from 2014 to 2016 [48] and in the international SITS-ISTR
registry from 2014 to 2016 [49]. Data regarding the effect of IVT preceding MT on ICH
frequency vary. In the SONIIA registry [12], MR CLEAN registry [48], and SITS-ISTR
registry [49], the occurrence of sICH in both treatment groups was similar—3.4%, 5.9%,
and 3.5%, respectively, in the IVT + MT group versus 2.7%, 5.3%, and 3.0%, respectively, in
the MT-A group. On the other hand, the German registries showed a significantly higher
incidence of sICH in patients with MT + IVT (4.5%, 5.3%, and 3.5%, resp.) versus patients
with MT-A (2.5%, 2.7%, and 1.6%, resp.) [9,14,47] and also of ICH according to the ECASS
II definition [50] irrespective of the new clinical symptoms (15% versus 11% in particular
groups) [23]. In the Bernese Stroke Registry, lower rate of asymptomatic ICH was observed
in the MT-A versus MT + IVT group (12.5% versus 20%) [9]. Some authors [51,52] state that
extensive leukoaraiosis may increase the risk of sICH in addition to IVT, and our results
correspond with this.

We found the evaluation of the effect of IVT adjusted for age only in the study from
Australia from 2016 to 2018 performed by Sharobeam et al. [22]. In older (≥80 years) versus
younger patients, treated for anterior circulation stroke with MT using second generation
stent-retrievers, IVT was used in 34% versus 45%, procedure duration was 35 versus 31 min,
the occurrence of sICH according to the SITS-MOST definition was 4% versus 5%, mRS 0–2 at
90 days was achieved in 28% versus 55%, and mortality rate was 27% versus 16% in particular
groups. IVT was significantly associated with a favorable outcome in younger patients
(OR 2.90), but not in elderly patients. In our study, IVT was identified as an independent
negative predictor of the achievement of 3-month good clinical outcome (OR 0.356).

Females, representing 71% of our patients, achieved a better outcome—female sex
was identified as an independent positive predictor of the achievement of 3-month good
clinical outcome (OR 4.179) and as an independent negative predictor of 3-month mortality
(OR 0.244). The conclusions of recent studies that reported sex differences in clinical
outcome after MT are inconsistent. Studies analyzing large groups of younger patients
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(median age of females 69–70 years) from RCTs conclude that despite the fact that females
were older and had a higher comorbidity compared to males, their clinical outcome after
MT was comparable and according to the study performed by Sheth et al., females had
significantly more years of optimal life (disability-adjusted life year) when compared
to males (10.6 versus 8.5 years) [53,54]. In contrast, in the Japanese RESCUE registry,
females (mean age 79.7 years), when compared to males (mean age 72.8 years), were less
likely to achieve a good clinical outcome (27.3% versus 44.2%; aOR 0.80) and had higher
mortality (12.3% versus 9.9%; aOR 0.78) [55]. The most similar to our cohort is the cohort of
279 patients treated with MT in a single, large, academic CSC in the USA between 2015 and
2017. Females, representing 52% of patients, were older than males (median age 81 versus
71.5 years). Although at discharge both males and females had a similar probability of
functional independence (aOR 0.71), at 90 days the probability of functional independence
was apparently lower in females (aOR 0.37). Post hoc multivariate logistic regression
analysis in subgroups by age indicated a greater sex difference for independence in females
under 75 years (OR 0.24), while OR for females older than 75 years compared to males
was 0.54. However, the authors point out that the results of the subanalysis may not be
reliable and are likely underpowered. The fact that both rates of successful recanalization
and clinical outcome at discharge were similar between females and males, suggests that
a worse long-term clinical outcome may reflect a less favorable situation of females not
directly related to MT, such as their more frequent social isolation or lower social level.
Females in this group were less likely to be married (38.2% versus 67.5%) and were more
likely to have government-sponsored insurance (86.8% versus 73.1%) when compared
to males [56]. The absence of greater social disparities and the general availability of
outpatient or inpatient social services for the elderly in our country may have contributed
to better long-term clinical outcomes after MT in females in our cohort, but do not explain
the difference in outcome between the sexes.

Other independent negative predictors of the achievement of 3-month good clini-
cal outcome were, as expected, older age, lower pre-stroke self-sufficiency, more severe
neurological deficit, and longer time intervals (onset-to-groin, groin puncture-to-end of
intervention). In addition to older age, mortality was independently predicted by the
longer groin puncture-to-end of intervention interval and by the sICH occurrence.

Several limitations of the present study should be mentioned. First, it has a retrospec-
tive character with a sample extracted from a single stroke center database; therefore, the
results may not be generalizable. Second, the data collection methods among databases
may be the source of selection bias. Third, a relatively small number of patients in particular
treatment subgroups limits the power for comparative analysis.

5. Conclusions

Our results demonstrated, that in patients with anterior circulation AIS due to ELVO
aged ≥80 years and undergoing MT (±IVT), IVT reduced the chance of the achievement of
3-month good clinical outcome and female sex was associated with a greater likelihood
of the achievement of 3-month good clinical outcome and lower probability of 3-month
mortality. However, these results require verification on a larger set of patients.
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pro intravenózní trombolýzu v léčbě akutního mozkového infarktu—Verze 2014. Cesk. Slov. Neurol. N. 2014, 77/110, 381–385.
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Abstract: Background: Previous studies on inflammatory biomarkers in acute ischemic stroke (AIS)
produced divergent results. We evaluated whether C-reactive protein (CRP) and white blood cell
count (WBC) measured fasting 12–24 h after intravenous thrombolysis (IVT) were associated with
outcome in AIS patients without concomitant infection. Methods: The study included 352 AIS
patients treated with IVT. Excluded were patients with community-acquired or nosocomial infection.
Outcome was measured on discharge and 90 days after stroke onset with the modified Rankin scale
(mRS) and defined as poor outcome (mRS 3–6) or death (mRS = 6). Results: Final analysis included
158 patients (median age 72 years (interquartile range 63-82), 53.2% (n = 84) women). Poor outcome
on discharge and at day 90 was 3.8-fold and 5.8-fold higher for patients with CRP ≥ 8.65 mg/L (fifth
quintile of CRP), respectively, compared with first quintile (<1.71 mg/L). These results remained
significant after adjustment for potential confounders (odds ratio (OR) on discharge = 10.68, 95% CI:
2.54–44.83, OR at day 90 after stroke = 7.21, 95% CI: 1.44–36.00). In-hospital death was 6.3-fold higher
for patients with fifth quintile of CRP as compared with first quintile and remained independent
from other variables (OR = 4.79, 95% CI: 1.29–17.88). Independent predictors of 90-day mortality
were WBC < 6.4 × 109 /L (OR = 5.00, 95% CI: 1.49–16.78), baseline National Institute of Health
Stroke Scale (NIHSS) score (OR = 1.13 per point, 95% CI: 1.01–1.25) and bleeding brain complications
(OR = 5.53, 95% CI: 1.59–19.25) but not CRP ≥ 8.65 mg/L. Conclusions: Non-infective CRP levels
are an independent risk factor for poor short- and long-term outcomes and in-hospital mortality in
AIS patients treated with IVT. Decreased WBC but not CRP is a predictor for 90-day mortality.

Keywords: stroke; thrombolysis; C-reactive protein; white blood cell count; prognosis; outcome

1. Introduction

Numerous biomarkers [1,2], including inflammatory ones, were found to be asso-
ciated with atherosclerosis and cardiovascular events [3]. This applied to the levels of
C-reactive protein (CRP) which increase during the first 24 h after hospital admission
was independently associated with an increased risk of 30-day mortality in patients with
acute myocardial infarction [4]. Increased white blood cell count (WBC) was instead an
independent risk factor for long-term mortality in patients with coronary artery disease [5].

In patients with acute ischemic stroke (AIS) treated with intravenous thrombolysis
(IVT), CRP within 24 h from symptom onset [6] and WBC within 24 h after IVT [7] were
associated with a poor long-term functional outcome. However, there were also numerous
studies which produced divergent results concerning the prognostic role of CRP in patients
with AIS, likely due to a high proportion of patients with an infection. The negative
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prognostic influence of CRP was not ameliorated by IVT [8], whereas in several studies
other prognostic factors were found to be more important in long-term prognosis [9–11]. It
was shown that from 18.2 [12] to 23.6% [13] of AIS patients developed an infection during
hospitalization, with pneumonia and urinary tract infection being the most common [14].
Although the elevation of inflammatory markers is usually observed in infections, a CRP
increase in AIS may reflect non-infective ischemia-induced inflammation contributing to a
hypercoagulable state and extensive tissue damage [15]. There is no widely accepted cut-off
point in the literature for infective CRP in the AIS studies [9,16]. Although the specific
cut-off value (>6 mg/dL) was used to exclude possible concomitant infection in a study by
Montaner et al. [8], the clinical assessment plays a more important role in the exclusion
of infection. Therefore, previous studies might have produced inconsistent findings of
the prognostic role of CRP in AIS patients due to the variable and inadequate threshold
of a biomarker used. CRP level and WBC may also be affected by measurements which
took place in different clinical conditions, such as different time of the day, after previous
food intake and under the influence of non-steroidal anti-inflammatory drugs [17–19]. For
example, fasting is associated with a significant decrease in the CRP level [17], whereas
WBC increases by nearly 10% two hours after meal consumption [19].

Many factors, including age, comorbidities and severity as measured with the National
Institute of Health Stroke Scale (NIHSS) affect long-term prognosis after AIS treated with
IVT [20]. There is still a need for other markers which could help predict long-term
prognosis among AIS patients.

Therefore, the aim of the current study was to evaluate whether CRP levels and WBC
measured fasting 12–24 h after IVT were associated with short- and long-term outcome in
AIS patients without concomitant infection.

2. Materials and Methods

2.1. Patient Recruitment, CRP and WBC Measurements

The study was performed as a retrospective analysis of the prospectively collected
data of 352 AIS patients from the Krakow Stroke Data Bank, a single-center stroke registry
established in the University Hospital in Krakow in 2007. All patients were of Caucasian
origin and were treated with IVT between June 2014 and December 2018. Excluded were
patients with infection (n = 83) as described previously [13]. The lack of infection was deter-
mined by the exclusion of patients with fever, signs of infection in the physical examination,
or those who needed antibiotics during subsequent hospitalization. Moreover, all patients
underwent a routine chest x-ray, urine test and internal medicine consultation during the
first 3 days since admission. Additionally, follow-up internal medicine consultation was
performed in case of CRP elevation and before discharge. As the presence of malignant
tumor was the exclusion criteria for IVT in AIS, there were no patients with this condition
enrolled in our study.

After further exclusion of patients without available information regarding CRP and
WBC levels measured fasting between 12 and 24 h after IVT, there were 158 remaining
patients included in the final analysis. Our institutional protocol for fasting blood measure-
ments requires overnight fasting for at least 6 h [21] and blood withdrawal before breakfast
between 7 and 8 a.m. [22].

We collected the data about demographics, vascular risk factors, stroke etiology and
NIHSS on admission and after IVT. Patients were followed-up according to the previously
described protocol [13]. Outcome was measured with the modified Rankin scale (mRS).
We obtained information about prognosis on discharge and 90 days after stroke onset and
defined as poor outcome (mRS 3–6) or death (mRS = 6). Bleeding brain complications
secondary to IVT were defined according to the ECASS-1 classification [23,24].

The study was approved by the Jagiellonian University Ethical Committee (KBET
54/B/2007). We obtained informed consent from all patients which was either written or
verbal in the presence of at least two physicians in case of the inability to use the dominant
hand due to stroke.
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2.2. Statistics

The study was powered to have an 80% chance to detect a 50% difference in CRP
between the group with mRS 0–2 and 3–6 at the 0.05 significance level. In order to demon-
strate such a difference or greater, 26 subjects or more were required in each group based
on the values from a published article [16].

The baseline clinical characteristics according to the quintiles of CRP and quartiles
of WBC were compared using the univariate analysis of variance, Kruskal–Wallis rank
ANOVA and chi-squared test, as appropriate. Values were presented as counts and per-
centages, means and standard deviations or medians (interquartile ranges), as appropriate.
The multivariate models included age, sex and body mass index (BMI) (model 1); age, sex,
BMI, hypertension, mRS score before stroke > 0, baseline NIHSS score, hemorrhagic brain
complications and fasting hyperglycemia (model 2A); and age, sex, BMI, hypertension,
maximal systolic blood pressure within 24 h after IVT, mRS score before stroke > 0, baseline
NIHSS score, hemorrhagic brain complications and mechanical thrombectomy (model 2B).
The Hosmer–Lemeshow test and ROC (Receiver Operating Characteristic) scores were
used to evaluate the goodness of fit. Models with the lowest Akaike information criterion
and highest Nagelkerke pseudo R2 were presented. The level of significance was set at
a p-value ≤ 0.05. The data were processed using STATISTICA version 13.0 (Statsoft Inc.,
Tulsa, OK, USA).

3. Results

3.1. Patient Characteristics, Serum CRP Levels and WBC 12–24 h after IVT

The cohort of 158 patients with AIS treated with IVT is presented in Table 1 according
to the CRP quintiles. The median age was 72 years (interquartile range 63–82), and 53.2%
(n = 84) of patients were women. Mechanical thrombectomy was performed in 47 (29.7%)
patients.

Table 1. Baseline clinical characteristics of the patients based on C-reactive protein (CRP) quintiles.

Q1
CRP < 1.71

(n = 32)

Q2
CRP 1.71–3.11

(n = 32)

Q3
CRP 3.12–5.09

(n = 31)

Q4
CRP 5.10–8.64

(n = 32)

Q5
CRP ≥ 8.65

(n = 31)
p-Value

Age (years) 68 (58–76) 73 (68–80) 73 (69–80) 72 (64–83) 77 (62–86) 0.246
Women, n (%) 15 (46.9) 15 (46.9) 14 (45.2) 19 (59.4) 21 (67.8) 0.292
BMI (kg/m2) 24.7 (22.8–27.7) 24.8 (23.3–27.7) 27.5 (24.2–29.3) 27.1 (25.2–29.9) 26.8 (25.0–29.7) 0.006

Hypertension, n (%) 22 (68.8) 23 (71.2) 27 (87.1) 26 (81.2) 30 (96.8) 0.031
Hypercholesterolemia,

n (%) 12 (37.5) 8 (25.0) 11 (35.5) 11 34.4) 6 (19.4) 0.461

Diabetes mellitus, n
(%) 9 (28.1) 8 (25.0) 7 (22.6) 7 (21.9) 11 (35.5) 0.744

Smoking, n (%) 6 (18.8) 2 (6.3) 2 (6.5) 8 (25.8) 5 (16.1) 0.151
Ischemic heart disease,

n (%) 7 (21.9) 3 (9.4) 7 (22.6) 10 (31.2) 8 (25.8) 0.307

Atrial fibrillation, n (%) 6 (18.8) 10 (31.3) 11 (35.5) 8 (25.0) 9 (29.0) 0.635
Previous stroke, n (%) 7 (21.9) 3 (9.4) 8 (25.8) 6 (18.8) 4 (12.9) 0.432

mRS score before
stroke >0 3 (9.4) 1 (3.1) 1 (3.2) 4 (12.5) 2 (6.4) 0.523

Stroke etiology, n (%)
-large-vessel disease
-small-vessel disease

-cardioembolic
-other

- undetermined

5 (15.6)
1 (3.1)
6 (18.8)

19 (59.4)
1 (3.1)

5 (15.6)
1 (3.1)

11 (34.4)
14 (43.8)
1 (3.1)

5 (16.1)
0 (0.0)

12 (38.7)
13 (41.9)
1 (3.2)

3 (9.4)
0 (0.0)

11 (34.4)
18 (56.3)
0 (0.0)

5 (16.1)
0 (0.0)

10 (32.3)
15 (48.4)
1 (3.2)

0.932
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Table 1. Cont.

Q1
CRP < 1.71

(n = 32)

Q2
CRP 1.71–3.11

(n = 32)

Q3
CRP 3.12–5.09

(n = 31)

Q4
CRP 5.10–8.64

(n = 32)

Q5
CRP ≥ 8.65

(n = 31)
p-Value

Mechanical
thrombectomy, n (%) 5 (15.60 8 (25.0) 10 (32.3) 11 (34.4) 13 (41.9) 0.198

Time from stroke onset
to thrombolysis (min) 119 (94–175) 145 (93–174) 117 (85–174) 90 (76–176) 121 (83–160) 0.556

NIHSS score on
admission 9.7 ± 6.3 9.2 ± 6.7 12.5 ± 6.9 11.6 ± 6.3 14.6 ± 6.4 0.013

NIHSS score after r-tPA 4.4 ± 4.6 5.3 ± 5.5 8.1 ± 9.7 5.7 ± 6.9 11.9 ± 8.7 <0.001
Post-IVT hemorrhagic
brain complications, n

(%)
-no complication

-HI type 1
-HI type 2
-PH type 1
-PH type 2

29 (90.6)
1 (3.1)
1 (3.1)
1 (3.1)
0 (0.0)

27 (84.4)
3 (9.4)
1 (3.1)
1 93.1)
0 (0.0)

25 (80.7)
2 (6.5)
1 (3.2)
2 (6.5)
1 (3.2)

27 (84.4)
2 (6.3)
2 (6.3)
0 (0.0)
1 (3.1)

22 (71.0)
3 (9.7)
3 (9.7)
1 (3.2)
2 96.5)

0.874

Maximal SBP within 24
h after r-tPA (mmHg) 144 (123–156) 145 (125–160) 145 (134–166) 151 (139–169) 143 (134–160) 0.536

Maximal DBP within
24 h after r-tPA

(mmHg)
80 (72–90) 80 (72–89) 80 (70–90) 80 (70–85) 77 (70–80) 0.694

Fasting glucose
(mmol/L) 6.5 (5.5–7.3) 6.2 (5.4–7.0) 6.1 (5.4–8.2) 6.8 (5.5–7.9) 6.9 (5.9–8.2) 0.491

Creatinine (μmol/L) 82 (65–94) 74 (63–100) 77 (69–97) 82 (71–91) 76 (65–93) 0.892
WBC (×109/L) 7.1 (6.0–8.7) 7.8 (6.6–8.8) 7.5 (5.4–9.2) 8.2 (6.9–10.9) 8.9 (6.4–11.5) 0.145

Values are presented as n (%), mean ± standard deviation, median and interquartile range. Abbreviations: BMI—body mass index, DBP—
diastolic blood pressure, IVT—intravenous thrombolysis, HI—hemorrhagic infarction, mRS—modified Rankin scale, MT—mechanical
thrombectomy, NIHSS—National Institutes of Health Stroke Scale, PH—parenchymal hematoma, r-tPA—recombinant tissue plasminogen
activator, SBP—systolic blood pressure, and WBC—white blood cells count. Q1–Q5 denotes five groups according to the quintile of CRP
(mg/L).

The median CRP 12–24 h after IVT was 3.94 (2.01–5.12 mg/L) and 15.2% (n = 24)
of patients had CRP > 10 mg/L. The BMI, NIHSS score on admission and after IVT and
prevalence of hypertension increased with the increase in CRP. The median WBC was
7.76 (6.40–9.61 × 109/L). Large-vessel disease stroke was associated with a higher WBC
(Supplemental Table S1). There was no correlation between CRP and fasting glucose levels
(r = 0.11, p = 0.167).

3.2. Serum CRP Levels and WBC 12–24 h after IVT and Poor Functional Outcome on Discharge
and at Day 90 after Stroke

Patients with poor functional outcome on discharge (n = 52, 32.9%) and at day 90 after
stroke (n = 39, 25.3%) had higher CRP measured fasting between 12 and 24 h after IVT
compared with the remainder (5.92 (3.31–12.10) vs. 3.16 (1.76–5.73) mg/L, p < 0.001 and 5.91
(2.87–11.27) vs. 3.43 (1.71–5.96) mg/L, p < 0.001, respectively). The area under the receiver
operating characteristic curve (AUC) of CRP for predicting poor functional outcome at
day 90 was 0.667 (95% CI, 0.559–0.773, p = 0.002). With a cut-off point of 8.65 mg/L,
the sensitivity, specificity and accuracy were 43.6%, 89.6% and 77.9%, respectively. The
frequency of poor functional outcome on discharge and at day 90 was 3.8-fold and 5.8-
fold higher for patients with CRP ≥ 8.65 mg/L (the fifth quintile of CRP), respectively,
compared with the first quintile (<1.71 mg/L) (Figure 1). The odds ratio of poor functional
outcome for patients in the highest quintile of CRP on discharge remained significant
after adjustment for age, sex, BMI, hypertension, mRS score before stroke >0, baseline
NIHSS score, hemorrhagic brain complications and fasting hyperglycemia (Table 2). The
association between CRP and poor functional outcome at day 90 after stroke was significant
in the multivariable model adjusted for multiple confounders including age, sex, baseline
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NIHSS score, bleeding brain complications and mechanical thrombectomy (Table 2). The
CRP ≥ 8.65 mg/L was predicted by the NIHSS score on admission and hypertension
(Supplemental Table S2).

There was no significant association between the quartiles of WBC and the frequency
of poor functional outcome on discharge and at day 90 (Figure 1).

Figure 1. Panel (A,B). The proportion of patients with disability (modified Rankin Scale, mRS 3–6) or death (mRS = 6) on
discharge and at day 90 after stroke onset, according to the quintile (quintile 1–quintile 5, Q1–Q5) of C-reactive protein
(CRP) values. Panel (C,D). The proportion of patients with disability or death on discharge and at day 90 after stroke onset,
according to the quartile (quartile 1–quartile 4, Q1–Q4) of white blood cell count (WBC).

Table 2. C-reactive protein and poor functional outcome (mRS 3–6) on discharge and at day 90 after stroke.

On Discharge Model 1 Model 2A

Events n, (%) OR (95% CI) p-value OR (95% CI) p-value
Q1 (<1.71, n = 32) 6 (18.8) 1.00 (reference) - 1.00 (reference) -

Q2 (1.71–3.11, n = 32) 6 (18.8) 1.00 (0.28–3.56) 1.00 1.28 (0.27–5.96) 0.756
Q3 (3.12–5.09, n = 31) 10 (32.3) 2.13 (0.66–6.94) 0.209 1.65 (0.40–6.86) 0.493
Q4 (5.10–8.64, n = 32) 8 (25.0) 1.33 (0.40–4.45) 0.647 1.02 (0.24–4.29) 0.982

Q5 (≥8.65, n = 31) 22 (71.0) 9.70 (2.94–31.98) <0.001 10.68 (2.54–44.83) 0.001
P for trend <0.001 0.004

AIC 182.19 132.89
AUC 0.744 ± 0.05 0.895 ± 0.03

R2 Nagelkerke 0.241 0.560
Hosmer–Lemeshow test p-value 0.369 0.057

At day 90 after stroke Model 1 Model 2B
Events n, (%) OR (95% CI) p-value OR (95% CI) p-value

Q1 (<1.71, n = 32) 3 (9.4) 1.00 (reference) - 1.00 (reference) -
Q2 (1.71–3.11, n = 32) 7 (21.9) 2.90 (0.65–13.0) 0.165 4.11 (0.73–23.7) 0.109
Q3 (3.12–5.09, n = 31) 7 (22.5) 3.18 (0.71–14.4) 0.132 1.86 (0.33–10.63) 0.484
Q4 (5.10–8.64, n = 32) 5 (15.7) 1.64 (0.34–7.83) 0.535 0.75 (0.12–4.53) 0.754

Q5 (≥ 8.65, n = 31) 17 (54.8) 12.56 (2.95–53.5) 0.001 7.21 (1.44–36.0) 0.016
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Table 2. Cont.

On Discharge Model 1 Model 2A

P for trend 0.022 0.021
AIC 152.42 125.16
AUC 0.776 ± 0.04 0.887 ± 0.03

R2 Nagelkerke 0.291 0.521
Hosmer–Lemeshow test p-value 0.169 0.569

Model 1 included age, sex and BMI. Model 2A included age, sex, BMI, hypertension, mRS score before stroke >0, baseline NIHSS score,
hemorrhagic brain complications and fasting hyperglycemia. Model 2B included age, sex, BMI, hypertension, maximal SBP within 24 h after
r-tPA, mRS score before stroke >0, baseline NIHSS score, hemorrhagic brain complications and mechanical thrombectomy. Abbreviations,
see Table 1. AIC denotes Akaike information criterion, AUC—the area under the curve, CI—confidence interval, OR—odds ratio, Q1–Q5
five groups according to the quintile of CRP (mg/L).

3.3. Serum CRP Levels and WBC 12–24 h after IVT and Early Neurological Deterioration
and Bleeding

Neurological deterioration after IVT, defined as an increase of two or more points
in the NIHSS scale [25] between admission and 12–24 h after IVT, was observed in seven
(4.43%) patients. The CRP and WBC values did not differ between groups with and without
neurological deterioration (5.77 (3.45–9.31) vs. 3.79 (1.03–7.36) mg/L, p = 0.22 and 10.42
(4.95–13.95) vs. 7.77 (6.44–9.77) × 109/L, p = 0.29, respectively). Intracranial bleeding
(ECASS class 1–4) was observed in 28 (17.72%) patients (6.96%, 5.06%, 3.16% and 2.53% for
classes 1–4, respectively). We observed a trend toward higher CRP (5.18 (2.99–9.44) vs. 3.56
(1.84–7.34) mg/L), p = 0.09), and no difference in WBC (7.12 (6.11–10.38) vs. 7.86 (6.51–9.45)
× 109/L, p = 0.43), in patients with and without bleeding, ECASS class 1–4.

3.4. Serum CRP Levels and WBC 12–24 h after IVT and In-Hospital and 90-Day Mortality

Patients who died in hospital (n = 11, 7.0%) and within 90 days after stroke (n = 18,
11.4%) had higher CRP levels compared with the survivors (8.99 (4.39–15.42) vs. 3.67 (1.93–
6.93) mg/L, p = 0.01 and 6.51 (4.39–10.67) vs. 3.49 (1.83–6.23) mg/L, p = 0.006, respectively).
The frequency of in-hospital death was 6.3-fold higher for patients with the fifth quintile of
CRP as compared with the first quintile (Figure 1). In-hospital mortality was independently
predicted by CRP ≥ 8.65 mg/L and hemorrhagic brain complications (Table 3). The
independent predictors of 90-day mortality were WBC < 6.4 × 109/L, baseline NIHSS score
and hemorrhagic brain complications, but not CRP ≥ 8.65 mg/L (Table 3).

Table 3. Predictors of death on discharge and at day 90 after stroke.

On Discharge OR 95% CI p-Value OR 95% CI p-Value

Age (per 1 year) 1.00 0.96–10.5 0.861 - - -
Sex (female) 4.32 0.90–20.68 0.067 - - -

BMI (per 1 unit) 1.05 0.92–1.21 0.441 - - -
Baseline NIHSS score (per 1 point) 1.15 1.03–1.28 0.012 - - -

Mechanical thrombectomy 3.10 0.90–10.73 0.074 - - -
Hemorrhagic brain complications (ECASS 1–3 score) 6.82 1.91–24.28 0.003 5.66 1.52–21.11 0.010

CRP ≥ 8.65 mg/L 5.86 1.66–20.70 0.006 4.79 1.29–17.88 0.020
WBC < 6.4 ×109/L 2.48 0.71–8.59 0.152 - - -

AIC
AUC

72.21
0.794 ± 0.07

R2 Nagelkerke 0.208
Hosmer–Lemeshow test p-value 0.689

At day 90 after stroke OR 95% CI p-value OR 95% CI p-value
Age (per 1 year) 1.03 0.99–1.08 0.161 - - -

Sex (female) 3.50 1.10–11.18 0.034 - - -
BMI (per 1 unit) 1.04 0.93–1.16 0.523 - - -
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Table 3. Cont.

On Discharge OR 95% CI p-Value OR 95% CI p-Value

Baseline NIHSS score (per 1 point) 1.17 1.07–1.28 <0.001 1.13 1.01–1.25 0.036
Hemorrhagic brain complications (ECASS 1–3 score) 8.19 2.86–23.50 <0.001 5.53 1.59–19.25 0.007

CRP ≥ 8.65 mg/L 4.38 1.55–12.39 0.005 - - -
WBC < 6.4 ×109/L 4.06 1.48–11.16 0.007 5.00 1.49–16.78 0.009

AIC
AUC

87.03
0.877 ± 0.04

R2 Nagelkerke 0.406
Hosmer–Lemeshow test p-value 0.420

Abbreviations, see Tables 1 and 2.

The AUC of WBC for 90-day mortality was 0.660 (95% CI, 0.518–0.802, p = 0.027). The
WBC value of 6.4 × 109/L offered the best overall sensitivity, specificity and accuracy of
76.5, 23.5 and 74.0%, respectively. The WBC < 6.4 × 109/L was associated with a 4.7-fold
and 8.8-fold higher rate of deaths compared with the WBC 6.40–7.75 × 109/L and 7.76–
9.60 × 109/L (Figure 1). The WBC < 6.4 × 109/L was predicted by large vessel stroke
etiology (Supplemental Table S3).

4. Discussion

The current study supported an association between fasting CRP levels measured
12–24 h after IVT and analyzed in quintiles and long-term functional outcome after AIS
in patients without concomitant infection. Previous prospective study performed on a
large cohort of more than 3000 patients confirmed the prognostic significance of CRP
measured within 24 h from symptom onset in the whole group of patients assessed with
mRS three months after AIS, and, admittedly, after adjustment for IVT, this association was
still maintained [6]. A similar conclusion came from the study evaluating 436 AIS patients
without infection in China, in which elevated CRP levels within 24 h after IVT were found
to increase nearly 5-fold the risk of 3-month poor functional outcome [7]. On the other hand,
in the study of Karlinski et al., also evaluating AIS patients without infection, CRP assessed
within 24 h from symptom onset was not associated with 3-month outcome, however,
patients were dichotomized according to the abnormal level of CRP, that is, lower than
or above 5 ng/mL [16]. In another study, the change in CRP between admission and the
seventh day of hospitalization did not affect long-term outcome either [11]. However, the
long-term prognostic role of CRP in AIS patients without infection treated with IVT seemed
to be also supported by the studies in patients undergoing another reperfusion therapy of
AIS, that is, mechanical thrombectomy. In a recent study, a similar to our research cut-off
level of CRP was found to be associated with long-term outcome in AIS patients who
underwent endovascular therapy independent of other variables [26].

In our study, no association between CRP levels and 3-month mortality after AIS
treated with IVT was found. Our conclusions stayed in line with the previous results
coming from the Chinese study which also did not support a correlation of CRP with
all-cause mortality at 3 months [7]. Interestingly, in the same study, high WBC increased
2-fold the risk of death at 3 months [7]. Increased WBC the next day after mechanical
thrombectomy was found to significantly correlate with the NIHSS score at day 90 after
stroke onset [27]. We found instead that the lowest WBC quartile was an independent
risk factor for increased long-term mortality at 3 months in AIS patients without infection.
Together with the observed trend for higher mortality in the quartile of the highest WBC,
it seemed that the association between WBC and the risk of death might resemble the
U-curve.

In our specific group of patients, the association of CRP with short-term outcome
was also revealed. Our observation resembled the results from another Chinese study
which searched for the predictors of poor response to IVT [28]. The authors proposed
even the ACBS scale, as there were four parameters which remained significant in the
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multivariate analysis, with CRP apart from age, glucose levels and systolic blood pressure
at baseline [28]. Elevated CRP levels were also found to correlate negatively with the
reduction in neurological deficit measured with the NIHSS 12–24 h after IVT [29]. Thus, it
seems that assessment of CRP within the first 24 h after admission in AIS patients without
infection treated with IVT could be helpful in the evaluation of their short-term clinical
outcome. However, uncertainty exists concerning the appropriate time point for CRP
measurement in AIS patients. Most previous studies assessed CRP levels within 24 h
after admission [16], whereas in others measurements took place within 24 h from AIS
onset [6] or upon arrival to the emergency department [28]. In our study, we used the
specific time frame for CRP assessment, that is, between 12 and 24 h after IVT, which was
previously used in another study evaluating the prognostic role of trends in CRP levels [29].
Another study on a group of more than a thousand AIS patients receiving IVT showed that
CRP levels assessed within 24 h from admission or in the following days better predicted
long-term functional outcome that the admission values [30]. It is worth mentioning that
in reference to another blood parameter such as glucose, its values measured fasting the
next morning after admission had more potent long-term prognostic significance than the
admission values [22]. Therefore, as levels of CRP might be biased by food intake [17], we
measured CRP levels in our AIS patients after at least 6 h overnight fasting [21], according
to our institutional protocol [22]

There were no associations between CRP levels and neurological worsening or bleed-
ing brain complications in our study. Previous studies showed that patients with elevated
CRP more often suffered from bleeding brain complications, however, this association was
not confirmed after adjustment for other clinical parameters, including age, stroke severity
and recent infection [16], which resembles the results of our study. As to neurological
deterioration, higher CRP levels were found to be associated with its increased risk in
another study after adjustment for multiple confounders [6] that was not confirmed in our
study, probably due to the smaller sample size. In another study, the association between
CRP and neurological deterioration was supported only for AIS patients who did not
receive IVT [31].

The role of CRP in the pathophysiology of stroke is complicated, however, during
AIS, systemic inflammation is induced, which may result in increased body temperature,
WBC and CRP levels [32]. In a rabbit model of stroke, CRP levels after a cerebrovascular
event correlated with the size of the infarct, and were perceived by the authors as a good
marker of prognosis during AIS assessment [33]. Early treatment with IVT may result in
the reduction in inflammatory response due to inhibition of the brain tissue necrosis [32].

In our study, CRP after adjustment for numerous variables including hypertension
predicted poor functional outcomes. Interestingly, we observed that hypertension was the
strongest predictor of the highest levels of CRP in the multivariate analysis (Supplemental
Table S2). We hypothesize that elevated CRP may reflect the risk of an unfavorable outcome
that was attributed to hypertension in other studies [34]. Future studies are needed to
evaluate those mechanisms. Although there was no statistically significant correlation
between CRP and fasting glucose levels, we cannot exclude the true correlation with the
increase in the sample size.

Non-infective CRP in patients with AIS may deliver prognostic information distinct
from that carried by CRP measured during the acute phase of infection. Non-infective
CRP elevation may reflect stroke-induced inflammation and endothelial dysfunction con-
tributing to a hypercoagulable state and extensive tissue damage. High levels of CRP
are an independent marker of cardiovascular risk, which may be reduced by a statin
therapy independently to a lipid-lowering drug action [35]. Aimed anti-inflammatory
treatment targeting interleukin-1, endothelial selectins and leukocyte infiltration shows
promising results in preclinical and small clinical studies in AIS [36]. Therefore, we view
the results of our study as hypothesis-generating, whereas future studies are needed to
evaluate whether such treatment could be effective in diminishing inflammatory processes
induced by AIS and manifested by non-infective CRP increase. Finally, the unique timing
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of sample collections that takes into consideration the CRP-kinetics may contribute to
our observations.

Our study has important limitations. First, the sample of patients was relatively
small and therefore subgroup analyses, especially related to WBC, should be interpreted
with caution. Second, we did not analyze the influence of change in CRP levels during
hospitalization on long-term functional outcome. Third, we also did not take into account
the differential of WBC which was recently shown to be an important prognostic factor in
AIS patients [37]. Fourth, the reported statistical associations do not necessarily mean a
cause-effect relationship.

5. Conclusions

In conclusion, CRP levels measured fasting between 12 and 24 h after IVT are an
independent risk factor for poor short- and long-term outcomes in AIS patients without
infection, as well as for in-hospital mortality. The lowest quartile of WBC predicts 3-
month mortality; however, this finding needs further investigation. Future studies are also
expected to create a prognostic scale for short- and long-term prognosis after AIS with CRP
as one of the reasonable parameters.
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Abstract: Although hyperthermia is associated with poor outcomes in ischaemic stroke (IS), some
studies indicate that high body temperature may benefit reperfusion therapies. We assessed the
association of temperature with effective reperfusion (defined as a reduction of ≥8 points in the
National Institute of Health Stroke Scale (NIHSS) within the first 24 h) and poor outcome (modified
Rankin Scale (mRS) > 2) in 875 retrospectively-included IS patients. We also studied the influence
of temperature on thrombolytic (cellular fibronectin (cFn); matrix metalloproteinase 9 (MMP-9))
and inflammatory biomarkers (tumour necrosis factor-alpha (TNF-α), interleukin 6 (IL-6)) and their
relationship with effective reperfusion. Our results showed that a higher temperature at 24 but not
6 h after stroke was associated with failed reperfusion (OR: 0.373, p = 0.001), poor outcome (OR: 2.190,
p = 0.005) and higher IL-6 levels (OR: 0.958, p < 0.0001). Temperature at 6 h was associated with
higher MMP-9 levels (R = 0.697; p < 0.0001) and effective reperfusion, although this last association
disappeared after adjusting for confounding factors (OR: 1.178, p = 0.166). Our results suggest that
body temperature > 37.5 ◦C at 24 h, but not at 6 h after stroke, is correlated with reperfusion failure,
poor clinical outcome, and infarct size. Mild hyperthermia (36.5–37.5 ◦C) in the first 6 h window
might benefit drug reperfusion therapies by promoting clot lysis.

Keywords: biomarkers; ischemic stroke; recanalization therapy; reperfusion; temperature

1. Introduction

Temperature is a long-known pivotal factor in the development and progression of neurological
injuries, particularly in the field of stroke, where approximately 50% of patients develop hyperthermia
(or fever) within the first 24 h [1,2]. Indeed, higher temperatures during the acute phase of ischaemic
stroke (IS) have been associated with greater infarct volumes and worse functional outcomes at
3 months [2–8]. Therapeutic hypothermia helps to preserve tissue energy and halts several cell
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death mechanisms; thus, it is currently considered one of the most promising neuroprotective
approaches in preclinical models of stroke [9,10]. Nonetheless, although therapeutic hypothermia has
well-established neuroprotective effects in specific conditions, its translatability to the human clinic
remains elusive [11,12].

Besides mechanical devices, reperfusion drug therapy with recombinant tissue plasminogen
activator (rtPA) remains the treatment of choice during the acute phase of an ischaemic event, although
its use is limited due to the risk of haemorrhage [13–15]. In this regard, body temperature also has a
relevant influence on the efficacy of thrombolytic therapy. Paradoxically, although hyperthermia has
been associated with poor outcomes and an increased risk of developing haemorrhagic transformation
(HT) after rtPA treatment [2], some studies have shown that high body temperatures could have
a beneficial effect on reperfusion therapies by enhancing the thrombolytic activity of rtPA [16–18].
For instance, previous studies have reported increased fibrinolysis using streptokinase at higher
temperatures [19], while lower clot lysis was observed at lower temperatures when rtPA was added
to clot suspensions [20]. In patients with acute lower limb ischaemia treated with catheter-directed
thrombolysis, heating the rtPA also resulted in faster clot lysis [21]. Therefore, it is not clear if
the improvement in clot lysis and efficacy of reperfusion can overcome the deleterious effect of
hyperthermia on stroke outcome in rtPA-treated patients.

In this regard, it has been widely reported that, although reperfusion is associated with improved
patient outcomes, it can also exacerbate temperature-dependent processes related to blood–brain
barrier disruption and post-stroke inflammatory response, leading to increased brain damage [22].
For instance, rtPA upregulates matrix metalloproteinase 9 (MMP-9) expression [23], which is associated
with HT and poor outcome in IS [24], and hyperthermia exacerbates the destruction of microvascular
integrity by increasing MMP-9 activity [25]. Our group has also reported that circulating levels of
fibronectin (cFn) predicted rtPA-associated HT after systemic thrombolysis [26]. Moreover, we have
previously demonstrated that higher levels of proinflammatory markers such as interleukin 6 (IL-6)
and tumour necrosis factor-alpha (TNF-α) were associated with poor outcomes and larger infarcts in
IS patients with hyperthermia [27] and rtPA treatment [28].

Given the conflicting evidence on the effect of temperature on thrombolytic-reperfusion,
we hypothesised that higher body temperature during the acute phase of an IS could have a beneficial
effect on reperfusion therapies and patient outcomes. Thus, this work aimed to study the influence of
temperature on the recanalisation effectiveness and functional outcome at 3 months in a population of
IS patients receiving reperfusion therapies. To further support our analysis, we evaluated the effect of
temperature on the levels of fibrinolytic and inflammatory activity biomarkers and their impact on the
effectiveness of reperfusion. As a secondary objective, we analysed the influence of temperature on the
percentage of patients with HT and infarct volume.

2. Materials and Methods

2.1. Study Design

This retrospective observational study was conducted on a registry of patients with IS included
consecutively and prospectively from our databank. The patients were admitted to the Stroke Unit of
the University Clinical Hospital of Santiago de Compostela (Spain) from January 2008 to December
2018. The study was performed in accordance with the principles of the Declaration of Helsinki of
the World Medical Association and approved by the Research Ethics Committee of Santiago (project
identification code 2019/616). Informed consent was obtained from each patient or their relatives after
providing a full explanation of the procedures.

2.2. Inclusion Criteria

All patients included in this study met the following criteria: (1) authorisation for the anonymous
use of their data for research; (2) magnetic resonance imaging (MRI) or computed tomography (CT)
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study at inclusion and between days four and seven; (3) hemispheric location; (4) patients undergoing
reperfusion treatment with rtPA alone or in combination with thrombectomy; (5) patients with a
latency time between stroke onset and inclusion of ≤6 h; and (6) a minimum follow-up (face-to-face or
telephone) duration of 3 months. Patients who met any of the following criteria were not considered
for the study: (1) institutionalised patients, (2) comorbidity and life expectancy <1 year, (3) without
subsequent diagnostic confirmation, (4) lacunar infarctions, and (5) loss to follow-up at 3 months.

2.3. Blood Samples and Biomarker Assays

Biochemistry, haematology, and coagulation tests were performed in the central laboratory of the
hospital. Measurements were made from blood samples obtained in the first 6 h after admission and the
next 24± 6 h. Although the biomarker analysis was not performed simultaneously, it was supervised by
the same researchers and carried out using the same standardised methods. For this study, we selected
MMP-9 and cellular cFn as markers associated with thrombolytic activity [24,26], while IL-6 and TNF-α
were selected as markers associated with inflammatory activity [27]. For these molecular assessments,
venous blood samples were collected in vacutainer tubes (Becton Dickinson, San Jose, CA, USA) in
the first 6 h after symptom onset (always after the administration of the thrombolytic bolus) and at
24 ± 6 h. After allowing the sample to clot for 60 min, the blood samples were centrifuged at 3000× g
for 10 min and the serum was immediately aliquoted, frozen, and stored at −80 ◦C until analysis.

Serum levels of IL-6 were measured by enzyme-linked immunosorbent assay (ELISA) (BioLegend,
San Diego, CA, USA) with a minimum assay sensitivity of 1.6 pg/mL and an intra- and inter-assay
coefficient of variation (CV) of 5.0% and 6.8%, respectively, following the manufacturer’s instructions.
TNF-α was measured using an immunodiagnostic IMMULITE 1000 System (Siemens Healthcare
Global, Los Angeles, CA, USA) with a minimum assay sensitivity of 1.7 pg/mL, an intra-assay CV of
3.5%, and an inter-assay CV of 6.5%. Finally, serum levels of active MMP-9 (GE Healthcare, Amersham,
UK, Little Chalfont, Buckinghamshire, UK) and cFn (BioHit, Helsinki, Finland) were measured using
commercial ELISA kits following the manufacturer’s instructions. The intra- and inter-assay CVs were
<8%. All biomarkers were evaluated within the first 3 months after blood sample collection.

2.4. Clinical Scale, Temperature and Therapeutic Management

All patients were admitted to the stroke unit and were treated under the Spanish Neurological
Society protocol [29] by trained neurologists experienced in cerebrovascular diseases. The intensity of
the neurological deficit was determined by the National Institute of Health Stroke Scale (NIHSS) upon
admission to the Stroke Unit. Neurological improvement, defined as a reduction of ≥ 8 points in the
NIHSS in the first 24 h, was used as a clinical marker of effective reperfusion [13]. Functional outcome
was assessed at 3 months ± 15 days (face-to-face in 80.8% of the sample) using the modified Rankin
Scale (mRS) (mRs categorised as poor outcome >2). Both scales were evaluated by internationally
certified neurologists. Temperature was measured by the nursing staff every 6 h. For this analysis,
the axillary temperature was measured at the time of admission and at 6 and 24 h. Patients with
temperatures ≥37.5 ◦C were treated with paracetamol (500 mg p.o.) or metamizole (2 g i.v.) every 6 h.

2.5. Neuroimaging Studies

Cerebral CT or MRI studies were performed on and between days 4 and 7. All neuroimaging
studies were supervised by the same neuroradiologist. Symptomatic HT was assessed at the time
of recording the neurological worsening and, in any case, in the follow-up CT. HT was defined as
symptomatic when it was associated with early neurological deterioration (worsening of at least
4 points in the NIHSS during the first 48 h after stroke onset). HT was classified according to the
European Cooperative Acute Stroke Study (ECASS) III [30] criteria as follows: haemorrhagic infarction
type 1 (HI1) was defined as small petechiae along the infarct margins, HI type 2 (HI2) was defined
as more confluent petechiae within the infarct area but without space-occupying effect, parenchymal
haemorrhage type 1 (PH1) was defined as blood clots not exceeding 30% of the infarct with some
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mild space-occupying effect, and PH type 2 (PH2) as blood clots exceeding 30% of the infarct area
with significant space-occupying effect. The PH1 and PH2 groups were considered to have severe
HT. The initial lesion volume was determined upon admission by diffusion-weighted imaging (DWI)
through an automatic planimetric method. Lesion volume was determined in the follow-up CT using
the ABC/2 method [31] until 2016, and then by automated planimetric method.

2.6. Endpoints

The main outcome variables were effective reperfusion (defined as a reduction of ≥8 points in
the NIHSS in the first 24 h) and poor patient outcomes (mRS >2). Mild hyperthermia was defined
as an axillary temperature between 36.5 ◦C and 37.5 ◦C. As secondary endpoints, we also analysed
the association between effective reperfusion and serum levels of thrombolytic (MMP-9, cFN) and
inflammatory (IL-6, TNF-α) biomarkers. Finally, we also determined the association between infarct
volume and HT with temperature.

2.7. Statistical Analysis

In the descriptive analysis, categorical variables were expressed as frequencies and percentage
and as means (standard deviation (SD)) or median and interquartile range (25th and 75th percentiles)
for the continuous variables, depending on their adjustment to a normal distribution. The normality
of the sample was determined by Kolmogorov–Smirnov tests with Lilliefors correction. Statistical
inference was then performed with chi-square, Student’s t, or Mann–Whitney tests according to the
nature of the contrast variable and its adjustment to normality. Bivariate correlations were performed
using Pearson’s correlations for normally distributed variables.

The association of temperature (at admission and 6 and 24 h) with effective reperfusion, outcome
at 3 months, HT, and serum levels of the studied biomarkers were assessed using logistic regression
analysis models and the correlation between temperature and infarct volume was analysed by linear
multivariate regression. Each model was adjusted for the independent variables in the bivariate
analysis. The optimal cut-off points were calculated in the variables of interest using receiver operative
curve (ROC) analysis. The results were expressed as adjusted odds ratios (ORs) or B with their
respective 95% confidence intervals (CIs). p-Values < 0.05 were considered statistically significant in all
tests. All analyses were conducted using IBM SPSS Statistics for Macintosh, version 20.0 (IBM Corp,
Armonk, NY, USA).

3. Results

3.1. Sample Description

The sample is described in Table 1. This study included a total of 875 patients (mean age,
72.0 ± 12.5 years; 45.9% females) with acute IS. The mean temperatures at admission and 6 and 24
were 36.2 ± 0.6 ◦C, 36.6 ± 0.7 ◦C, and 36.5 ± 0.7 ◦C, respectively. Regarding the aetiology of the
stroke, 43.5% were of cardioembolic origin, followed by atherothrombotic (23.5%) and lacunar (1.3%).
Undetermined origin or other origins were reported in 31.7% of cases. Systemic fibrinolysis with
rtPA was the reperfusion treatment of choice in 91.1% of cases, and intravenous or i.a. thrombolysis
combined with thrombectomy in the remaining 8.9% of cases.
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Table 1. Description of the 875 patients included in the study.

Characteristic Total Sample (n = 875)

Age, years 72.0 ± 12.5

Women, % 45.9

Onset-treatment time, min 161.8 ± 61.2

Previous disability (modified Rankin Scale) 0 (0,0)

Hypertensive, % 63.8

Diabetics, % 22.9

Smokers, % 22.5

Alcohol consumption, % 10.3

Dyslipidaemia, % 39.3

Peripheral arterial disease, % 6.7

Atrial fibrillation, % 22.9

Ischemic heart disease, % 12.7

Temperature at admission, ◦C 36.2 ± 0.6

Temperature at 6 h, ◦C 36.6 ± 0.7

Temperature at 24 h, ◦C 36.5 ± 0.7

Blood glucose, mg/dL 138.6 ± 55.7

Glycosylated haemoglobin, % 6.2 ± 4.5

Leukocytes, × 103/mL 8.3 ± 3.2

Fibrinogen, mg/dL 414.2 ± 103.2

Microalbuminuria, mg/24 h 5.7 ± 7.8

C-reactive protein, mg/L 5.5 ± 4.7

LDL-cholesterol, mg/dL 108.0 ± 40.7

HDL-cholesterol, mg/dL 41.7 ± 14.9

Triglycerides, mg/dL 114.2 ± 51.5

Sedimentation rate, mm 18.3 ± 20.4

NIHSS at admission 17 (12,22)

DWI volume at admission, mL 28.1 ± 43.5

Leukoaraiosis
No, % 41.7

Fazekas I, % 36.5
Fazekas II, % 15.0
Fazekas III, % 6.9

Trial of ORG 10172 in acute stroke treatment (TOAST)
Atherothrombotic, % 23.5

Cardioembolic, % 43.5
Lacunar, % 1.3

Undetermined/others, % 31.7

Type of reperfusion treatment
Systemic fibrinolysis, % 91.1

IV or IA thrombolysis + thrombectomy, % 8.9

Effective reperfusion, % 44.0

Early neurological deterioration, % 9.9

Haemorrhagic transformation
No, % 68.0
IH1, % 21.4
IH2, % 5.3
PH1, % 3.0
PH2, % 2.4

Lesion volume at days 4–7, mL 51.1 ± 75.8

Modified Rankin Scale at 3 months 1 (0,3)

Good functional outcome at 3 months, % 69.3

LDL: low density lipoprotein; HDL: high density lipoprotein; NIHSS: National Institute of Health Stroke Scale; DWI:
diffusion-weighted imaging; IH1: infarction type 1; IH2: infarction type 2; PH1: parenchymal haemorrhage type 1;
PH2: parenchymal haemorrhage type 1; IV: intravenous; IA: intra arterial.
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3.2. Analysis of the Association between Temperature and Effective Reperfusion

Among the studied population, 44% of the patients had effective reperfusion, while the remaining
56% did not (385 vs. 490 patients). The patients with effective reperfusion showed lower temperatures
both at admission and at 24 h. Interestingly, a higher temperature at 6 h was associated with successful
reperfusion (Figure 1).

Figure 1. Temperatures at admission and 6 h 24 h in relation to reperfusion effectiveness.

Pearson bivariate correlation analysis performed for the 3 different measurements showed
a negative correlation between higher body temperature at admission (r = −0.77, p = 0.022) and
at 24 h (r = −0.266; p < 0.0001) with effective reperfusion, but no association was observed for
the temperature at 6 h (r = 0.055; p = 0.103). Subsequently, we performed a logistic regression
analysis, adjusted for variables that showed significant differences in the bivariate analysis (age, sex,
onset-treatment time, blood glucose, atrial fibrillation, NIHSS at admission, leukoaraiosis, and HT) for
effective reperfusion. Logistic regression analysis showed a non-significant association between the
effectiveness of reperfusion therapy and higher body temperature at 6 h (OR: 1.178; 95% CI: 0.934–1.484;
p = 0.166). Conversely, higher body temperature at admission and 24 h was negatively associated with
effective reperfusion (OR: 0.700; 95% CI: 0.552–0.887; p = 0.003; OR: 0.373 and 95% CI: 0.290–0.480;
p = 0.001) (Table 2).

Table 2. Logistic regression model for temperature at three different time points associated with
effective reperfusion.

OR * CI 95% p

Temperature at admission 0.700 0.552–0.887 0.003
Temperature at 6 h 1.178 0.934–1.484 0.166
Temperature at 24 h 0.373 0.290–0.480 0.001

* Adjusted for age, sex, onset-treatment time, blood glucose, atrial fibrillation, National Institute of Health Stroke
Scale (NIHSS) score at admission, leukoaraiosis, and haemorrhagic transformation.

3.3. Evaluation of Temperature and Functional Outcomes at 3 Months

Among the 875 patients studied, 606 (69.3%) showed good outcomes at 3 months compared to
the remaining 269 (30.7%) patients. Lower temperatures at admission and 24 h were associated with
better outcomes at 3 months. Conversely, a higher body temperature at 6 h was associated with good
outcomes at 3 months compared to those in the poor outcome group (Figure 2).
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Figure 2. Evaluation of functional outcomes at 3 months. (a) Temperatures at admission and 6 and 24 h
in relation to patient outcomes. (b) Temperatures at admission and 6 and 24 h in relation to modified
Rankin Scale scores at 3 months.

Logistic regression models were used to evaluate poor outcome at 3 months in relation to the
temperatures at the three timepoints and adjusted by the variables that showed clinical and statistical
significance in the model. The analysis showed no association with basal body temperature (OR 0.817,
95% CI 0.475–1.405, p = 0.948) and temperature at 6 h (OR 0.792, 95% CI 0.465–1.350, p = 0.792).
However, the temperature at 24 h was significantly associated with poor patient outcomes at 3 months
(OR 2.190, 95% CI 1.264–3.793, p = 0.005) (Table 3).

Table 3. Logistic regression model for temperature at three different time points showing the
relationships to poor outcomes at 3 months.

OR * CI 95% p

Temperature at admission 0.817 0.475–1.405 0.465
Temperature at 6 h 0.792 0.934–1.484 0.792
Temperature at 24 h 2.190 1.264–3.793 0.005

* Adjusted for age, sex, onset-treatment time, blood glucose, atrial fibrillation, National Institute of Health Stroke
Scale (NIHSS) score at admission, diffusion-weighted imaging (DWI) volume at admission, leukoaraiosis, and
effective reperfusion.
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3.4. Determination of Temperature-Induced Biomarkers of Thrombolytic and Inflammatory Activity and Their
Associations with Effective Reperfusion

cFN and MMP-9 serum levels showed a stronger correlation with temperature at 6 h (r = 0.701;
p < 0.0001; r = 0.697; p < 0.0001) compared to IL-6 and TNF-α (r = 0.113; p = 0.001; r = 0.223; p < 0.0001).
Similarly, a greater association was observed between IL-6 and TNF-α levels and temperature at 24 h
(r = 0.712; p < 0.0001; r = 0.602; p < 0.0001) compared to those for cFN and MMP-9 (r = 0.195; p < 0.0001;
r = 0.342; p < 0.0001). Based on these findings, we performed multivariate analysis for each biomarker
according to their most prominent correlation in relation to effective reperfusion. The analysis showed
that MMP-9 levels at 6 h and IL-6 at 24 h were independently associated with the effectiveness of the
reperfusion therapy (OR: 1.004; 95% CI: 1.002–1.006; p < 0.0001 and OR: 0.979; 95% CI: 0.967–0.992;
p = 0.001). Table 4 shows the measured levels of all the studied biomarkers.

Table 4. Levers of biomarkers analysed at 6 and 24 h.

N Minimum Maximum Mean ± Standard Deviation

MMP-9 (6 h; ng/mL) 799 3.6 430.1 103.81 ± 79.16
Cellular fibronectin (6 h; ng/mL) 804 4.1 35.9 8.55 ± 4.55

TNF-α (Basal; ng/mL) 831 1.8 45.8 16.84 ± 6.65
IL-6 (Basal; ng/mL) 841 1.1 58.6 11.17 ± 10.00

MMP-9 (24 h; ng/mL) 653 3.6 339.1 87.66 ± 60.55
Cellular fibronectin (24 h; ng/mL) 662 1.7 18.3 7.11 ± 2.260

TNF-α (24 h; ng/mL) 669 7.3 65.8 27.98 ± 9.16
IL-6 (24 h; ng/mL) 666 8.4 83.6 32.45 ± 13.88

MMP-9: matrix metalloproteinase 9; TNF-α: tumour necrosis factor-alpha; IL-6: interleukin 6.

Simultaneous analysis of these two values in the logistic regression model revealed a positive
association for MMP-9 levels at 6 h with effective reperfusion (OR: 1.008; 95% CI: 1.005–1.010; p < 0.0001).
In contrast, IL-6 at 24 h was an independent factor strongly associated with reperfusion failure (OR: 0.958;
95% CI: 0.942–0.973; p < 0.0001) (Table 5).

Table 5. Logistic regression model for the levels of biomarkers related to effective reperfusion.

OR * 95%CI p

MMP-9 levels at 6 h (ng/mL) 1.008 1.005–1.010 <0.0001
IL-6 levels at 24 h (pg/mL) 0.958 0.942–0.973 <0.0001

* Adjusted for age, sex, onset-treatment time, blood glucose, atrial fibrillation, National Institute of Health Stroke
Scale (NIHSS) score at admission, and leukoaraiosis. MMP-9: matrix metalloproteinase 9; IL-6: interleukin 6.

3.5. Association of Temperature with HT and Infarct Volume

In this study, 68% (n = 595) of patients did not have HT. Among the patients who developed HT,
IH1 was the most common subtype (n = 187, 21.4%), followed by IH2 (n = 46, 5.3%), PH1 (n = 26, 3.0%),
and PH2 (n = 21, 2.4%). In all groups, temperature was directly related to haemorrhagic transformation
and higher temperatures were observed in the most severe cases. Patients with no HT or IH showed
an increase in temperature from admission to 6 h that then declined at 24 h, while PH patients showed
an increase in temperature over time. The multivariate analysis showed an association between PH
and temperature (OR: 3.468; 95% CI: 1.368–8.792, p = 0.009), at 6 h (OR: 3.231; 95% CI: 1.254–8.326;
p = 0.015) and at 24 h (OR: 4.588; 95% CI: 1.726–12.199, p = 0.002).

Regarding infarct size, the mean infarct volume at days 4–7 was 51.1 ± 75.8 mL. We observed no
correlation between infarct volume and temperature at 6 h (r = 0.066; p = 0.066), although a significant
correlation was observed at admission (r = 0.110; p = 0.001) and at 24 h (r = 0.302; p < 0.0001).
Multivariate analysis showed no association between infarct volume and temperature at admission
(B: 6.956; 95% CI: 0.620–14.531; p = 0.072) or at 6 h (B: 6.765; 95% CI: 0.725–14.253; p = 0.077). However,
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patients with higher temperatures at 24 h were over 20 times more likely to present greater infarct
volumes between days 4 and 7 (B: 23.369; 95% CI: 16.308–30.430; p < 0.0001).

4. Discussion

Consistent with the findings of our previous study [2], higher body temperature at 24 h in the
present study was negatively associated with effective reperfusion. This effect was also reflected
by increased infarct volumes and poor outcome at 3 months in patients treated with rtPA. Higher
body temperature at admission was also negatively associated with effective reperfusion but did not
impair functional outcome at 3 months. Contrary to the observations at 24 h, our analysis showed that
temperature at 6 h in rtPA patients was not associated with poor outcome or infarct volume. Higher
body temperature at 6 h was positively associated with effective reperfusion, although this association
disappeared after adjusting for confounding factors in the logistic regression analysis.

Although the positive association observed between mild temperature at 6 h and effective
reperfusion was weak, previous studies support the beneficial effect of mild hyperthermia in
rtPA-treated patients [16,32–35]. Indeed, the results of in vitro studies on rtPA activity are consistent
with this rationale and demonstrated a direct relationship between high body temperature and clot
lysis effectiveness [20]. In this regard, in the Paracetamol (Acetaminophen) In Stroke (PAIS) trial
aimed to assess whether early treatment (12–24 h) with paracetamol improved functional outcome
in patients with acute stroke by reducing body temperature and preventing fever, reporting that
this analgesic compound did not improve functional outcomes [32]. A second sub-analysis, derived
from the same PAIS trial and designed to evaluate the influence of baseline body temperature on
the effect of rtPA (alteplase) and functional outcome in patients with acute IS, found that high body
temperature might have a larger benefit for treatment with alteplase than that in patients with lower
body temperature [33]. In brief, during the initial 6 h window after cerebral infarction when rtPA
treatment was provided, the results of our analysis suggested that the effect of high body temperature
on clot lysis was more relevant in terms of functional prognosis than the use of neuroprotective
strategies related to hypothermia. Therefore, efforts are required to develop novel approaches to
improve thrombolytic therapy [36].

Analysis of thrombolytic biomarkers showed that MMP-9 levels at 6 h were directly correlated
with temperature and with the effectiveness of reperfusion therapy, which could be explained by
the increase in rtPA activity, although with an increased risk of developing HT, as was observed in
the analysis. These findings suggest that the threshold of the beneficial effect of body temperature
is very narrow. Indeed, the beneficial effect of body temperature at 6 h was observed at an average
temperature of 36.6 ± 0.7 ◦C.

As an inflammatory biomarker, IL-6 levels at 24 h were correlated with higher body temperature
and negatively associated with effective reperfusion. High serum levels of inflammatory markers in
the first 24 h were previously linked with early clinical deterioration and worsened outcome in acute
IS [37–39]. These findings are further supported by our recent publication, in which IL-6 levels at 24 h
were associated with worsened clinical outcomes in IS patients who underwent recanalisation therapy,
regardless of the reperfusion effectiveness [40]. Therefore, delayed (24 h) episodes of fever or high
temperature may amplify the ischaemic lesion mediated by an inflammatory response, overcoming
the benefit of rtPA treatment.

Based on these clinical findings, exhaustive monitoring of mild hyperthermia in clearly defined
ranges during rtPA administration (in the first 6 h) could have a beneficial effect on reperfusion
therapies when combined with hypothermia strategies in later stages of the acute phase (i.e., at 24 h).

The present study has some limitations. This single-centre study was conducted on a retrospectively
enrolled patient registry. Transcranial Doppler used to determine the reperfusion rate could only be
performed in 18% of the treated patients. Therefore, an 8-point or more improvement in NIHSS in the
first 24 h was chosen as the endpoint as it was sensitive to the effects of early reperfusion, consistent
with the results of other analyses [41,42], although the use of this clinical criterion to define effective
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reperfusion may lead to a bias in the classification of therapeutic response groups. The lack of imaging
analysis to correlate the location of occlusions with the reperfusion effectiveness is also a critical issue
that could interfere with our analysis, as patients with distal occlusions usually have higher reperfusion
rates, small infarct sizes, and possibly low temperatures on admission (low inflammatory response).
To overcome this critical limitation, in this study, we defined effective reperfusion as a reduction of ≥ 8
points in the NIHSS in the first 24 h, which normally involves patients with more proximal occlusions.
Finally, as none of the patients included in this study reached hyperthermic values, we cannot rule out
the possibility that temperatures higher than 37.5 ◦C at 6 h could further promote effective reperfusion,
although our data seems to predict such an effect.

In conclusion, the results of our analysis support the theory that mild hyperthermia could benefit
reperfusion therapies by promoting clot lysis during the first 6 h of ischaemic stroke but worsen the
outcome at later stages. Thrombolytic activity at 6 h seems to be related to temperature and may
improve reperfusion therapies, warranting future studies to further elucidate the therapeutic potential
of controlled mild hyperthermia in combination with rtPA administration.
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Abstract: Acute kidney injury (AKI) is often associated with the use of contrast agents. We evaluated
the frequency of AKI, factors associated with AKI after endovascular treatment (EVT), and associations
with AKI and clinical outcomes. We retrospectively analyzed consecutively enrolled patients with
acute ischemic stroke who underwent EVT at three stroke centers in Korea. We compared the
characteristics of patients with and without AKI and independent factors associated with AKI after
EVT. We also investigated the effects of AKI on functional outcomes and mortality at 3 months.
Of the 601 patients analyzed, 59 patients (9.8%) developed AKI and five patients (0.8%) started
renal replacement therapy after EVT. In the multivariate analysis, diabetes mellitus (odds ratio
(OR), 2.341; 95% CI, 1.283–4.269; p = 0.005), the contrast agent dose (OR, 1.107 per 10 mL; 95% CI,
1.032–1.187; p = 0.004), and unsuccessful reperfusion (OR, 1.909; 95% CI, 1.019–3.520; p = 0.040) were
independently associated with AKI. The presence of AKI was associated with a poor functional
outcome (OR, 5.145; 95% CI, 2.177–13.850; p < 0.001) and mortality (OR, 8.164; 95% CI, 4.046–16.709;
p < 0.001) at 3 months. AKI may also affect the outcomes of ischemic stroke patients undergoing EVT.
When implementing EVT, practitioners should be aware of these risk factors.

Keywords: ischemic stroke; acute kidney injury; contrast media; endovascular treatment; outcome

1. Introduction

Acute kidney injury (AKI) is an acute worsening of renal function often associated with the
use of contrast agents [1,2]. Although the understanding of contrast-associated AKI (CA-AKI) has
improved, CA-AKI remains an important issue in procedures using contrast agents such as computed
tomography angiography (CTA), computed tomography perfusion (CTP), and endovascular treatment
(EVT). The risk of AKI is also increased by acute ischemic stroke itself [3]. AKI is not uncommon and
may lead to poorer outcomes in ischemic stroke patients [4–6].
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Recently, EVT has been established as a treatment for acute ischemic stroke [7–9]. Several studies
of AKI in acute ischemic stroke patients have been performed, but research is still lacking on AKI
in stroke patients who have undergone EVT. Prior to the popularity of EVT, there were pioneering
AKI studies of patients who underwent EVT, but it was difficult to determine the characteristics of
the AKI patients or the risk factors associated with AKI because of the relatively small number of
included patients [10,11]. There has been recent research on the effect of baseline renal impairment on
CA-AKI, but little is known about the factors associated with CA-AKI [12]. Therefore, in this study, we
investigated the incidence of AKI, the risk factors associated with AKI after EVT, and the effect of AKI
on the outcomes of ischemic stroke patients who underwent EVT.

2. Materials and Methods

2.1. Study Participants

This study is a retrospective analysis of data from the Acute Stroke due to Intracranial
Atherosclerotic occlusion and Neurointervention Korean Retrospective (ASIAN KR) registry. Details
of the registry have been previously published [13,14]. Briefly, data in the registry were collected from
the patients of three university stroke centers in Korea from January 2011 to February 2016. During the
study period, acute stroke patients who underwent EVT were consecutively enrolled. In this study, we
included patients with an onset-to-puncture time of ≤24 h. All patient data were anonymized, and
each patient was assigned an identification number. The data collection protocol was approved by the
institutional review board of each hospital.

2.2. Clinical Assessment and EVT Process

Imaging and clinical analyses were performed in a core lab after the de-identification process.
The initial stroke severity and serum creatinine level were assessed at the time of arrival, before images
were taken. Follow-up serum creatinine results were collected from the next day to 7 days after the
baseline images. Stroke severity was evaluated using the National Institutes of Health Stroke Scale
(NIHSS) score. Renal function was assessed using the estimated glomerular filtration rate (eGFR) with
the Modification of Diet in Renal Disease formula. Baseline renal function was classified into four
groups by eGFR values of 90 mL/min/1.73 m2 or above (Stage I), 60 to 89 mL/min/1.73 m2 (Stage II),
30 to 59 mL/min/1.73 m2 (Stage III), and under 30 mL/min/1.73 m2 (Stage IV and V). The number
of patients with Stage V CKD was only three; therefore, they were classified together with Stage
IV CKD. AKI was evaluated using the Kidney Disease Improving Global Outcomes criteria [15,16].
Patients were considered to have AKI if they had an increment in serum creatinine of 0.3 mg/dL
within 48 h or an increment in serum creatinine 1.5 times that recorded at baseline within 7 days.
An increment in serum creatinine 2.0–2.9 times that recorded at baseline within 7 days indicated AKI
Stage 2. An increment in serum creatinine three or more times that recorded at baseline, an increase in
serum creatinine to 4.0 mg/dL or more, or the initiation of renal replacement therapy indicated AKI
Stage 3. We also investigated whether CTA was performed before EVT. The device used for the EVT
procedure was chosen by the treating physician. A direct aspiration device or a stent retriever was
recommended as a primary reperfusion device. Balloon guide catheters, intracranial or extracranial
angioplasty, and/or stenting were implemented as needed. Either Visipaque (Iodixanol, GE healthcare,
Marlborough, MA, USA) or Pamiray (Iopamidol, Dongkook Pharm., Seoul, Korea) was used as the
contrast medium during the EVT procedure. The contrast dose was based on the prescribed records.
However, it was recalculated based on cerebral angiography imaging and procedure because a large
amount of the contrast was discarded during the procedure. First, the usual dose of contrast medium
used in each hospital was checked according to the artery and procedure. The total amount of contrast
agent administrated to the patients was retrospectively calculated by assigning each image series
and routine procedural dose. Reperfusion status was evaluated using the modified thrombolysis in
cerebral infarction (mTICI) grade on the final angiogram [17]. Successful reperfusion was defined as
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an mTICI grade of 2b or 3. Time intervals, including onset-to-door time, door-to-puncture time, and
total procedure time, were assessed. The procedure time was defined as the time from puncture to the
final angiogram. Hemorrhagic transformation was evaluated using follow-up computed tomography
or magnetic resonance imaging. Intracerebral hemorrhages were classified in accordance with the
European Cooperative Acute Stroke Study criteria [18]. Functional status was assessed using the
modified Rankin scale (mRS) score. A poor clinical outcome was defined as an mRS of 3 or more at 3
months. If a patient’s preclinical mRS was 3 or more and the 3-month mRS did not worsen, the patient
was not classified as having a poor clinical outcome. We also identified mortality at 3 months.

2.3. Statistical Analyses

Data are expressed as means ± standard deviations, medians (interquartile ranges (IQR)), or
numbers (percentages), as statistically appropriate. We compared the imaging and clinical variables
between the groups with and without AKI using chi-squared tests, independent Student’s t-tests, or
Wilcoxon rank-sum tests, respectively. To identify the factors associated with AKI, we performed
multivariate analysis after adjusting for age, sex, the initial stroke severity, baseline renal function, the
performance of CTA before EVT, and factors with p < 0.1 in the univariate analysis. We also assessed
the factors associated with a poor clinical outcome and mortality at 3 months. To investigate these
associations, we performed a multivariate analysis after adjusting for the presence or stage of AKI, age,
sex, the initial NIHSS score, baseline renal function, and factors with p-value < 0.1 in the univariate
analysis. All p-values were two-tailed, and variables were considered significant at p-value < 0.05.
All statistical analyses were performed using R version 3.6.2 (http://www.R-project.org).

3. Results

During the study period, a total of 720 patients were enrolled in the ASIAN KR registry. After
excluding 21 patients because they had undergone EVT more than 24 h after onset, because of early
mortality due to malignant brain edema, or because of hemodialysis before admission, 699 patients
were eligible for this study. Of these, 98 patients lacked baseline or follow-up renal function tests.
Finally, 601 patients (86.0%) were included in our analysis (Figure 1). The mean age of the included
patients was 68.0 ± 12.2 years, and 333 patients (55.4%) were men. CTA before EVT was performed in
510 patients (84.9%), and the mean dose for CTA was 82.6 ± 7.6 mL. The mean dose of the contrast
agent was 71.2 ± 37.2 mL, and 452 of the included patients (75.2%) had successful reperfusion. Patients
with successful reperfusion used smaller amounts of the contrast agent than those with unsuccessful
reperfusion (68.5 ± 36.0 vs. 79.1 ± 39.5 mL, p = 0.004). Most of the excluded patients (95 patients,
96.9%) were excluded due to missing follow-up creatinine levels. The excluded patients tended to be
younger than the included patients (68.0 ± 12.2 years vs. 63.8 ± 12.6 years, p = 0.003) and had better
baseline renal function (eGFR: 64.6 ± 26.1 vs. 72.4 ± 24.6 mL/min/1.73 m2, p = 0.005) and less severe
stroke (initial NIHSS: 17 (13–21) vs. 14 (9–18), p < 0.001). None of the excluded patients required
renal replacement therapy during their hospital stay. The excluded patients also showed better clinical
outcomes at 3 months (mRS 3 (1–5) vs. 1 (0–2), p < 0.001) (Table S1).
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Figure 1. Patients enrollment. EVT, endovascular treatment; eGFR, estimated glomerular filtration rate.

3.1. Factors Associated with Acute Kidney Injury

Among the 601 included patients, 59 (9.8%) developed AKI within 7 days of EVT. Of these,
22 (3.7%) were classified with AKI Stage 1, 14 (2.3%) were classified with AKI Stage 2, and 23 (3.8%)
were classified with AKI Stage 3. Of the patients with AKI, renal replacement therapy was initiated in
five patients (0.8%). The age and sex were similar between patients with and without AKI (Table 1).
The amount of contrast medium used was higher in patients with AKI (69.1 ± 36.0 vs. 89.8 ± 42.9 mL,
p = 0.001). In the multivariate analysis, diabetes mellitus (odds ratio, 2.341; 95% CI, 1.283–4.269;
p = 0.005), contrast dose (odds ratio, 1.107 per 10 mL; 95% CI, 1.032–1.187; p = 0.004), and unsuccessful
reperfusion (odds ratio, 1.909; 95% CI, 1.019–3.520; p = 0.040) were independently associated with the
presence of AKI (Table 2). The performance of CTA before EVT was associated with an increased AKI
risk, but the increase was not statistically significant (odds ratio, 2.112; 95% CI, 0.786–7.406; p = 0.181).

3.2. Factors Associated with Functional Outcome and Mortality at 3 Months

Follow-up was conducted at 3 months for all patients to determine functional outcome and
mortality. There were 330 patients (54.9%) who showed poor functional outcomes at 3 months.
Of the 59 patients with AKI, 52 (88.1%) showed poor outcomes, and only seven (11.9%) showed good
outcomes (p < 0.001) (Table S2). In the multivariate analysis, the presence of AKI was independently
associated with a poor outcome (odds ratio, 5.145; 95% CI, 2.177–13.850; p < 0.001) (Table 3, Model 1).
AKI Stage 2 (odds ratio, 13.709; 95% CI, 2.108–280.187; p = 0.022) and Stage 3 (odds ratio, 6.028;
95% CI, 1.452–42.593; p = 0.030) was also associated with a poor functional outcome at 3 months
(Table 3, Model 2 and Figure 2). Baseline renal function showed an association with functional outcome
(p value for trend = 0.005); however, it did not show an independent association in the multivariate
analysis. The dose of contrast medium used was also associated with a poor functional outcome
(odds ratio, 1.080 per 10 mL increase; 95% CI, 1.013–1.155; p = 0.021).

During the 3-month follow-up, 86 patients (14.3%) died. Of these, 29 (33.7%) had AKI. Of the 515
survivors, 30 (5.8%) had AKI (p < 0.001) (Table S3). In the multivariate analysis, the presence of AKI
was significantly associated with mortality (odds ratio, 8.164; 95% CI, 4.046–16.709; p < 0.001) (Table 4,
Model 1). AKI Stage 2 (odds ratio, 20.845; 95% CI, 5.907–82.054; p < 0.001) and Stage 3 (odds ratio,
13.670; 95% CI, 4.740–41.925; p < 0.001) were also independently associated with mortality at 3 months
(Table 4, Model 2).
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Table 1. Patient characteristics according to the presence of acute kidney injury.

No Acute Kidney Injury
(n = 542)

Acute Kidney Injury
(n = 59)

p-Value

Age, years 67.9 ± 12.2 68.3 ± 11.8 0.827
Sex, men 307 (56.6) 26 (44.1) 0.088

Risk factors
Hypertension 336 (62.0) 45 (76.3) 0.043

Diabetes mellitus 139 (25.6) 28 (47.5) 0.001
Atrial fibrillation 267 (49.3) 31 (52.5) 0.733

Dyslipidemia 160 (29.5) 20 (33.9) 0.584
Smoking 118 (21.8) 10 (16.9) 0.489

Previous stroke or history of TIA 96 (17.7) 11 (18.6) >0.999
Medication prior to admission

Antiplatelets 145 (26.8) 17 (28.8) 0.854
Anticoagulants 73 (13.5) 6 (10.2) 0.611

Statins 26 (4.8) 8 (13.6) 0.013
Baseline renal function 0.996 *

eGFR ≥90 mL/min/1.73 m2 84 (15.5) 14 (23.7)
eGFR 60–89 mL/min/1.73 m2 194 (35.8) 17 (28.8)
eGFR 30–59 mL/min/1.73 m2 233 (43.0) 19 (32.2)
eGFR <30 mL/min/1.73 m2 31 (5.7) 9 (15.3)

CTA before EVT 455 (83.9) 55 (93.2) 0.090
Contrast agent 0.807

Iodixanol 391 (72.1) 44 (74.6)
Iopamidol 151 (27.9) 15 (25.4)

Contrast dose, mL 69.1 ± 36.0 89.8 ± 42.9 0.001
Laboratory findings
Hemoglobin, g/dL 13.5 ± 1.8 12.8 ± 2.1 0.025

White blood cells, ×109/L 8.7 ± 3.4 9.8 ± 4.2 0.063
Platelets, ×109/L 221 ± 69 226 ± 75 0.645
Glucose, mmol/L 7.7 ± 3.0 8.9 ± 3.8 0.029

Stroke-related factors
NIHSS score on admission 17 (13–21) 19 (14.5–21.5) 0.022

ASPECTS † 7 (5–9) 5 (3–8) 0.004
Intravenous tPA 279 (51.5) 31 (52.5) 0.985

Onset to puncture time, min 270 (180–445) 251 (189–402) 0.614
Procedure time, min 61.5 (43–90) 65 (40–126) 0.378

Unsuccessful reperfusion (mTICI 2a or less) 126 (23.2) 23 (39.0) 0.012
Outcomes

Any hemorrhagic transformation 167 (30.8) 33 (55.9) <0.001
Parenchymal hematoma 70 (13.0) 16 (27.1) 0.006

Parenchymal hematoma, type 2 38 (7.0) 7 (11.9) 0.191
mRS at 3 months 3 (1–4) 5 (4–6) <0.001

Good functional outcome (mRS 0–2) 264 (48.7) 7 (11.9) <0.001
Mortality at 3 months 57 (10.5) 29 (49.2) <0.001

Values are presented as n (%), mean ± standard deviation, or median (interquartile range). TIA, transient ischemic
attack; CTA, computed tomography angiography; EVT, endovascular treatment; eGFR, estimated glomerular
filtration rate; NIHSS, National Institutes of Health Stroke Scale; ASPECTS, Alberta stroke program early CT score;
tPA, tissue plasminogen activator; mTICI, modified Thrombolysis in Cerebral Infarction; mRS, modified Rankin
Scale. * p-value for trend. †ASPECTS was properly measured in 492 patients (92.8% of anterior circulation occlusion).

Table 2. Multivariate analysis of factors associated with acute kidney injury.

Odds Ratio (95% Confidence Interval) p-Value

Age, years 0.990 (0.961–1.022) 0.541
Sex, men 0.581 (0.316–1.057) 0.077

Hypertension 1.974 (0.978–4.201) 0.066
Diabetes mellitus 2.341 (1.283–4.269) 0.005

Statin medication prior to admission 1.734 (0.654–4.211) 0.242
Baseline renal function
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Table 2. Cont.

Odds Ratio (95% Confidence Interval) p-Value

eGFR ≥90 mL/min/1.73 m2 Ref
eGFR 60–89 mL/min/1.73 m2 0.616 (0.270–1.424) 0.249
eGFR 30–59 mL/min/1.73 m2 0.521 (0.211–1.309) 0.160
eGFR <30 mL/min/1.73 m2 1.434 (0.432–4.697) 0.551

CTA before EVT 2.112 (0.786–7.406) 0.181
Contrast dose, per 10 mL increase 1.107 (1.032–1.187) 0.004

NIHSS score on admission 1.041 (0.993–1.092) 0.095
Unsuccessful reperfusion 1.909 (1.019–3.520) 0.040

eGFR, estimated glomerular filtration rate; EVT, endovascular treatment; CTA, computed tomography angiography;
NIHSS, National Institutes of Health Stroke Scale.

Table 3. Multivariate analysis of factors associated with a poor functional outcome at 3 months.

Model 1 Model 2

Odds Ratio
(95% Confidence Interval)

p-Value
Odds Ratio

(95% Confidence Interval)
p-Value

Age, years 1.047 (1.025–1.071) <0.001 1.047 (1.025–1.071) <0.001
Sex, men 0.755 (0.501–1.134) 0.176 0.755 (0.501–1.135) 0.177

Hypertension 1.178 (0.769–1.805) 0.450 1.187 (0.775–1.820) 0.430
Diabetes mellitus 1.465 (0.934–2.309) 0.098 1.460 (0.929–2.303) 0.102

Baseline renal function
eGFR ≥90 mL/min/1.73 m2 Ref Ref

eGFR 60–89 mL/min/1.73 m2 1.260 (0.678–2.354) 0.465 1.245 (0.670–2.324) 0.490
eGFR 30–59 mL/min/1.73 m2 0.914 (0.456–1.824) 0.798 0.894 (0.446–1.784) 0.750
eGFR <30 mL/min/1.73 m2 1.145 (0.396–3.423) 0.805 1.117 (0.385–3.346) 0.840

Presence of acute kidney injury 5.145 (2.177–13.850) <0.001
Stage of acute kidney injury

No acute kidney injury Ref
Stage 1 2.938 (0.888–11.699) 0.094
Stage 2 13.709 (2.108–280.187) 0.022
Stage 3 6.028 (1.452–42.593) 0.030

Contrast dose, per 10 mL increase 1.080 (1.013–1.155) 0.021 1.078 (1.011–1.153) 0.025
White blood cell count 1.076 (1.011–1.148) 0.024 1.076 (1.011–1.149) 0.024

NIHSS score on admission 1.129 (1.089–1.174) <0.001 1.130 (1.089–1.174) <0.001
Onset to puncture time, min 1.001 (1.0001–1.002) 0.034 1.001 (1.0001–1.002) 0.029

Procedure time, min 1.012 (1.006–1.018) <0.001 1.012 (1.006–1.018) <0.001
Unsuccessful reperfusion 2.686 (1.640–4.468) <0.001 2.672 (1.630–4.445) <0.001

Parenchymal hematoma, type 2 4.438 (1.792–12.877) 0.003 4.510 (1.818–13.098) 0.002

Univariate analysis of factors associated with poor functional outcome is described in the Table S2. eGFR, Estimated
glomerular filtration rate; NIHSS, National Institutes of Health Stroke Scale.

 

Figure 2. Modified Rankin Scale at 3 months according to acute kidney injury stage. AKI, acute
kidney injury.
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Table 4. Multivariate analysis of factors associated with mortality at 3 months.

Model 1 Model 2

Odds Ratio (95%
Confidence Interval)

p-Value
Odds Ratio (95%

Confidence Interval)
p-Value

Age, years 1.006 (0.978–1.036) 0.675 1.006 (0.978–1.037) 0.667
Sex, men 1.377 (0.785–2.450) 0.269 1.300 (0.733–2.330) 0.372

Diabetes mellitus 1.212 (0.663–2.168) 0.524 1.247 (0.676–2.252) 0.471
Statin medication prior to admission 1.776 (0.624–4.809) 0.267 1.705 (0.580–4.751) 0.317

Baseline renal function
eGFR ≥90 mL/min/1.73 m2 Ref Ref

eGFR 60–89 mL/min/1.73 m2 2.515 (0.988–6.916) 0.062 2.438 (0.936–6.868) 0.078
eGFR 30–59 mL/min/1.73 m2 4.264 (1.598–12.361) 0.005 4.012 (1.465–11.935) 0.009
eGFR <30 mL/min/1.73 m2 3.949 (1.048–15.280) 0.043 3.609 (0.904–14.548) 0.068

Presence of acute kidney injury 8.164 (4.046–16.709) <0.001
Stage of acute kidney injury

No acute kidney injury Ref
Stage 1 2.355 (0.660–7.265) 0.155
Stage 2 20.845 (5.907–82.054) <0.001
Stage 3 13.670 (4.740–41.925) <0.001

Contrast dose, per 10 mL increase 1.039 (0.958–1.125) 0.345 1.027 (0.944–1.113) 0.530
White blood cells 0.968 (0.891–1.047) 0.433 0.969 (0.889–1.050) 0.452

Platelets 1.008 (1.004–1.013) <0.001 1.008 (1.004–1.012) <0.001
NIHSS score on admission 1.115 (1.063–1.172) <0.001 1.116 (1.063–1.173) <0.001

Procedure time, min 1.004 (0.998–1.010) 0.193 1.005 (0.999–1.011) 0.085
Unsuccessful reperfusion 2.383 (1.294–4.377) 0.005 2.475 (1.332–4.586) 0.004

Parenchymal hematoma, type 2 5.176 (2.450–10.836) <0.001 5.212 (2.422–11.074) <0.001

Univariate analysis of factors associated with mortality is described in the Table S3. eGFR, estimated glomerular
filtration rate; NIHSS, National Institutes of Health Stroke Scale.

4. Discussion

This study assessed the frequency of AKI and the association between AKI and clinical outcomes
in ischemic stroke patients who had undergone EVT. Our data showed that about 9.8% of the ischemic
stroke patients developed AKI after EVT. However, renal replacement therapy was required for less
than 1% of the patients who underwent EVT. The rate does not differ significantly from the 9.6%
incidence rate of AKI after stroke in meta-analysis [5]. However, the incidence of AKI in our study
is higher than those in CTA studies of ischemic stroke patients [19] or in studies of general ischemic
stroke patients [4]. Our study included patients who underwent EVT and who had experienced a
relatively severe stroke, which may have influenced the development of higher incidences of AKI.
The rate in our study is also higher than in other recently reported studies using EVT patients. This
is probably because the patients enrolled in this study are older, with worse ASPECTS and a lower
successful reperfusion rate [12]. However, the result is lower than the 20.9% of stroke patients who
were admitted to the neurology intensive care unit [6].

In this study, the presence of diabetes mellitus was independently associated with AKI after EVT
in ischemic stroke patients. In a previous CTA study of ischemic stroke patients, diabetes mellitus
was also associated with contrast-induced nephropathy [20]. Diabetes mellitus was also found to
affect the occurrence of AKI in a previous study of patients who underwent percutaneous coronary
interventions [21]. However, the precise pathophysiologic mechanisms of CA-AKI remain unclear [2].
Several studies suggested that AKI can be caused by ischemia due to the vasoconstrictive properties
of the contrast media or the direct toxic effects of the contrast media on endothelial cells and renal
tubules [22]. Patients with diabetes have an increased sensitivity to renal vasoconstrictors and renal
ischemia, as well as decreased nitric-oxide-dependent vasodilatation [23,24]. Therefore, patients with
diabetic nephropathy are more vulnerable to renal ischemia caused by a contrast medium.

The total amount of contrast medium and the final reperfusion status were also associated with
AKI after EVT. Previous studies of patients undergoing coronary interventions have also identified
these dose-dependent impairments of renal function [25,26]. In another study of acute myocardial
infarction, the use of more than 100 mL of contrast agent increased the risk of AKI [27]. In coronary
angiography, contrast medium refluxes into the aorta and renal arteries. However, contrast material
administered into the intracranial arterial circulation is intravenous from the perspective of the kidneys.
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For this reason, it is somewhat different from coronary angiography. However, as our findings showed
the relationship between the contrast dose and AKI, practitioners should keep in mind it is best to
avoid the use of excessive amounts of contrast medium during EVT if possible.

Reperfusion status is directly related to the short-term prognosis as well as the long-term outcome
in stroke patients with large artery occlusion. Patients with successful reperfusion required the use of
fewer EVT techniques and smaller amounts of the contrast medium. In patients with poor reperfusion,
the possibility of complications such as brain edema or pneumonia increases [28,29]. Using osmotic
diuretics such as mannitol or broad-spectrum antibiotics may increase the risk of AKI [30,31]. It is
well known that initial stroke severity is related to the risk of AKI [32,33]. At a given severity of
stroke, the risk of AKI was higher in patients without successful reperfusion than in patients with
successful reperfusion. This may be related to the fact that, unlike in other studies that did not consider
reperfusion, the initial NIHSS score was not significantly associated with AKI risk in our study.

The performance of CTA before EVT was not independently associated with AKI after EVT. In
previous CTA or CTP studies, intravenous contrast agents did not increase AKI risk in patients with
acute stroke [34–36]. In a study of 12,508 propensity-score-matched patients, intravenous contrast
material used for computed tomography did not increase AKI risk [37]. In a reperfusion study
examining intravenous tissue plasminogen activator in acute ischemic stroke patients, CTA also did
not affect renal function [38]. It is substantially higher following catheter-based procedures with
intra-arterial contrast agent administration than it is following imaging procedures with intravenous
contrast agent administration [1,39,40]. Although there is a tendency for this to raise the risk of AKI,
the implementation of CTA is considered relatively safe in ischemic stroke patients, regardless of
whether they undergo EVT.

Our study also showed that the presence of AKI and the severity of AKI were associated with
poor functional outcomes and mortality at 3 months. It is well known that AKI affects mortality
and functional outcomes in acute ischemic stroke patients [4,5]. CA-AKI also increases mortality,
lengthens hospitalization, and increases the cost burden [41]. Therefore, interventions to prevent
AKI may improve outcomes after stroke, especially in patients with diabetes mellitus or severe renal
impairment [22].

There were several limitations to this study. First, it was a retrospective analysis of a prospectively
enrolled registry, which may have led to bias. Second, as with other studies examining CA-AKI that
occur after EVT, there is no control; therefore, it is not known whether AKI was caused by other factors.
Third, about 14% of patients were excluded due to lack of a follow-up renal function test. These
individuals had better baseline renal function prior to the EVT and showed better clinical outcomes.
They probably had relatively good renal function in the admission period, which indicates AKI was
likely overestimated. Fourth, we could not obtain an accurate amount of the contrast agent that is
related to risk of AKI. Further study is needed to overcome these shortcomings and to confirm our
results. However, our study is meaningful in that it investigated the factors related to the risk of AKI
and the characteristics of patients with AKI after EVT. Moreover, the number of included patients was
larger than that in previous studies.

5. Conclusions

In conclusion, the incidence of AKI after EVT was approximately 9.8%. Diabetes mellitus, the
total amount of contrast medium, and unsuccessful reperfusion were independently associated with
the development of AKI in patients who underwent EVT. AKI may also affect the outcomes of ischemic
stroke patients undergoing EVT. When implementing EVT, practitioners should be aware of these
risk factors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/5/1471/s1,
Table S1: Characteristics of included and excluded patient, Table S2: Factors associated with functional outcome at
3 months, Table S3: Factors associated with mortality at 3 months.
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