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In acute stroke before
endovascular reperfusion therapy
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Healthineers Ltd. CT Collaboration, Siemens Healthineers Ltd., Beijing, China, *Department of
Neurology, Stroke Center, The First Hospital of Jilin University, Changchun, China, *Department of
Neurology, Neuroscience Research Center, The First Hospital of Jilin University, Changchun, China

Background and purpose: Early blood—brain barrier (BBB) disruption in patients
with acute ischemic stroke (AIS) can be detected on perfusion computed
tomography (PCT) images before undergoing reperfusion therapy. In this study,
we aimed to determine whether early disruption of the BBB predicts intracranial
hemorrhage transformation (HT) in patients with AIS undergoing endovascular
therapy and further identify factors influencing BBB disruption.

Methods: We retrospectively analyzed general clinical and imaging data derived
from 159 consecutive patients with acute anterior circulation stroke who were
admitted to the Department of Neurology of the First Hospital of Jilin University,
and who underwent endovascular treatment between January 1, 2021, and
March 31, 2023. We evaluated the relationship between BBB destruction and
intracranial HT before endovascular reperfusion therapy and examined the risk
factors for early BBB destruction.

Results: A total of 159 patients with assessable BBB leakage were included. The
median (interquartile range, IQR) age was 63 (54-70) years, 108 (67.9%) patients
were male, and the median baseline National Institutes of Health Stroke Scale
(NHISS) score was 12 (10-15). Follow-up non-contrast computed tomography
(NCCT) detected HT in 63 patients. After logistic regression modeling
adjustment, we found that BBB leakage in the true leakage area was slightly
more than 2-fold risk of HT (odds ratio [OR], 2.01; 95% confidence interval [Cl]
1.02-3.92). Heart rate was also associated with HT (OR, 1.03, 95% CI, 1.00-
1.05). High Blood—brain barrier permeability (BBBP) in the true leakage area was
positively correlated with infarct core volume (OR, 1.03; 95% ClI, 1.01-1.05).

Conclusion: Early BBB destruction before endovascular reperfusion therapy
was associated with HT, whereas high BBBP correlated positively with infarct
core volume.
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FIGURE 1

tomography.

Cerebral infarction in a 74-year-old man. (A) Pre-endovascular treatment BBBP map. (B) Cranial NCCT alignment map 24 h after reperfusion therapy. A
small parenchymal hemorrhage (PH1) has developed in the left basal ganglia. BBBP, blood-brain barrier permeability; NCCT, non-contrast computer

1 Introduction

The incidence of ischemic stroke has increased annually along
with the advancing age of the global population. The prognosis for
patients with large-vessel occlusion is often poor, as severe stroke can
impair consciousness, cause paralysis, and be fatal (1, 2). The
prevention and treatment of stroke have recently progressed, which
has led to significantly decreased morbidity and mortality rates.
However, the therapeutic effects on patients with acute ischemic
stroke (AIS) are still limited. Intravenous thrombolysis and
endovascular therapy are currently the most effective reperfusion
therapies for restoring blood flow, and endovascular therapy has a
higher recanalization rate than intravenous thrombolysis (3, 4).
Nevertheless, reperfusion therapy poses a risk of injury that can lead
to hemorrhagic transformation (HT), resulting in neurological
deterioration and increased mortality (5). Moreover, endovascular
surgery increases the risk of HT (1, 2).

Blood-brain barrier (BBB) disruption is an important
pathophysiological change during the acute phase of AIS. A
dysfunctional BBB is a consequence of ischemia, but it can exacerbate
parenchymal injury via peripheral immune cell infiltration that causes
hemorrhage and edema. This is an important factor that influences the
outcomes of therapy-induced reperfusion after stroke. The preferred
test of choice for patients with acute stroke remains perfusion
computed tomography (PCT), which is rapid and widely available.
Furthermore, more information about BBB integrity can be obtained
by extending the acquisition duration. The assessment and
quantitation of cerebral perfusion using PCT in vivo are important in
acute stroke. BBB disruption can be calculated by measuring the
gradual leakage of iodinated contrast agents from cerebral vessels, and
the degree of BBB disruption in patients with cerebral infarction can
be assessed by generating blood-brain barrier permeability (BBBP)
maps (6). The software 3D Slicer' provides a convenient and
reproducible post-processing method, offering the possibility of

1 https://slicer.org
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outlining regions of interest (ROIs). Destruction of the BBB is
associated with both prognosis and complications of AIS (7), and
further clarification of the degree of BBB disruption is important for
the prognostic assessment of patients with AIS. In this study, we aimed
to determine whether early disruption of the BBB predicts intracranial
HT in patients with AIS undergoing endovascular therapy and further
investigate factors influencing BBB disruption (see Figure 1).

2 Methods
2.1 Study population

We retrospectively reviewed patients with acute anterior
circulation stroke who were admitted to Department of Neurology
and received endovascular treatment at the First Hospital of Jilin
University between January 2021 and April 2023. The inclusion
criteria were as follows: age > 18 years, AIS in the anterior circulation
confirmed by diffusion-weighted imaging (DWI) sequences or CT
review, treated with endovascular therapy, and complete baseline CT
and CT review imaging data. The exclusion criteria comprised:
contraindication to endovascular treatment, image quality insufficient
for analysis, did not complete the imaging review (including stroke in
which distinguishing between cerebral hemorrhage and contrast
extravasation was difficult without follow-up imaging information),
and bilateral or posterior circulation ischemic stroke. We also included
general clinical information and PCT imaging data on admission and
non-contrast computed tomography (NCCT) within 72 h of follow-up.
The study was approved by the local ethics committee and informed
consent was obtained.

2.2 Imaging protocol

Patients were assessed using standardized imaging protocols for
NCCT upon admission, computed tomography angiography (CTA),
PCT, and follow-up NCCT within 72h. Patients with acute stroke
underwent endovascular treatment according to current stroke
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guidelines. The CT, CTA, and PCT images were acquired using a
SOMATOM Force Dual Source CT scanner (Siemens Healthineers
AG., Forchheim, Germany).

Three seconds after the start of the injection, sequential PCT
imaging proceeded using the following parameters: 70 kVp, 200 mAs,
1.5-s scans, rotation time 0.25s, and layer thickness 3mm. The PCT
images were post-processed using syngo.via software (Siemens) and a
deconvolution modeling algorithm.

2.3 Evaluation of BBB disruption

Image post-processing using a syngo.via CT Neuro Perfusion
deconvolution model determined cerebral blood flow (CBF), cerebral
blood volume (CBV), mean time to passage (MTT), time to maximum
of the residue function (Tmax), and generated BBBP map. The severe
hypoperfusion zone was generated using Tmax >6s and an ischemic
core using the absolute value of CBV <2mL-100g™", and regarded the
severe hypoperfusion zone minus the infarct core as the penumbra
(7). The BBBP measurements were extracted from the PCT data based
on a deconvolution model that uses arterial and tissue time attenuation
curves to calculate the outflow rate of the contrast agent from the
intravascular to the extravascular space, which is used as an indicator
of the BBBP value.
mL-100 mL™"-min~". Our assessment of BBB consists of two parts: ©

Values for BBBP are expressed as

The penumbra and infarct core regions were used as ROIs and
superimposed on the permeability map, which in turn calculated the
extent of BBB disruption within the ROIs (8). @ True leakage area
assessment: we applied a new ROIs evaluation method to further
analyze the BBB disruption. The PCT perfusion data were imported
into 3D Slicer software (mainly Tmax, CBV and BBBP maps), and the
penumbra and infarct core were obtained by the same calculation
method. Because BBBP is a measure of BBB integrity, and BBBP in the
brain is normally almost zero (9, 10), we attempted to filter out the
region with BBBP of 0mL-100 mL™"-min™" in the penumbra by setting
a threshold value using 3D Slicer, which reflects true BBB destruction
in the penumbra. This part of the range we call the true leakage area,
and use this to align to the BBBP to further analyze the BBB
destruction in the true leakage area. Our primary outcome was the
occurrence of HT on NCCT images within 72h. According to the
European Cooperative Acute Stroke Study (ECASSII) criteria, the
severity of HT on CT images was classified into two stages:
hemorrhagic infarction (HI) and parenchymal hemorrhage (PH) with
or without mass effects (11). Each stage was divided into two subtypes.
Images were consistently scored by three neurologists who were
unaware of the clinical treatment and outcome data. If they could not
agree about the results of the HT score assessment at 72h (e.g.,
difficulty in distinguishing contrast extravasation from HT), they
checked whether the patient had further imaging to reach a consensus.

2.4 Statistical analysis

Study subjects were categorized into groups with and without HT,
and with and without PH-2 according to whether they developed HT
or PH-2, and BBBP was categorized into high and low groups according
to the mean value. Variables were compared between groups using
independent sample t-tests and continuous variables with a normal
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distribution are expressed using X +s. Continuous variables without
normal distribution were compared between groups using Mann-
Whitney U-tests and are expressed as medians with IQRs. Comparisons
of categorical variables between groups were performed using the
chi-square test or Fisher’s exact test and expressed as frequencies (%).
Variables satisfying p<0.1 in univariate analyses were included in
multivariate analyses, with the presence or absence of HT, PH-2, and
the degree of BBB destruction considered as dependent variables and
statistically analyzed using stepwise regression in binary multivariate
logistic regression, with statistically significant results expressed as
odds ratio (OR) and 95% confidence interval (CI). All data were
statistically analyzed using SPSS 24.0 (IBM Corp., Armonk. NY,
United States), and p <0.05 was considered statistically significant.

3 Results

Among 211 initially enrolled patients with anterior circulation
stroke who had undergone endovascular treatment, 52 met the
exclusion criteria, 29 had bilateral strokes, and 23 with poor images
were not followed-up or did not meet the inclusion criteria, resulting
in a final analysis of 159 patients. The characteristics of the study
population are shown in Table 1. The median (IQR) age was 63
(54-70) years, 108 (67.9%) were male, and the median (IQR) baseline
National Institutes of Health Stroke Scale (NHISS) score was 12
(10-15). Follow-up NCCT images revealed associated HT in 63
(39.6%) patients, among whom 6, 21, 12, and 24 had HI-1, HI-2,
PH-1, and PH-2, respectively. The mean (+ SD) penumbra volume
was 89.0+51.9mL, and patients with and without HT did not
significantly differ (84.3 vs. 92.2mL, p=0.350). The mean (+ SD) core
volume was 26.8 £21.7 mL, and patients with and without HT did not
significantly differ (29.3 vs. 25.2mL, p=0.237). The mean (+ SD)
penumbra BBBP was 1.3 £0.5mL-100 mL™"-min~', and the mean (+
SD) core BBBP was 1.3+0.6mL-100mL™'min~".
developed HT had greater destruction of the BBB in the penumbra
region (1.4 vs. 1.2mL-100 mL™"min"", p=0.068) and higher BBBP in
the infarct core (1.3 vs. 1.2mL-100mL™"-min~", p=0.324) compared
with those who did not develop HT, but there was no significant

Patients who

difference between the two groups. The mean (+ SD) true leakage area
BBBP was 1.8 £0.5mL-100 mL™"-min~", with a significant difference
visible between the presence and absence of HT (1.9 vs.
1.7mL-100mL™"min~", p=0.019). The median (IQR) heart rate was
79 (70-87) min~" with a statistically significant difference between the
presence and absence of HT (80 vs. 78 min™", p=0.008). Table 2 shows
the results of the multivariate findings of HT. After adjusting for
confounders, true leakage area BBB disruption was associated with a
2-fold greater risk of HT (OR, 2.01; 95% CI, 1.02-3.92, p=0.041).
Heart rate was also associated with HT (OR, 1.03; 95% CI, 1.00-1.05,
p=0.033). In addition, PH-2, the most severe subtype of HT, is closely
related to worse outcome (6). In our study (Table 1), although the
degree of destruction of the BBB in the true leakage area was greater
in patients who developed PH-2 compared with those who did not
(2.0 vs.1.7mL-100mL™"min~', p=0.054), it was not statistically
significant. There were significant differences in coronary heart
disease and platelet distribution width between the PH-2 group and
the no PH-2 group (all p<0.05). However, after correcting for
confounders, we did not find a correlation between clinical and
imaging indicators and the PH-2 group (Table 3).
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TABLE 1 General and imaging characteristics of the patients.

10.3389/fneur.2024.1349369

BBB disruption

Variables Low High

BBBP BBBP
Age,y 63 (54,70) 62(53,70) 65(55,70) 0.409 63 (53,70) 65 (57,69) 0.433 63 (53,70) 67 (55,75) 0.797
Men, 1 (%) 108 (67.9) 63 (65.6) 45 (71.4) 0.443 93 (68.9) 15 (62.5) 0.537 54 (60.0) 54 (78.3) 0.014
HR, min™" 79 (70,87) 78 (68,86) 80 (72,96) 0.008 79 (70,87) 79 (70,99) 0.460 80 (72,87) 80 (71,87) 0.865
FBG, mmol/L 6.5(5.6,9.0) 64(54,81)  7.4(548.1) 0.046  6.5(5.58.8) 7.1(5.6,9.3) 0454  66(5686)  7.1(589.3) 0.247
CHD, 1 (%) 20 (12.6) 11(11.5) 9(14.3) 0.599 14 (10.4) 6 (25.0) 0.047 9 (10.0) 11 (15.9) 0.263
Smoker, 7 (%) 79 (49.7) 49 (51.0) 30 (47.6) 0.673 69 (51.1) 10 (41.7) 0.394 43 (47.8) 36 (52.2) 0.583
Hypertension, 1 96(60.4) 60(62.5) 36(57.1) 0.499 84 (62.2) 12(50.0) 0.259 57 (63.3) 39 (56.5) 0.384
(%)
Hyperglycemia, 30 (18.9) 20 (20.8) 10 (15.9) 0.434 26 (19.3) 4(16.7) 0.766 18 (20.0) 12 (17.4) 0.677
(%)
Anticoagulation, n 50 (31.4) 25 (26.0) 25(39.7) 0.070 45(33.3) 5(20.8) 0.246 24 (26.7) 26 (37.7) 0.138
(%)
Platelets, x10~/L 211.3+50.4 | 2157+54.0 2043+438 0.103 214.2+50.9 196.0+49.1 0.105 218+52.5 200+46.3 0.013
PDW, (%) 117416 11.5+1.4 12.0+1.9 0.011 11.6+1.6 123422 0.047 11.5+1.8 120+1.5 0.046
NEUT, x10~/L 7.0+2.9 6.6+2.8 7.743.0 0.028 7.0+3.0 6.8+2.7 0.708 7.042.9 7.142.9 0.710
Baseline NTHSS 12 (10,15) 12 (9,15) 13 (11,16) 0.034 12 (10,15) 13 (12,16) 0.250 12 (9,15) 13 (11,16) 0.049
Penumbra* 1.3+0.5 12+0.5 1.4+0.5 0.068 1.3+0.5 1.5+0.5 0.092 - - -
Infarct core* 1.320.6 1.220.6 1.3+0.5 0.324 12406 14406 0.167 - - -
True leakage area*™ 1.8£0.5 1.7£0.5 1.9+0.5 0.019 17405 2.0+0.6 0.054 - - -
Penumbra volume, 89.0+51.9 92.2+55.6 84.3+458 0.350 88.8453.6 90.2+42.7 0.907 78.3+47.5 101.5+55.3 0.020
mL
Infarct core volume, | 26.8+21.7 252+19.9 29.3+24.1 0.237 26.0+21.0 3174253 0.907 20.6+19.8 35.0+21.2 <0.001
mL
Hypoperfusion 11594627 | 117.4%64.6 113.6+60.1 0.715 114.8+64.6 121.9451.3 0.609 98.9+55.6 136.5+64.1  <0.001
area, mL

*Data are shown as mL-100 mL~"-min~". All other data are shown as medians with interquartile ranges, means + standard deviation, or as numbers (%). Bold type, significant at (p <0.05). BBB,
blood brain barrier; BBBP, blood-brain barrier permeability; CHD, coronary heart disease; FBG, fasting blood glucose; HR, heart rate; HT, hemorrhage transformation; NEUT, neutrophil;
NIHSS, National Institutes of Health Stroke Scale; PDW, platelet distribution width; NS, not significant.

TABLE 2 Multivariate risk analysis of HT.

Dependent variable: HT

TABLE 3 Multivariate risk analysis of PH2.

Dependent variable: PH2

Variables 95% ClI p Variables (0] 95% ClI p

HR 1.03 1.00-1.05 0.033 CHD 2.70 0.91-8.03 0.074 ‘
PDW 1.21 0.98-1.50 0.080 True leakage area 2.16 0.93-5.02 0.074 ‘
NEUT 1.12 1.00-1.26 0.064 OR, odds ratio; CI, confidence interval; CHD, coronary heart disease.

True leakage area 2.01 1.02-3.92 0.041

Bold indicates significant value (p <0.05). HT, hemorrhage transformation; OR, odds ratio;
CI, confidence interval; HR, heart rate; PDW, platelet distribution width; NEUT, neutrophil.

Our ultimate goal in studying BBB disruption was to reduce the
risk of HT and improve the prognosis of patients with acute stroke.
Imaging metrics offer the possibility of quantifying BBB disruption,
and combining them with clinical laboratory values to identify factors
that can help to protect the integrity of the BBB is a promising
therapeutic goal. We did not find a correlation between BBB
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destruction and HT in the penumbra region. Therefore, we categorized
subgroups of BBB destruction in the true leakage area. To further
investigate factors that influence BBB disruption, we categorized the
subgroups according to mean values indicating low and high
disruption (BBBP <1.769 and > 1.769 mL-100 mL™"-min™", respectively)
and explored correlations between clinical and imaging indexes
(Table 1). Men, platelet count, platelet distribution width, penumbra
volume, infarct volume, total hypoperfused area, and baseline NHISS
scores upon admission significantly differed between the two BBB
regions (all p <0.05). After adjusting for confounders (Table 4), High
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TABLE 4 Multivariate risk analysis of BBB destruction.

Dependent variable: BBB destruction

Variables (O] 95% CI o)

Men 0.53 0.25-1.12 0.096
Platelets 0.99 0.98-1.00 0.061
Infarct core volume 1.03 1.01-1.05 0.001

BBB destruction as a dichotomous variable (Low vs. High). Bold indicates significant value
(p<0.05). OR, odds ratio; CI, confidence interval.

BBBP in the true leakage area was associated with infarct core volume
(OR, 1.03; 95% CI, 1.01-1.05, p=0.001).

4 Discussion

This retrospective observational study of patients with AIS
undergoing endovascular reperfusion therapy confirmed previous
findings of an association between BBB disruption and HT in patients
with acute stroke (12), which increases the risk of developing HT by
more than twofold. The ischemic penumbra is the transition zone
between the ischemic core and normal tissue, and unlike the rapid cell
death of the ischemic core, the ischemic penumbra can last for days
or even months and can be salvaged. Modern stroke research often
bases clinical treatment strategies on this area, which has become the
focus of imaging evaluations (13). Unlike previous studies, we defined
the true leakage area by filtering out regions with zero BBB values in
the penumbra and generated higher BBB values than before. A
previous study manually outlined and averaged three circular ROIs of
10 mm in diameter by mapping a severely hypoperfused region of the
BBB. However, we believe that the reproducibility of that method is
challenged because not all patients experience more severe BBB
disruption at these three levels, some patients have more severe BBB
disruption, and these three levels do not reflect the severity of overall
BBB disruption. Our approach is an extension of that study (7).
We therefore used a new method to select ROIs by filtering the
penumbra region based on a BBB value of 0mL-100 mL™"-min™". The
true leakage area data were obtained using 3D Slicer, which guarantees
reproducibility and a closer approximation of destruction of the entire
penumbra region BBB. We also found a non-significant association
between ischemic core BBB disruption and HT, which was consistent
with previous findings and contrary to earlier results (7, 14). This is
possibly because the infarct core region tends to be accompanied by
more severely disrupted blood flow, which is more difficult to
determine by short scans with contrast medium. Clinicians must
weigh the potential benefits and risks of reperfusion therapy, which
also emphasizes the importance of BBB assessment. Assessing BBBP
changes in the ischemic zone in patients with acute stroke helps to
predict those who are more likely to develop HT after reperfusion
therapy. We also realized that faster heart rate was valuable for
predicting HT. Abnormal heart rate reflects not only changes in
cardiac function but also altered autonomic dysfunction due to
abnormal brain function. Previous studies have shown that heart rate
in the acute phase is a predictor of major clinical events in patients
with ischemic stroke (15-17), but relatively few studies have been
conducted on the relationship between heart rate and HT in patients
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with AIS. The ambulatory heart rate during the acute phase can
be conveniently monitored, and can help to make an early and timely
judgment regarding the patient’s prognosis, thus guiding clinical
management strategies in real time. In addition, PH-2, the most severe
form of HT, is associated with worse outcomes (6). After univariate
analysis, we observed a significant association between coronary heart
disease and platelet distribution width between the presence and
absence of PH-2. However, upon adjusting for potential confounders,
no statistically significant findings were obtained. The limited sample
size and imbalance may have contributed to these results. In future
investigations, it is imperative to expand the sample size to enhance
the validity of our findings.

We found a correlation between HT and BBB disruption, and
ultimate goal of clinical studies of BBB disruption is to further
improve patient prognosis by mitigating it. We further investigated
factors affecting the BBB and categorized true leakage area BBBP
values as lower or higher. Infarct volume was positively correlated with
the degree of BBB disruption after adjustment for confounders. A
larger infarct area tends to imply worse blood flow disruption, and
ischemic injury leads to more severe BBB disruption through a
cascade of cellular and metabolic disturbances such as the production
of proteases, free radicals, and various inflammatory factors that
disrupt the integrity of the basement membrane and tight junctions
(18). Since BBB disruption is associated with hemorrhage after
reperfusion therapy, reducing the risk of HT in patients by protecting
against BBB disruption might be a future therapeutic direction.
Therefore, we investigated factors affecting BBB disruption in
anticipation of facilitating clinical treatment strategies.

This study has several limitations. The retrospective design
included selectivity bias, and the small study cohort was limited to
patients with acute stroke undergoing endovascular therapy. Thus the
patient population needs to be larger and should include patients with
stroke who underwent different types of therapy to provide a
comprehensive evaluation of stroke patients undergoing reperfusion.
In addition, some uncertainty remains in the assessment of contrast
extravasation versus HT, and we have tried to minimize this error.

Contrast agent extravasation is a surrogate indicator of BBB
disruption, and extravasated tracer results in enhanced image contrast.
PCT further calculates BBBP by quantifying the rate of contrast agent
efflux from plasma to tissue. Although MRI might provide a more
accurate estimate of BBB disruption, it requires longer imaging
acquisition than the faster PCT protocols. Therefore, PCT is currently
an accurate and convenient method for analyzing the status of patients
with time-dependent acute stroke (19).

Our findings confirmed a correlation between BBB destruction
and subsequent HT in patients with AIS undergoing reperfusion
therapy. The main clinical implication of this finding is that patients
who are more likely to be at risk after reperfusion therapy should
be identified. In addition, we investigated factors that influence BBB
destruction and anticipate that these factors will facilitate the clinical
management of future patients with stroke.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fneur.2024.1349369
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Liang et al.

Ethics statement

The studies involving humans were approved by Ethics Committee
of the First Hospital of Jilin University The First Hospital of Jilin
University. The studies were conducted in accordance with the local
legislation and institutional requirements. The participants provided
their written informed consent to participate in this study.

Author contributions

YL: Writing - original draft. XL: Writing - review & editing. HZ:
Writing - review & editing. Z-NG: Writing - review & editing. YY:
Methodology, Formal analysis, Writing — review & editing. JL:
Methodology, Formal analysis, Writing — review & editing. XC: Data
curation, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by Science and Technology Department of Jilin Province
(grant number YDZ]J202301ZYTS027).

References

1. Whiteley WN, Emberson J, Lees KR, Blackwell L, Albers G, Bluhmki E, et al. Risk
of intracerebral haemorrhage with alteplase after acute ischaemic stroke: a secondary
analysis of an individual patient data meta-analysis. Lancet Neurol. (2016) 15:925-33.
doi: 10.1016/51474-4422(16)30076-X

2. Goyal M, Demchuk AM, Menon BK, Eesa M, Rempel JL, Thornton J, et al.
Randomized assessment of rapid endovascular treatment of ischemic stroke. N Engl J
Med. (2015) 372:1019-30. doi: 10.1056/NEJMoa1414905

3. Grotta JC, Hacke W. Stroke Neurologist's perspective on the new endovascular
trials. Stroke. (2015) 46:1447-52. doi: 10.1161/STROKEAHA.115.008384

4. Campbell BCV, Mitchell PJ, Kleinig TJ, Dewey HM, Churilov L, Yassi N, et al.
Endovascular therapy for ischemic stroke with perfusion-imaging selection. N Engl J
Med. (2015) 372:1009-18. doi: 10.1056/NEJMoal414792

5. Langel C, Popovic KS. Infarct-core CT perfusion parameters in predicting post-
thrombolysis hemorrhagic transformation of acute ischemic stroke. Radiol Oncol. (2019)
53:25-30. doi: 10.2478/raon-2018-0048

6. Kim T, Koo J, Kim S, Song IU, Chung SW, Lee KS. Blood-brain barrier permeability
assessed by perfusion computed tomography predicts hemorrhagic transformation in
acute reperfusion therapy. Neurol Sci. (2018) 39:1579-84. doi: 10.1007/s10072-
018-3468-1

7. Arba F, Piccardi B, Palumbo V, Biagini S, Galmozzi F, Iovene V, et al. Blood-brain
barrier leakage and hemorrhagic transformation: the reperfusion injury in ischemic
StroKe (RISK) study. Eur ] Neurol. (2021) 28:3147-54. doi: 10.1111/ene.14985

8. Liu C, Zhang S, Yan SQ, Zhang RT, Shi FN, Ding XF, et al. Reperfusion facilitates
reversible disruption of the human blood-brain barrier following acute ischaemic stroke.
Eur Radiol. (2018) 28:642-9. doi: 10.1007/s00330-017-5025-3

9. Avsenik J, Bisdas S, Popovic KS. Blood-brain barrier permeability imaging using
perfusion computed tomography. Radiol Oncol. (2015) 49:107-14. doi: 10.2478/
raon-2014-0029

10. Lin K, Kazmi KS, Law M, Babb J, Peccerelli N, Pramanik BK. Measuring elevated
microvascular permeability and predicting hemorrhagic transformation in acute

Frontiers in Neurology

06

10.3389/fneur.2024.1349369

Acknowledgments

We would like to thank Editage (www.editage.cn) for English
language editing.

Conflict of interest

YY was employed by Siemens Healthineers Ltd. CT Collaboration,
Siemens Healthineers Ltd.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

ischemic stroke using first-pass dynamic perfusion CT imaging. Am J Neuroradiol.
(2007) 28:1292-8. doi: 10.3174/ajnr.A0539

11. Hong JM, Kim D, Kim M. Hemorrhagic transformation after ischemic stroke:
mechanisms and management [review]. Front Neurol. (2021) 12:12. doi: 10.3389/
fneur.2021.703258

12. Nadareishvili Z, Simpkins AN, Hitomi E, Reyes D, Leigh R. Post-stroke blood-
brain barrier disruption and poor functional outcome in patients receiving thrombolytic
therapy. Cerebrovasc Dis. (2019) 47:135-42. doi: 10.1159/000499666

13. Meng JY, Zhang JY, Fang JY, Li M, Ding HR, Zhang WG, et al. Dynamic
inflammatory changes of the neurovascular units after ischemic stroke. Brain Res Bull.
(2022) 190:140-51. doi: 10.1016/j.brainresbull.2022.10.003

14. Campbell BCV, Christensen S, Butcher KS, Gordon I, Parsons MW, Desmond PM,
et al. Regional very low cerebral blood volume predicts hemorrhagic transformation better
than diffusion-weighted imaging volume and Thresholded apparent diffusion coefficient
in acute ischemic stroke. Stroke. (2010) 41:82-8. doi: 10.1161/STROKEAHA.109.562116

15. Lee KJ, Kim BJ, Han MK, Kim JT, Choi KH, Shin DI, et al. Effect of heart rate on
1-year outcome for patients with acute ischemic stroke. ] Am Heart Assoc. (2022) 11:23.
doi: 10.1161/JAHA.122.025861

16. Bhm M, Cotton D, Foster L, Custodis E, Laufs U, Sacco R, et al. Impact of resting
heart rate on mortality, disability and cognitive decline in patients after ischaemic stroke.
Eur Heart . (2012) 33:2804-12. doi: 10.1093/eurheartj/ehs250

17. Erdur H, Scheitz JE Grittner U, Laufs U, Endres M, Nolte CH. Heart rate on

admission independently predicts in-hospital mortality in acute ischemic stroke
patients. Int ] Cardiol. (2014) 176:206-10. doi: 10.1016/j.jjcard.2014.07.001

18. Candelario-Jalil E, Dijkhuizen RM, Magnus T. Neuroinflammation, stroke, blood-
brain barrier dysfunction, and imaging modalities. Stroke. (2022) 53:1473-86. doi:
10.1161/STROKEAHA.122.036946

19. Simpkins AN, Dias C, Leigh R. Natl Inst Hlth Nat Hist S. Identification of
reversible disruption of the human blood-brain barrier following acute ischemia. Stroke.
(2016) 47:2405-8. doi: 10.1161/STROKEAHA.116.013805

frontiersin.org


https://doi.org/10.3389/fneur.2024.1349369
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
http://www.editage.cn
https://doi.org/10.1016/S1474-4422(16)30076-X
https://doi.org/10.1056/NEJMoa1414905
https://doi.org/10.1161/STROKEAHA.115.008384
https://doi.org/10.1056/NEJMoa1414792
https://doi.org/10.2478/raon-2018-0048
https://doi.org/10.1007/s10072-018-3468-1
https://doi.org/10.1007/s10072-018-3468-1
https://doi.org/10.1111/ene.14985
https://doi.org/10.1007/s00330-017-5025-3
https://doi.org/10.2478/raon-2014-0029
https://doi.org/10.2478/raon-2014-0029
https://doi.org/10.3174/ajnr.A0539
https://doi.org/10.3389/fneur.2021.703258
https://doi.org/10.3389/fneur.2021.703258
https://doi.org/10.1159/000499666
https://doi.org/10.1016/j.brainresbull.2022.10.003
https://doi.org/10.1161/STROKEAHA.109.562116
https://doi.org/10.1161/JAHA.122.025861
https://doi.org/10.1093/eurheartj/ehs250
https://doi.org/10.1016/j.ijcard.2014.07.001
https://doi.org/10.1161/STROKEAHA.122.036946
https://doi.org/10.1161/STROKEAHA.116.013805

	Blood-brain barrier disruption and hemorrhagic transformation in acute stroke before endovascular reperfusion therapy
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Imaging protocol
	2.3 Evaluation of BBB disruption
	2.4 Statistical analysis

	3 Results
	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

