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1. Introduction

In recent years, there have been outstanding achievements in stroke diagnosis and care [1,2].
Our better understanding of the pathophysiological mechanisms and the advances in neuro-imaging
have enabled us to diagnose stroke syndromes with remarkable precision and uncover underlying
vessel pathologies that can be directly correlated with the stroke event [2]. Within a short period of
time, endovascular thrombectomy (EVT) became the standard of care for patients with large vessel
occlusions and symptom onset up to 24 h [3–5], while other recent trials introduced the use of perfusion
imaging to guide intravenous thrombolysis in the extended time window [6].

This Special Issue of the Journal of Clinical Medicine features articles presenting considerations and
improvements in acute stroke treatment, emerging neurosonology applications and novel predictors of
stroke outcome.

1.1. Considerations and Improvements in Acute Stroke Reperfusion Therapies

Intravenous thrombolysis (IVT) in patients with a low National Institutes of Health Stroke Scale
(NIHSS) score of 0–5 remains controversial. The Potential of rtPA for Ischemic Strokes with Mild
Symptoms (PRISMS) trial was a phase 3, randomized, double-blind clinical trial that aimed to test the
safety and efficacy of intravenous thrombolysis, with tissue plasminogen activator (tPA) administered
within 3 h of symptom onset in acute ischemic stroke (AIS) patients with mild, non-disabling
neurological deficits (baseline National Institutes of Health Stroke Scale (NIHSS) score equal to
or less than 5) [7]. The study was prematurely terminated by the sponsor after the recruitment of
313 patients (one-third of the initially planned sample size) due to the low recruitment rates [7]. PRISMS
investigators found comparable 3-month favorable functional outcomes between patients receiving
IVT and aspirin, while highlighting an increased risk for symptomatic intracranial hemorrhage for
patients randomized to intravenous tPA treatment [7].

Merlino et al. tested the hypothesis that the utility of intravenous tPA in patients with mild
stroke symptoms may depend on their level of functional dependence at hospital admission [8].
Authors analyzed data form a prospectively collected database including 389 patients presenting
with acute ischemic strokes and mild deficits [8]. Patients were stratified according to their baseline
Barthel index (BI) score into those with functional dependence (BI score < 80) and those functionally
independent (BI score ≥ 80) at baseline [8]. Merlino et al. found that intravenous thrombolysis with
tPA was independently associated with more favorable functional outcomes at 3 months after stroke
onset in patients that were judged to be dependent at hospital presentation [8]. The association
between favorable 3-month outcomes and tPA administration was not evident for patients that were
independent at their presentation, suggesting that the beneficial effect of tPA in patients with mild
neurological syndromes on admission is influenced by their functional status at admission [8]. Despite
the limitations of the present report, including the presence of unmeasured confounders due to the lack
of randomization and bias by indication in the decision to deliver tPA, the authors address an important
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question that stroke physicians deal with in the everyday clinical practice. Until further studies provide
compelling evidence for subgroups of patients with mild strokes for whom tPA treatment is futile
or even harmful, eligible patients with disabling symptoms should not be excluded from prompt
tPA administration.

Randomized controlled clinical trials have provided robust evidence on the benefit of both
intravenous tissue tPA and EVT for improving the outcomes of acute ischemic stroke patients [9].
However, real world evidence is needed in order to unveil the real effectiveness of acute reperfusion
stroke treatments in different countries and healthcare systems. Selection Criteria in Endovascular
Thrombectomy and Thrombolytic Therapy (SECRET) is a prospective nationwide population
multicenter registry that aims to explore the selection criteria and outcomes of patients who receive
acute stroke reperfusion therapies in Korea [10]. SECRET investigators found significant increases
in both the proportions of patients achieving successful recanalization (78.6% to 85.1%) and those
discharged home (78.6% to 85.1%) from 2012 to 2017 [10]. A significant decrease in the time from
hospital presentation to initiation of reperfusion therapy was also observed over the years 2012 to
2017 [10]. These data from Korea provide reassurance on the beneficial effect of reperfusion therapies
in the real-world setting and the temporal improvements in treatment delivery. Population-based data
are essential for the quality monitoring and optimal care delivery of acute reperfusion stroke therapies.

Rapid EVT delivery for acute ischemic stroke caused by large vessel occlusion leads to improved
outcomes [11]. Optimizing intra-hospital management seems to be one of the most efficient ways to
diminish treatment delays and decrease further the time from stroke onset to successful reperfusion.
Direct transfer to the angiography suite, bypassing both the emergency department and the radiology
room of the multidetector computed tomograph (CT), also known as one-stop management, has
previously been suggested as an efficient method to reduce in-hospital delays [12]. In the angiography
suite, patients with stroke symptoms receive a brain scan with the use of a flat-detector CT capable
angiography-suite and, if eligible, they receive on the spot treatment with intravenous tPA and/or
EVT [12]. Psychogios et al. examined if one-stop management can not only reduce intra-hospital
treatment delays, but can also improve the functional outcomes of acute ischemic stroke patients with
large vessel occlusion [13]. Large vessel occlusion was diagnosed in 72% and intravenous tPA was
administered in 63% of the 230 total patients [13]. Compared to 43 case-matched patients triaged
with multidetector CT, one-stop management was found to reduce the median door-to-reperfusion
time by more than 40 min, and resulted in improved patient functional outcomes [13]. No safety
concerns were noticed, as the incidence of intracranial bleeding and all-cause mortality was comparable
between the two groups [13]. The authors correctly acknowledge in the limitations of their work
that their findings might not be applicable to low volume stroke centers, as the number of patients
with large vessel occlusions is expected to be much lower than the one described in the publication
by Psychogios et al. [13]. The authors also state in their conclusion section that they have designed
a prospective, randomized trial to evaluate the effectiveness and safety of their proposed one-stop
protocol [13]. The results of this trial are expected to provide robust evidence on the optimal route
selection for acute ischemic stroke patients with suspected large vessel occlusion and, if positive,
change the flow of in-hospital stroke care delivery.

The underlying pathomechanism of a large vessel occlusion has been suggested to be associated
with effectiveness of the EVT procedure and the outcomes of patients [14]. In a retrospective cohort
study, Baek et al. investigated whether the status of leptomeningeal collaterals in the brain CT
angiography can be a marker of the large vessel occlusion etiology [15]. Comparing leptomeningeal
collateral patterns between patients with intracranial atherosclerotic disease and without, complete
leptomeningeal collaterals were found to be more than two times more prevalent in patients with
intracranial atherosclerotic disease [15]. Despite their fair negative predictive value, the presence of
complete leptomeningeal collateral supply in baseline brain CT angiography was found to have an
overall modest predictive value for the discrimination of the etiology of a large vessel occlusion [15].
The use of leptomeningeal collateral supply as a pre-procedural predictor for the stroke mechanism

2



J. Clin. Med. 2020, 9, 2789

and outcomes of patients with large vessel occlusion treated with EVT deserves to be evaluated in
multicenter prospective observational cohorts.

1.2. Emerging Applications of Neurosonology in Stroke

Although paroxysmal atrial fibrillation (AF) has been suggested to be present in at least a third
of patients with cryptogenic stroke or transient ischemic attack (TIA) [16], current guidelines on
secondary stroke prevention suggest that the clinical benefit of prolonged cardiac monitoring to
uncover underlying paroxysmal AF after an acute ischemic stroke or TIA remains uncertain [17].
Identifying populations that might have a higher probability of underlying AF could lead to a more
targeted use of prolonged cardiac monitoring for this patient population.

Liantinioti et al. sought to identify whether cardiac arrhythmia detection in spectral waveform
analysis during neurosonology examinations with Carotid Duplex and Transcranial Doppler ultrasound
may be associated with a higher likelihood of paroxysmal AF detection [18]. They evaluated
373 consecutive patients with recent cryptogenic strokes over a six-year period. The rate of AF
detection on outpatient 24-h Holter ECG recording was 11% [18]. Arrhythmia detection during
neurosonology evaluations was independently associated with a three-fold higher likelihood of PAF
detection during follow-up [18]. The study by Liantinioti et al. highlights the importance of detecting
and reporting cardiac arrhythmias during the neurosonology examination of patients with ischemic
stroke, and further expands the utility of neurosonology in determining stroke etiology, by identifying
those patients that have a higher probability of underlying paroxysmal AF and deserve more thorough
cardiac rhythm monitoring. Given that antiplatelet treatment is known to confer inadequate protection,
prompt anticoagulation in these patients can reduce the risk of future thromboembolic events [19].

Park et al. investigated the association between total carotid plaque number and long-term
prognosis in ischemic stroke patients with AF [20]. Total plaque number was assessed with B-mode
ultrasonography in 392 ischemic stroke patients with AF [20]. After a mean follow-up of 2.42 years,
28.8% of the patients suffered a major adverse cardiovascular event [20]. The presence of five plaques
or more in the baseline carotid ultrasound was independently associated with an increased risk of both
major adverse cardiovascular events and all-cause mortality [20]. Interestingly, the total plaque number
along with the maximal plaque thickness and intima media thickness showed improved prognostic
utility when added to the variables of the CHAD2DS2-VASc score [20]. Although Park et al. adjust their
outcomes for baseline medications, it should be noted that there is a possibility for suboptimal medical
management in their population, as 44% and 20% of patients were on antiplatelet and statin treatment,
respectively, and despite the confirmed diagnosis of AF and history of stroke, only 22% patients
were taking oral anticoagulant [20]. The findings by Park et al. suggest that patients with AF and
high atherosclerotic burden are at increased risk for cardiovascular events. Carotid ultrasound could
therefore serve as a valuable, non-invasive screening tool for identifying these high risk individuals.

CT perfusion imaging is used to guide systematic and endovascular stroke treatments for patients
presenting in the extended time windows [4–6]. Ultrasound cerebral perfusion imaging techniques
have been introduced and validated with different data acquisition and processing approaches [21].
In a very nice and comprehensive way, Eyding et al. summarize the evolution, different technical
aspects and milestones in the use of cerebral ultrasound perfusion imaging over time [21]. The
authors highlight future potential applications of cerebral ultrasound perfusion imaging as a bedside
method of microcirculatory perfusion assessment [21]. Eyding et al. propose that in cases of the
presence of sufficient temporal windows, a multi-modal approach for the detection of vessel occlusion,
microvascular perfusion impairment or intracerebral hemorrhage is feasible with ultrasonographic
techniques [21]. The evaluation of this method in the pre-hospital setting and the development of
automated software algorithms are two directions that future research should focus on.
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1.3. Novel Predictors of Stroke Outcome

Most physicians use their own clinical experience in predicting their patients’ outcomes after a
stroke, as accurate prognostic models and tests of functional recovery in stroke patients are lacking to
date [22].

Min et al. performed a prospective cohort study to evaluate the usefulness of interhemispheric
functional connectivity as a predictor of motor recovery in stroke patients with unilateral severe
upper-limb paresis [23]. Functional connectivity was measured in resting-state functional magnetic
resonance imaging (MRI) scans at 1 month from stroke onset [23]. Good recovery, assessed with the
Brunnstrom stage of upper-limb function at 6 months, was associated with higher functional connectivity
values [23]. The authors conclude that interhemispheric functional connectivity measurement using
resting-state functional MRI scans may provide useful clinical information for predicting hand motor
recovery during stroke rehabilitation [23]. The predictive value of functional connectivity assessment
for long-term motor outcomes in subacute stroke patients has to be confirmed by independent
large-scale studies. Future studies need also to evaluate the applicability of resting-state functional
MRI for the prediction of the recovery of stroke patients with non-motor deficits (e.g., visual defects)
and strokes of afferent vascular distributions.

Ankle-brachial blood pressure index (ABI) is calculated by the ratio of the systolic blood pressure
of an ipsilateral ankle divided by the higher systolic blood pressure of the two arms [24]. Low ABI has
previously been reported to identify patients with symptomatic and asymptomatic peripheral arterial
disease, and has been associated with a higher risk of early recurrent stroke in patients with an acute
ischemic stroke and no history of symptomatic peripheral arterial disease [24]. Han et al. investigated
the association of high ABI difference between the two arms and systolic blood pressure difference
between the two ankles with short- and long-term outcomes in acute ischemic stroke patients without
peripheral artery diseases [25]. After analyzing data from 2901 patients with acute ischemic stroke,
followed over a median of 3.1 years, the authors found that a high ABI difference either between arms
or ankles is associated with poor functional outcomes, long-term cardiovascular events and all-cause
mortality [25].

The impact of hemoglobin status and red blood cell transfusions (RBC) on acute ischemic stroke
outcomes is controversial. Kim et al. aimed to investigate whether RBC transfusions and hemoglobin
variability affects the outcome of patients after an acute ischemic stroke [26]. The authors analyzed data
from 2698 patients with acute ischemic stroke admitted in three tertiary hospitals. In total, 32 patients
(4.9%) were transfused with packed RBCs during their admission [26]. Patients transfused more than
48 h after hospitalization were found to have a higher probability of poor outcomes at 3 months [26].
Hemoglobin variability during hospitalization, however, was not found to be associated with patient
outcomes [26]. Despite the inherent limitations of the study design of Kim et al., it being a retrospective
cohort study with limited power and high risk of bias due to the presence of unmeasured confounders,
it raises the need for further research in order to elucidate the potential impact of blood transfusions
timing on the outcomes of patients with recent acute ischemic stroke.

Although platelet activation and aggregation has been suggested to play an important role in the
pathogenesis of ischemic stroke, the association between platelet reactivity and ischemic lesions is still
debatable. Ischemic stroke patients with high on-treatment platelet reactivity have previously been
reported to be at increased risk of recurrent cerebrovascular ischemic events [27]. Wisniewski et al.
aimed to assess the relationship between platelet reactivity and the extent of ischemic cerebral lesions
according to stroke etiology [28]. The evaluation of platelet reactivity was performed within 24 h
after stroke onset in 69 patients [28]. An ischemic brain volume measurement was performed in MRI
sequences at day 2–5 after stroke onset [28]. In the subgroup of patients with large-vessel disease, a
correlation between platelet reactivity and acute ischemic core volume was evident in aspirin-resistant
subjects [28]. Based on their findings, authors propose that in patients with ischemic stroke due to
large-vessel disease, high on-treatment platelet reactivity affects the extent of ischemic lesions [28].
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Apririn resistance among patients with stroke in the study by Wisniewski et al. was estimated at 31.8%
and at 7%, with the methods of impedance and optical aggregometry [28].

In a subsequent publication in the same issue of the Journal of Clinical Medicine, Wisniewski et al.
assessed the relationship of platelet reactivity with early and late prognosis after an acute ischemic stroke,
according to the stroke etiology [29]. Performing platelet function testing with two aggregometric
methods in 69 individuals, they found higher platelet reactivity in patients with severe neurological
deficits on day 90 after stroke onset, when compared to the group of patients experiencing mild
neurological deficits [29]. In patients with acute ischemic stroke attributed to large vessel disease,
a significant correlation between the platelet reactivity and functional status on the first day was
also uncovered, with patients resistant to aspirin having a significantly greater possibility of severe
neurological deficits on the first day of stroke compared to their aspirin-sensitive counterparts [29].

Endothelial progenitor cells are considered to be a marker of both endothelial damage and
endothelium regeneration ability [30]. In a third publication, Wisniewski et al. assessed the number
of endothelial progenitor cells in patients with acute ischemic or hemorrhagic stroke, and evaluated
whether there exist relationships with clinical status, radiological findings, risk factors, selected
biochemical parameters and prognosis [30]. The number of endothelial progenitor cells was determined
in serum on the first and eighth day after stroke onset using flow cytometry in 66 patients with
lacunar ischemic stroke, 38 patients with hemorrhagic stroke, and 22 control subjects without acute
cerebrovascular incidents [30]. Although a significantly higher number of endothelial progenitor cells
on the first day of stroke compared to the control group was identified, no relationships between
the number of endothelial progenitor cells in the acute phase of stroke and biochemical parameters,
vascular risk factors or clinical condition were uncovered [30]. The authors concluded that endothelial
progenitor cells are an early marker in acute stroke regardless of etiology, with no prognostic value
being identified [30].

2. Conclusions

Although real-world evidence confirms the beneficial effect of reperfusion therapies in the
real-world setting, as well as the temporal improvements in stroke treatment delivery over the last
few years, several research areas are still pending further investigation. The utility of intravenous tPA
in patients with non-disabling stroke syndromes, the use of ultrasound cerebral perfusion imaging
in the pre-hospital setting and the optimal in-hospital route for acute ischemic stroke patients with
suspected large vessel occlusion are topics in acute stroke care that need to be further investigated.
Ongoing research also needs to focus on the development of reliable radiologic, clinical and biomarkers
predictors of stroke outcome.
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14. Wiśniewski, A.; Boinska, J.; Ziołkowska, K.; Lemanowicz, A.; Filipska, K.; Serafin, Z.; Ślusarz, R.; Rość, D.;
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Abstract: Earlier or preprocedural identification of occlusion pathomechanism is crucial for effective
endovascular treatment. As leptomeningeal collaterals tend to develop well in chronic ischemic
conditions such as intracranial atherosclerosis (ICAS), we investigated whether leptomeningeal
collaterals can be a preprocedural marker of ICAS-related large vessel occlusion (ICAS-LVO)
in endovascular treatment. A total of 226 patients who underwent endovascular treatment
were retrospectively reviewed. We compared the pattern of leptomeningeal collaterals between
patients with ICAS-LVO and without. Leptomeningeal collaterals were assessed by preprocedural
computed tomography angiography (CTA) and basically categorized by three different collateral
assessment methods. Better leptomeningeal collaterals were significantly associated with ICAS-LVO,
although they were not independent for ICAS-LVO. When leptomeningeal collaterals were
dichotomized to incomplete (<100%) and complete (100%), the latter was significantly more frequent
in patients with ICAS-LVO (52.5% versus 20.4%) and remained an independent factor for ICAS-LVO
(odds ratio, 3.32; 95% confidence interval, 1.52–7.26; p = 0.003). The area under the curve (AUC) value
of complete leptomeningeal collateral supply was 0.660 for discrimination of ICAS-LVO. Incomplete
leptomeningeal collateral supply was not likely ICAS-LVO, based on the high negative predictive
value (88.6%). Considering its negative predictive value and the independent association between
complete leptomeningeal collateral supply and ICAS-LVO, leptomeningeal collaterals could be helpful
in the preprocedural determination of occlusion pathomechanism.

Keywords: atherosclerosis; computed tomography angiography; stroke; thrombectomy

1. Introduction

Mechanical thrombectomy has been primarily considered in most cases of endovascular treatment
of acute intracranial large vessel occlusion [1]. However, mechanical thrombectomy might not be
an optimal modality for a specific occlusion pathomechanism—that is, an in situ thrombo-occlusion
of underlying intracranial atherosclerosis (intracranial atherosclerosis-related large vessel occlusion
(ICAS-LVO)) [2,3]. ICAS-LVO is not a rare condition. In the Asian population, up to 30% of
patients might have ICAS-LVO for their occlusion pathomechanism in endovascular treatment of
anterior circulation [4]. More importantly, conventional mechanical thrombectomy modalities, such as
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stent retriever and thrombaspiration, are ineffective in ICAS-LVO. Mechanical thrombectomy was
effective only in less than 20% of ICAS-LVO cases. Due to frequent reocclusion events, specific
rescue endovascular modalities (i.e., intra-arterial glycoprotein IIb/IIIa inhibitor, balloon angioplasty,
and intracranial stenting) were inevitable in most cases to achieve significant recanalization in
ICAS-LVO [5–9].

On this point, earlier strategical consideration is crucial to shorten the time to recanalization [4].
For earlier strategical consideration, it could be more helpful if the occlusion pathomechanism
is determined before endovascular treatment. However, the completion of such a preprocedural
determination is challenging as the information available before endovascular treatment can be limited.
In clinical practice, we are able to rely on only a few preprocedural clinical and imaging findings [7,10].
However, further reliable methods are sparse.

Leptomeningeal collaterals are one of the preprocedural factors which are potentially able to
predict occlusion pathomechanism. Nevertheless, their association has not been clearly evaluated
yet. Several experimental and clinical findings led us to focus on leptomeningeal collaterals. In these
experimental findings, the vascular bed was more developed in chronic or long-term ischemic
conditions [11–13]. Similarly, in patients with an intracranial stenosis due to ICAS, leptomeningeal
collaterals were prominently developed to compensate for the diminished cerebral blood flow under
chronic ischemia [11,12]. In one report, full and rapid leptomeningeal collateral filling was commented
on as a finding, which suggests ICAS-LVO [7]. However, no specific evidence supported this comment.
Instead, it was reported that initial infarct volume was smaller among patients with an ICAS-LVO.
This merely indirectly suggested that leptomeningeal collaterals were better in ICAS-LVO [7,14].

If leptomeningeal collaterals are discriminatorily developed in patients with ICAS, we believe that
they may be an indirect finding for ICAS-LVO. Thus, we hypothesized that (1) leptomeningeal collaterals
would be different according to the occlusion pathomechanism—that is, robust or better leptomeningeal
collaterals are associated with ICAS-LVO, and (2) based on this association, we could predict ICAS-LVO
before endovascular treatment. Accordingly, this study aimed to evaluate (1) the association between
leptomeningeal collaterals and ICAS-LVO, and (2) the predictability of preprocedural leptomeningeal
collaterals for ICAS-LVO.

2. Methods

We retrospectively reviewed consecutive acute stroke patients between January 2010 and December
2018 who underwent endovascular treatment of intracranial vessel occlusion. Patients were selected
from a prospective registry of a tertiary stroke center (Severance Stroke Center, Severance Hospital, Seoul,
Korea). The registry consists of consecutive patients who underwent endovascular treatment, which
was considered by the following criteria: (1) a computed tomography angiography (CTA)-determined,
endovascularly accessible intracranial LVO associated with neurological symptoms; (2) within 8 h
from stroke onset, though, in the later study period, patients falling within the window of 8 h to 12 h
from stroke onset were also considered if they had an Alberta Stroke Program Early CT Score of seven
points or more on initial non-contrast CT; and (3) a baseline National Institutes of Health Stroke Scale
(NIHSS) score of four points or more. For patients eligible for intravenous tissue-type plasminogen
activator treatment, the full dose of tissue-type plasminogen activator (0.9 mg/kg) was administered.

For this study, patients who had an M1 occlusion and CTA performed before endovascular
treatment were selected from the registry. Conversely, those who presented with an internal carotid
artery occlusion were excluded, as collateral flows through anterior or posterior communicating
arteries can contribute to lesion-side cerebral flow. Additionally, patients with an occlusion of the
distal artery or posterior circulation were also excluded because leptomeningeal collaterals could not
be determined reliably in this population. We did not include patients with multiple intracranial artery
occlusions because they could also affect leptomeningeal collaterals on middle cerebral artery territory.

The institutional review board approved this study and waived the requirement for obtaining
informed consent prior to study inclusion based on the retrospective design.
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2.1. Assessment of Leptomeningeal Collaterals (Collateral Assessment Methods)

Leptomeningeal collaterals were determined by CTA performed immediately before endovascular
treatment. CTA collateral grade was assessed on 20-mm thickness maximum intensity projection
images of single-phase CTA. In patients who underwent multiphase CTA imaging, we only used the
first-phase images to evaluate leptomeningeal collaterals.

From among the various existing CTA-based collateral assessment methods, three different
methods were adopted [15–17]. First, leptomeningeal collaterals were primarily assessed by a
four-scale method previously reported as follows: (1) absent collateral supply to the occluded middle
cerebral artery (MCA) territory of 0%, (2) collateral supply of greater than 0% but less than or equal to
50%, (3) collateral supply of greater than 50% but less than 100%, and (4) complete collateral supply
of 100% (collateral assessment method 1; Tan’s method; Figure 1) [15]. Second, the four grades were
regrouped into a three-scale grade system as follows: (1) absent collateral supply to the occluded MCA
territory of 0%, (2) collateral supply of greater than 0% but less than 100%, and (3) complete collateral
supply of 100% (collateral assessment method 2; shortened from Mass’ method) [16]. Third, the four
grades were simply dichotomized into (1) collateral supply of 50% or less of the occluded MCA territory
and (2) collateral supply of more than 50% (collateral assessment method 3; modified Tan’s method) [17].
The four-scale grade of leptomeningeal collaterals was determined by two independent interventional
neuroradiologists who were blinded to the clinical and procedural information. The kappa value for
the interrater agreement was 0.85 (95% confidence interval, 0.79–0.91), which was similar to its original
report [15]. Discrepant cases were resolved by consensus.

 
Figure 1. Assessment of leptomeningeal collaterals according to collateral assessment method 1
(Tan et al.’s method). Four computed tomography angiography maximum intensity projection axial
images from different patients showing leptomeningeal collaterals. (A) Absent collateral supply
to the occluded middle cerebral artery territory (circle), compared to the contralateral normal side.
(B) Collateral supply of greater than 0% but less than or equal to 50%. (C) Collateral supply of greater
than 50% but less than 100%. (D) Complete collateral supply of 100%.

2.2. Identification of ICAS-LVO

ICAS-LVO was determined angiographically. If the occlusion site was completely recanalized
without any residual stenosis and reocclusion tendency, the occlusion pathomechanism was not
considered as ICAS. In contrast, when significant fixed focal stenosis was noted on angiography,
the case was considered as positive for ICAS-LVO [7]. For intractable cases whose occlusion
was never recanalized, so that the focal stenosis could not be evaluated, occlusion at the arterial
trunk was determined as indicative of ICAS-LVO [6]. ICAS-LVO was assessed independently by
two other interventional neuroradiologists who were blinded to the CTA findings and clinical
information. The kappa value for the interrater agreement was 0.92 (95% confidence interval, 0.86–0.98).
Discrepant cases were also resolved by consensus.
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2.3. Statistical Analysis

Based on the identification of ICAS-LVO, patients were assigned to the ICAS group or the non-ICAS
group. First, we evaluated the association between leptomeningeal collaterals as determined by the
three collateral assessment methods and ICAS-LVO. In this process, (1) basic demographics (age and
sex), risk factors for atherosclerosis (hypertension diabetes, dyslipidemia, smoking, and coronary
artery disease), typical clinical factors associated with occlusion pathomechanism (atrial fibrillation
and initial NIHSS score), and leptomeningeal collaterals by each collateral assessment method were
compared between the ICAS and non-ICAS groups. The Mann–Whitney U test, chi-squared test,
and Fisher’s exact test were used for comparison. Also, we summarized the study population by
descriptive statistics. Continuous variables were expressed by a mean value with standard deviation
or a median value with interquartile range, as appropriate. Categorical variables were expressed
by a frequency with its percentage. Then, (2) to see whether better leptomeningeal collaterals were
associated with ICAS-LVO, we performed binary logistic regression analyses for each collateral
assessment method. To determine whether better leptomeningeal collaterals can be an independent
variable for ICAS-LVO, variables with a p-value < 0.10 in the univariable analysis were entered into
the multivariable model. Finally, (3) to evaluate the predictive power of leptomeningeal collaterals for
ICAS-LVO, we calculated the sensitivity, specificity, positive predictive value (PPV), negative predictive
value (NPV), and accuracy of each collateral assessment method. Receiver operating characteristic
curve analyses were also performed to calculate the area under the curve (AUC) values and cutoff
points, which were determined based on Youden’s index.

Second, based on the results of logistic regression analyses and calculated cutoff points of each
collateral assessment method, leptomeningeal collaterals were dichotomized into (1) incomplete
collateral supply of less than 100% or (2) complete collateral supply of 100%. Then, the findings of
complete and incomplete collateral supplies were compared between the ICAS and non-ICAS groups.
To see whether complete leptomeningeal collateral supply was associated with ICAS-LVO, univariable
and multivariable binary logistic regression analyses were performed in the same manner as the three
collateral assessment methods. We also calculated sensitivity, PPV, NPV, accuracy, and AUC value for
the dichotomization in predicting ICAS-LVO.

A p-value < 0.05 was considered statistically significant for the 95% confidence interval.
All statistical analyses were performed using R software (version 3.5.0; R Foundation for Statistical
Computing, Vienna, Austria).

3. Results

Among the 604 patients that underwent endovascular treatment for an intracranial vessel
occlusion, 226 patients (mean age 69.0 ± 12.1 years; 54.4% male) were included (Figure 2). Patients with
arterial dissection (n = 5), distal artery occlusion (n = 132), internal carotid artery occlusion (n = 154),
and vertebrobasilar artery occlusion (n = 79) were excluded. In eight patients, leptomeningeal
collaterals could not be determined by CTA because the arterial target was changed between CTA and
endovascular treatment (n = 2; internal carotid artery occlusion on initial CTA was changed to M1
occlusion on cerebral angiography) or CTA was not performed before endovascular treatment (n = 6).
Leptomeningeal collaterals were 0% in the occluded MCA territory in 15 patients (6.6%), greater than
0% but less than or equal to 50% in 57 (25.2%), greater than 50% but less than 100% in 95 (42.1%),
and 100% in 59 (26.1%).
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Figure 2. Patients selection flow chart. DSA, digital subtraction angiography.

3.1. Association Between Leptomeningeal Collaterals and ICAS-LVO

A total of 40 patients (17.7%) showed an ICAS-LVO as the occlusion pathomechanism. Based on
the use of collateral assessment methods 1 and 2, patients with leptomeningeal collaterals of 0%, greater
than 0% but less than or equal to 50%, and greater than 50% but less than 100% of occluded MCA
territory were less common in the ICAS group, whereas cases of complete (100%) leptomeningeal
collaterals were significantly more frequently found in the ICAS group (52.5% versus 20.4%; p < 0.001;
Table 1). For collateral assessment method 3, more patients in the ICAS group had leptomeningeal
collaterals of greater than 50% than the non-ICAS group (85.0% versus 64.5%; p = 0.012).
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Table 1. Comparison of demographics, risk factors for stroke and atherosclerosis, and leptomeningeal
collaterals between intracranial atherosclerosis (ICAS) and non-ICAS groups.

All
(n = 226)

ICAS
(n = 40)

Non-ICAS
(n = 186)

p-Value

Age, years 69.0 (±12.1) 66.2 (±16.4) 69.6 (±10.9) 0.222
Male sex 123 (54.4) 20 (50.0) 103 (55.4) 0.536

Hypertension 166 (73.5) 32 (80.0) 134 (72.0) 0.301
Diabetes 66 (29.2) 13 (32.5) 53 (28.5) 0.613

Dyslipidemia 48 (21.2) 12 (30.0) 36 (19.4) 0.135
Current smoking 42 (18.6) 16 (40.0) 26 (14.0) <0.001

Coronary artery disease 52 (23.0) 11 (27.5) 41 (22.0) 0.457
Atrial fibrillation 119 (52.7) 11 (27.5) 108 (58.1) <0.001

Initial NIHSS score 15.0
(11.0; 19.0)

12.0
(7.0; 17.0)

15.0
(12.0; 19.0) 0.001

Leptomeningeal collaterals
Three assessment methods

Method 1 (Tan)
0% 15 (6.6) 1 (2.5) 14 (7.5) <0.001

>0% but ≤50% 57 (25.2) 5 (12.5) 52 (28.0)
>50% but <100% 95 (42.1) 13 (32.5) 82 (44.1)

100% 59 (26.1) 21 (52.5) 38 (20.4)
Method 2 (shortened Maas)

0% 15 (6.6) 1 (2.5) 14 (7.5) <0.001
>0% but <100% 152 (67.3) 18 (45.0) 134 (72.1)

100% 59 (26.1) 21 (52.5) 38 (20.4)
Method 3 (modified Tan)

≤50% 72 (31.9) 6 (15.0) 66 (35.5) 0.012
>50% 154 (68.1) 34 (85.0) 120 (64.5)

Dichotomization by cutoff
Incomplete (<100%) 167 (73.9) 19 (47.5) 148 (79.6) <0.001

Complete (100%) 59 (26.1) 21 (52.5) 38 (20.4)

Age is represented by a mean value (±standard deviation); initial National Institutes of Health Stroke Scale (NIHSS)
score by a median value (first and third quartile); all other variables by the number of patients (frequency, %).

On the logistic regression analyses for collateral assessment methods 1, 2, and 3, odds ratios for
ICAS-LVO gradually increased as leptomeningeal collaterals improved (Figure 3). However, none were
statistically significant in univariable and multivariable analyses (Table S1 and Figure 3).
For multivariable analyses, each collateral assessment method was adjusted by current smoking, atrial
fibrillation, and initial NIHSS score.
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Figure 3. Univariable and multivariable logistic regression analyses of leptomeningeal collaterals
for intracranial atherosclerosis-related large vessel occlusion (ICAS-LVO). Odds ratios with 95%
confidence intervals from (A) univariable and (B) multivariable logistic regression analyses are plotted.
In multivariable analyses, each leptomeningeal collateral assessment method was adjusted by current
smoking, atrial fibrillation, and initial NIHSS score.

3.2. Predictive Power of Leptomeningeal Collaterals for ICAS-LVO

For collateral assessment methods 1 and 2, the calculated sensitivity, specificity, PPV, and NPV of
leptomeningeal collaterals to predict ICAS-LVO were 52.5%, 79.6%, 35.6%, and 88.6%, respectively
(Table 2). Collateral assessment method 3 showed higher sensitivity and lower specificity for ICAS-LVO
than collateral assessment methods 1 and 2. AUC values of leptomeningeal collaterals were below 0.7
for all collateral assessment methods (each p < 0.001).
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Table 2. Diagnostic performance of leptomeningeal collaterals for intracranial atherosclerosis-related
large vessel occlusion.

Collateral Assessment
Methods

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%) AUC

Method 1 (Tan) 1 52.5 79.6 35.6 88.6 74.8 0.686
Method 2 (shortened Maas) 1 52.5 79.6 35.6 88.6 74.8 0.668

Method 3 (modified Tan) 2 85.0 35.5 22.1 91.7 44.2 0.602
Dichotomization by cutoff 1 52.5 79.6 35.6 88.6 74.8 0.660

1 For leptomeningeal collaterals of 100%; 2 for leptomeningeal collaterals of > 50%; PPV, positive predictive value;
NPV, negative predictive value; AUC, area under curve.

3.3. Significance of Complete Leptomeningeal Collaterals in Predicting ICAS-LVO

Based on the results from the analyses of collateral assessment methods 1, 2, and 3, study
participants’ leptomeningeal collaterals were dichotomized to incomplete (less than 100%) and
complete (100%). Patients in the ICAS group showed more complete leptomeningeal collateral supply
(p < 0.001; Table 1). During multivariable analysis, complete leptomeningeal collateral supply remained
an independent factor for ICAS-LVO (odds ratio, 3.32; 95% confidence interval, 1.52–7.26; p = 0.003;
Table S1 and Figure 3). An AUC value for complete leptomeningeal collaterals was 0.660 (95% CI,
0.595–0.722; p < 0.001), with an NPV of 88.6% (Table 2).

4. Discussion

In this study, we found that leptomeningeal collaterals were associated with occlusion
pathomechanism. Better leptomeningeal collaterals were significantly associated with ICAS-LVO in
common collateral assessment methods. Nevertheless, during logistic regression analyses, only the
use of a dichotomization method (incomplete versus complete) was independently associated with
ICAS-LVO. Despite the independence, it achieved only a modest degree of predictability of ICAS-LVO.
To the best of our knowledge, this study is the first study to evaluate the association of leptomeningeal
collaterals with ICAS-LVO and its preprocedural possibility to predict ICAS-LVO.

This study was originally contrived from the necessity to enhance the preprocedural determination
of occlusion pathomechanism in endovascular treatment of LVO. Because the optimal endovascular
strategy—which includes selection of the most effective endovascular modality and when to switch
from one modality to another—depends on the type of occlusion pathomechanism, the earlier
determination of occlusion pathomechanism can be crucial in attaining significant recanalization [18,19].
However, unfortunately, there have been only a few practical factors identified that we can rely on
to identify occlusion pathomechanism before an endovascular procedure. Common cardioembolic
sources such as atrial fibrillation or valvular heart diseases are typically considered as evidence of an
embolic occlusion of an intracranial artery [7]. Specific imaging findings—for example, a hyperdense
artery sign on CT or a blooming artifact on magnetic resonance imaging—have also been regarded as
markers of embolic occlusion [14,20]. Uniquely, the occlusion type observed on preprocedural CTA
was significantly associated with occlusion pathomechanism. The occlusion type was superior to
the atrial fibrillation and hyperdense artery sign in predicting the occlusion pathomechanism [10].
Patient demographics or a few risk factors for atherosclerosis can be referred to in order to assume
the occlusion pathomechanism; however, they are quite indirect means [7]. Particular infarct patterns
could also be helpful in determining the occlusion pathomechanism. However, the infarct pattern is
less evident and may be limited in the preprocedural condition [14].

As we expected, leptomeningeal collaterals were significantly associated with occlusion
pathomechanism in this study. In particular, complete leptomeningeal collaterals were consistently
associated with ICAS-LVO with a modest level of predictability. In comparison with other preprocedural
findings used to predict ICAS-LVO, the discriminative power of complete leptomeningeal collaterals
seemed not so inferior. In this study population, the AUC value of complete leptomeningeal collaterals
for ICAS-LVO was not lower than that of atrial fibrillation (0.653; 95% confidence interval, 0.587–0.715).
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Furthermore, the AUC value of CTA-determined occlusion type for stent retriever success, one of the
preprocedural findings presumed to be highly associated with ICAS-LVO, was less than 0.7 [5].

To the best of our knowledge, only one other study has commented on the association between
leptomeningeal collaterals and ICAS-LVO in endovascular treatment [7]. In the literature, full and rapid
leptomeningeal collaterals were significantly more frequent in patients with ICAS-LVO, which was
consistent with our study. However, the result was unofficial from a small number of patients, so it
was merely a piece of unpublished data in a review article. Additionally, leptomeningeal collaterals
were not considered as a predictor of ICAS-LVO in the literature. Leptomeningeal collaterals were
assessed by initial cerebral angiogram during endovascular treatment, not preprocedurally.

Complete leptomeningeal collaterals showed low sensitivity and PPV with a relatively higher
NPV in discriminating ICAS-LVO. For practical use, the statistical parameters can be interpreted as
follows: (1) in patients with ICAS-LVO, the probability of showing complete leptomeningeal collaterals
was about 50% (low sensitivity); (2) even among cases showing complete leptomeningeal collaterals,
ICAS-LVO was only present in about 40% of them (low PPV); and (3) if a patient showed incomplete
leptomeningeal collaterals, occlusion pathomechanism was not likely to be ICAS-LVO up to 90%
(high NPV).

The study results might be substantially affected by the chosen collateral assessment method.
However, there has been no consensual grading system established to evaluate leptomeningeal
collaterals on CTA. To avoid arbitrary grading, we tried to choose collateral assessment methods
that have all been widely used in previous studies [21,22]. Based on the consistent findings from
those collateral assessment methods, we regrouped the leptomeningeal collaterals by its cutoff
value into incomplete or complete. Cerebral angiography can be a good modality with which to
assess leptomeningeal collaterals. However, in most endovascular procedures, initial leptomeningeal
collateral flow is not assessed on cerebral angiography because the arterial target is directly approached
without taking the angiography of other cerebral vessels. We think that CTA might be the most rational
modality to use to assess leptomeningeal collaterals in daily clinical practice. Multiphase CTA could
be another collateral assessment method. However, multiphase CTA cannot be deployed in all centers;
indeed, multiphase CTA was not performed in the early period of this study.

This study had a few limitations. First, it was performed retrospectively in a single tertiary
stroke center. However, all patients were prospectively registered with a detailed description of their
endovascular procedure. Furthermore, this study focused on objective findings, including imaging
markers and angiographic findings rather than on clinical outcomes, thereby minimizing this limitation.
Nevertheless, based on the retrospective nature of this study, there might be a possibility that the
patients with better leptomeningeal collaterals were preferentially chosen for endovascular treatment.
Although the predetermined protocol in our center did not regulate the leptomeningeal collateral
status for endovascular treatment eligibility, the physician’s clinical decision might be partly affected
by the leptomeningeal collateral status.

Second, this study included patients only with M1 occlusion. Thus, the generalization of our
study results to all anterior circulation strokes might be inappropriate. However, as described earlier,
such use of this strict inclusion criterion was to ensure the improved evaluation of uncontaminated
leptomeningeal collaterals. Study findings should be understood as providing verification of a
general hypothesis that better leptomeningeal collaterals are associated with ICAS-LVO. In addition,
generalization of the study results could also be limited because this study was performed in an Asian
country where ICAS is more prevalent. As statistical power might be affected by the number of patients
with ICAS-LVO, no one could precisely figure out the association of leptomeningeal collaterals with
ICAS-LVO in other countries where ICAS is much less prevalent.

Third, this study also included patients with a tandem occlusion (M1 occlusion with cervical ICA
occlusion/stenosis). Chronic ischemia, even due to severe cervical ICA stenosis, might be associated
with robust leptomeningeal collaterals. Thus, theoretically, for the tandem occlusion, leptomeningeal
collaterals could be abundant or complete, although its M1 occlusion is embolic from a cervical ICA
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lesion. In fact, about 5% patients of this study had an atherosclerotic cervical ICA occlusion. Fortunately,
even after excluding the patients with tandem occlusions, the significance of the study results was
not changed.

5. Conclusions

Leptomeningeal collaterals determined by preprocedural CTA were significantly associated with
occlusion pathomechanism. Specifically, complete leptomeningeal collateral supply was independently
associated with ICAS-LVO. Despite the association, however, leptomeningeal collaterals were simply
predictive of ICAS-LVO in a modest degree. In clinical practice, one could assume that incomplete
leptomeningeal collateral supply is not likely ICAS-LVO based on high NPV. In this way, leptomeningeal
collaterals could be helpful in the preprocedural determination of occlusion pathomechanism.
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5 Medical Simulation Centre, Medical University of Gdańsk, Faculty of Medicine, Dębowa 17 Street,
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Abstract: Background: The aim of the study was to assess the number of endothelial progenitor cells
(EPCs) in patients with acute stroke due to cerebral microangiopathy and evaluate whether there is
a relationship between their number and clinical status, radiological findings, risk factors, selected
biochemical parameters, and prognosis, both in ischemic and hemorrhagic stroke. Methods: In total,
66 patients with lacunar ischemic stroke, 38 patients with typical location hemorrhagic stroke, and
22 subjects from the control group without acute cerebrovascular incidents were included in the
prospective observational study. The number of EPCs was determined in serum on the first and eighth
day after stroke onset using flow cytometry and identified with the immune-phenotype classification
determinant (CD)45−, CD34+, CD133+. Results: We demonstrated a significantly higher number of
EPCs on the first day of stroke compared to the control group (med. 17.75 cells/μL (0–488 cells/μL)
vs. 5.24 cells/μL (0–95 cells/μL); p = 0.0006). We did not find a relationship between the number of
EPCs in the acute phase of stroke and the biochemical parameters, vascular risk factors, or clinical
condition. In females, the higher number of EPCs on the first day of stroke is related to a favorable
functional outcome on the eighth day after the stroke onset compared to males (p = 0.0355). We found
that a higher volume of the hemorrhagic focus on the first day was correlated with a lower number
of EPCs on the first day (correlation coefficient (R) = −0.3378, p = 0.0471), and a higher number of
EPCs on the first day of the hemorrhagic stroke was correlated with a lower degree of regression of
the hemorrhagic focus (R = −0.3896, p = 0.0367). Conclusion: The study showed that endothelial
progenitor cells are an early marker in acute microangiopathy-associated stroke regardless of etiology
and may affect the radiological findings in hemorrhagic stroke. Nevertheless, their prognostic value
remains doubtful in stroke patients.

Keywords: endothelial progenitor cells; ischemic stroke; hemorrhage; prognosis; clinical outcome
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1. Introduction

Stroke is an important social and medical problem in the 21st century, as it is one of the main causes
of morbidity and long-term disability and the second most frequent cause of death in the world [1].
Ischemic stroke associated with disturbances of the blood flow to the brain tissue, leading to necrosis of
the part of the brain covered by ischemia (80–85%), is the most common. Hemorrhagic stroke (15–20%)
associated with extravasation of blood to the brain is less common but has greater mortality [2]. Stroke
may be the result of endothelial dysfunction (in the course of cerebral microangiopathy), as well as
the cause of vascular endothelial damage. Stroke due to small vessel disease, i.e., lacunar stroke, is
associated with pathological changes (classical atherosclerosis, fibrosis, enamel, and calcification) of
small cerebral vessels (diameter below 600 μm), and accounts for approximately 20–25% of all ischemic
strokes [3]. Among hemorrhagic strokes, the most common, typical location (deep) intracerebral
hemorrhage, seems to have been most related to microangiopathy. It results from blood extravasation
from stabbing branches (most often lenticular-striatum arteries) supplying the basal ganglia and
thalamus. It is related to pathological changes of the vessel’s walls (including cells of the endothelium)
in the course of improperly treated hypertension [4].

Endothelial progenitor cells (EPCs) are a recognized marker of both the degree of endothelial
damage and the ability to regenerate the endothelium. Due to their multiplication potential, they
can differentiate into many cells, but most often, they proliferate into mature circulating endothelial
cells. Thanks to mediators, such as VEGF (vascular endothelial growth factor), SDF-1 (stromal-derived
factor), and G-CSF (granulocyte colony-stimulating factor), they migrate to damaged areas of the
brain affected by ischemia. They play an important role in the regeneration of the nervous tissue,
glial cell nutrition, reduction of neuronal apoptosis, and blood–brain barrier stabilization. They are
associated with postnatal angiogenesis, especially in neovascularization of blood vessels damaged by
ischemia [5–7]. This is particularly important in patients with stroke. As a result, they are increasingly
considered as a potential treatment method for stroke patients, especially with ischemic stroke, and
the initial results of their use in studies on mice and rats seem encouraging [8–12]. However, the
role and importance of these cells in stroke patients is still the subject of controversy, and reports
on this subject are scarce and often ambiguous. It is believed that a large number of EPCs, due to
their regenerative and repairing properties, may affect the size of the ischemic focus and even the
clinical and functional status of the patients, and thus, the prognosis [13]. Therefore, the aim of this
study was to assess the number of EPCs in the blood serum and their potential relationship with the
clinical condition, radiological image, and prognosis in patients in the acute phase of stroke caused by
cerebral microangiopathy.

2. Material and Methods

2.1. Study Design and Participants

The study was conducted in accordance with the Declaration of Helsinki and the protocol was
approved by the Bioethics Committee of Nicolaus Copernicus University in Torun at Collegium
Medicum of Ludwik Rydygier in Bydgoszcz (KB No. 769/2014). The study included subjects who,
having read the study protocol, signed the informed consent to participate in the study. The researchers
explained all stages of the study to the subjects and presented all potential risks associated with
the research.

The definition of stroke, updated in 2013 by the American Heart Association/American Stroke
Association (AHA/ASA), was used, which is an episode of a sudden neurological disorder caused
by focal cerebral, spinal, or retinal ischemia lasting over 24 h or corresponding to the morphological
features of ischemia of the central nervous system [14].

The study was conducted from February 2015 to December 2017 in the Department of Neurology
at Collegium Medicum in Bydgoszcz of Nicolaus Copernicus University in Torun in the University
Hospital No. 1 in Bydgoszcz. This prospective and observational study included stroke patients with
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cerebral microangiopathy: 66 patients with lacunar ischemic stroke, 38 patients with typical location
intracerebral hemorrhage, and 22 people from the control group.

The group of patients with lacunar stroke included patients with no significant hemodynamic
stenoses of large pre-skull vessels or cardiogenic-embolic background, and the performed neuroimaging
confirmed the presence of a lacunar focus and/or revealed chronic vascular changes with a typical
location and morphology (subcortical lesions, periventricular lesions, leukoaraiosis features) [15].
The typical location intracerebral hemorrhage was diagnosed based on the results of a computed
tomography scan performed during the patient’s admission. Patients with symptomatic cerebral
hemorrhage in the course of taking oral anticoagulants and patients with extensive lobal hemorrhage
during amyloid angiopathy were excluded. We included only stroke subjects admitted to the hospital
with a duration of stroke symptoms no longer than 12 h. The control group consisted of people of
similar age and vascular risk factors hospitalized in the Department of Neurology for reasons other
than acute cerebrovascular disease and did not represent cerebrovascular incidents in the last 3 years.

Exclusion criteria included lack of the patient’s consent to participate in the study or inability to
express it consciously (stroke with aphasia or quantitative disturbances of consciousness); patients
with documented oncological history; patients with chronic inflammatory processes, e.g., chronic
venous thrombosis of the lower limbs or chronic ischemia of the lower limbs; patients with a stroke or
TIA during the last 3 years; and patients with severe bleeding in the last 2 years, e.g., gastrointestinal
bleeding, level of hemoglobin < 9 g/dL, hematocrit value < 35%; and duration of stroke symptoms
more than 12 h before hospital admission.

Routine laboratory tests were performed at the Laboratory Diagnostics Department of the
University Hospital No. 1 in Bydgoszcz in the morning within 24 h from the onset of stroke symptoms.
About 6 mL of blood were collected from the veins of the forearm from patients to determine the
following biochemical parameters in the blood serum: C reactive protein (CRP), fibrinogen, and
homocysteine (Atellica Solution, Siemens Healthcare, Erlangen, Germany).

In all patients, computed tomography without contrast was performed at the time of admission
to the hospital in the Hospital Emergency Department of A. Jurasz University Hospital No. 1 in
Bydgoszcz using a 64-row Brilliance computer CT scanner (Phillips, Eindhoven, The Netherlands). In
subjects with hemorrhagic stroke, the volume of hemorrhagic focus was assessed in mL on the 1st and
8th day of the stroke using the special Philips software. The degree of hemorrhagic focus regression
was the volume difference between the 1st and 8th day.

2.2. Flow Cytometry

Determination of EPCs in blood in stroke subjects was performed on admission, within the first
24 h (1st day), and on the 8th day of the disease, using flow cytometry. In the control group, cell
determinations were made on the 1st day of the hospital stay. The method for the determination
of the level of circulating EPCs was based on previous reports [16,17]. Fresh blood (4.5 mL) with
minimal stasis was collected into cooled tubes (Becton Dickinson Vacutainer® System, Plymouth,
UK) containing potassium ethylenediaminetetraacetic acid (K2EDTA) and analyzed within 2 h. The
samples were obtained in the morning between 8 and 10 a.m., after a 12-h period of overnight
fasting. The approach of the current study was to use three concurrent markers of classification
determinant (CD)45−, CD34+, CD133+, to increase the accuracy of endothelial progenitor detection.
Cells were further confirmed by a fluorescent-activated cell sorting (FACS) Calibur flow cytometer
(Becton Dickinson, San Diego, USA) using monoclonal antibodies directed against antigens specific for
circulating endothelial progenitor cells (Figure 1). The data acquired was analyzed by using CellQuest
software (Becton Dickinson). Circulating EPC counts were assessed by flow cytometry according
to the procedure provided by Mancuso et al. [16]. Fresh peripheral blood (50 μL) was incubated
with Peridinin-Chlorophyll-Protein–Cyanine (PerCP-Cy5.5)-conjugated anti-CD45 (concentration
25 μg/mL), as well as allophycocyanin (APC)-conjugated anti-CD34 antibodies (concentration 25
μg/mL) (all BD Biosciences, Pharmingen, San Diego, CA, USA), and phycoerythrin (PE)-conjugated
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anti-CD133 (concentration 50 μg/mL) (Miltenyi Biotec, Bergisch Gladbach, Germany). EPCs were
defined as negative for hematopoietic marker CD45, positive for endothelial progenitor marker
CD133, and positive for endothelial cell marker CD34, showing expression on early hematopoietic and
vascular-associated tissue. At least 100,000 events were measured in each sample. The total cell count
was calculated by TruCount tubes (BD Biosciences, San Jose, CA, USA) containing a calibrated number
of fluorescent beads, and ‘lyse-no-wash’ procedures were used in the present study to improve the
sensitivity [17]. Absolute EPCs numbers (cells/μL) were calculated based on the following pattern:
Number of measured EPCs/number of fluorescent beads counted × number of beads/μL.

Figure 1. Sample of selected flow cytometric plots for the identification of circulating endothelial.
progenitor cells in the control group (A), in patients with ischemic stroke (B), and hemorrhagic
stroke (C). Peridinin-Chlorophyll-Protein–Cyanine-conjugated anti-CD45 (CD45 PerCP-Cy5.5),
allophycocyanin-conjugated anti-CD34 antibodies (CD34 APC), phycoerythrin-conjugated anti-CD133
(CD133 PE), fluorescin isothiocyanate anti-CD31 (CD31 FITC). R2,R3,R4—regions defined in
flow-cytometric dot plots for the detection of relevant surface markers of mononuclear cells, R2—gate for
CD45 PerCP-Cy5.5/CD31 FITC; R3—gate for CD133 PE/CD34 APC; R4—gate for CD133 PE/CD31 FITC.

2.3. Clinical Outcome

Both the clinical and functional condition were assessed by means of standardized research tools:
the National Institute of Health Stroke Scale (NIHSS) and the Modified Rankin Scale (mRS) [18,19],
within the first 24 h after admission to the hospital (1st day) and on the 8th day of hospitalization. Two
subgroups of stroke patients were identified based on the stroke severity: A subgroup with a mild
and moderate neurological deficit (0–10 points on the NIHSS scale), and a subgroup with a severe
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neurological deficit (>10 points on the NIHSS scale). Due to the functional condition, two subgroups
of patients with stroke were identified: Those with a favorable prognosis (0–2 points on the mRS scale)
and those with an unfavorable prognosis (3–5 points on the mRS scale).

2.4. Statistical Analysis

The statistical analysis of collected data was performed with the help of the statistical program
STATISTICA—version 13.1 (Dell Inc., Round Rock, TX, USA). Due to the unfulfilled assumptions related
to the possibility of using parametric tests (Shapiro–Wilk for normality and Levene’s for homogeneity of
variance), non-parametric tests were used in the analysis, namely the Mann–Whitney U test, Wilcoxon
test, Kruskal–Wallis test, Spearman’s rank correlation test, and independence chi-square test. Variables
not characterized by normal distribution were described using the median (median value), quartile
distribution, and range. Multivariate regression analysis (MANOVA) was conducted to estimate
relations between EPCs and clinical or functional condition. The significance level p < 0.05 was
considered statistically significant.

3. Results

The general characteristics and comparison of the population of the studied patients are presented
in Table 1. Patients with hemorrhagic stroke were in a significantly worse functional condition (mRS)
on the first day compared to ischemic stroke subjects.

Table 1. Comparison of selected anthropometric, biochemical parameters, risk factors, and clinical
status in patients with ischemic stroke, hemorrhagic stroke, and in the control group.

Parameter Ischemic Stroke Hemorrhage Control Group p-Values

Sex, male, (%) 1 62.1 55.3 36.4 0.1088
Sex, female, (%) 1 37.9 44.7 63.6 0.1267

Age (median, range) 3 69 (45–88) 73.5 (45–91) 63.5 (50–82) 0.1034
Smoking, (%) 1 32.6 28.9 24.5 0.3457

Hypertension, (%) 1 90.9 94.7 81.8 0.2555
Hyperlipidemia, (%) 1 60.6 50 54.5 0.566

Diabetes, (%)1 37.9 21.8 27.3 0.186
CRP (mg/L),

(median, range) 2 4.50 (0.39–58.12) 5.79 (0.38–70.1) - 0.2117

Homocystein (μg/mL)
(median, range) 2 11.05 (3.52–30.92) 9.22 (2.65–42.8) - 0.6341

Fibrinogen (g/L),
(median, range) 2 284 (59–590) 315.5 (157–463) - 0.2985

NIHSS 1st day (points)
(median, range) 2 6 (2–21) 6 (1–21) - 0.6103

NIHSS 8th day (points)
(median, range) 2 3 (0–15) 3 (0–14) - 0.7086

mRS 1st day (points)
(median, range) 2 4 (2–5) 5 (3–5) - 0.0001 *

mRS 8th day (points)
(median, range) 2 2 (0–5) 3 (0–4) - 0.2377

1 chi square test, 2 Mann–Whitney U test, 3 Kruskal–Wallis test, * statistical significance, CRP, C-reactive protein;
NIHSS, National Institute of Health Stroke Scale; mRS, modified Rankin Scale.

There was a significantly higher number of EPCs in the blood on the first day of stroke (regardless
of etiology) compared to the control group (respectively, med. 17.75 cells/μL (0–488 cells/μL) vs.
5.24 cells/μL (0–95 cells/μL); p = 0.0006). There was a significantly higher number of EPCs in the
blood serum on the first day of ischemic stroke compared to the control group (med. 18.65 cells/μL
(0–278 cells/μL) vs. 5.24 cells/μL (0–95 cells/μL); p = 0.0011) and on the first day of hemorrhagic stroke
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compared to the control group (med. 17.17 cells/μL (0–488 cells/μL) vs. 5.24 cells/μL (0–95 cells/μL);
p = 0.0034) (Figure 2).

Figure 2. Comparison of the number of endothelial progenitor cells (EPCs) on the first day between the
patients with ischemic stroke, hemorrhagic stroke, and the control group.

There were no significant differences in the number of EPCs between patients with ischemic and
hemorrhagic stroke both on the first day and on the eighth day of the disease. Prospective analysis did
not show significant changes in the number of EPCs in the blood of patients with stroke (regardless of
etiology) between the first and eighth day of the disease.

The number of EPCs did not differ significantly in men and women, both in the whole population
and in the group with stroke (regardless of etiology) on the first day or in the group with stroke on the
eight day of the disease. There were no significant correlations between the age and the number of
EPCs on the first day in the whole population (R = 0.0370, p = 0.6809), and in patients with hemorrhagic
stroke on the first (R = 0.0783, p = 0.6402) and eighth day (R = −0.0762, p = 0.6489) and ischemic stroke
on the first (R = −0.0326, p = 0.7949) and eighth day (R = 0.0939, p = 0.4529).

There were no significant relationships between the number of EPCs on the first and eighth day
after a stroke event with hypertension, hyperlipidemia, smoking, and diabetes in ischemic stroke
(Table 2), as well as in hemorrhagic stroke (Table 3).
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Table 2. Comparison of the number of endothelial progenitor cells (EPCs) on the first and eighth day
of ischemic stroke between patients with present and absent vascular risk factors.

EPCs/μL 1st Day EPCs/μL 8th Day

Parameter Present Absent p-Values * Present Absent p-Values *

Hypertension 17.14
(0–278.11)

23.24
(2.77–112.21) 0.8847 24.45

(0.46–316.89)
62.47

(18–323.29) 0.0536

Hyperlipidemia 14.69
(0–178.86)

25.55
(4.12–278.11) 0.1785 25.02

(0.40–316.89)
25.72

(2.03–323.29) 0.4724

Diabetes 14.47
(0–178.86)

25.12
(1.01–278.11) 0.0701 31.16

(0.40–323.29)
24.51

(0.46–316.89) 0.7014

Smoking 16.32
(0–178.86)

22.13
(2.77–112.21) 0.1654 27.85

(0.40–323.29)
31.69

(2.03–323.29) 0.1324

* Mann–Whitney U test. Results are median (range) in cells/μL.

Table 3. Comparison of the number of endothelial progenitor cells (EPCs) on the first and eighth day
of hemorrhagic stroke between patients with present and absent vascular risk factors.

EPCs/μL 1st Day EPCs/μL 8th Day

Parameter Present Absent p-Values * Present Absent p-Values *

Hypertension 17.75
(0–488.41)

4.43
(3.75–5.11) 0.0722 17.93

(0–325.43)
22.44

(0.10–44.78) 0.4522

Hyperlipidemia 31.23
(0.62–338.00)

15.51
(0–488.41) 0,7042 37.62

(1.21–325.43)
11.64

(0–233.20) 0.1443

Diabetes 17.48
(6.36–58.38)

16.47
(0–488.41) 0.7608 17.15

(3.01–10020)
17.93

(0–325.43) 0.7608

Smoking 25.67
(0.62–338.00)

21.98
(0–488.41) 0.6983 23.68

(1.21–325.43)
17.44

(0.10–233.20) 0.6684

* Mann–Whitney U test Results are median (range) in cells/uL.

There were no significant correlations between EPCs on the first and eighth day after a stroke
event with the selected biochemical parameters, both in ischemic and hemorrhagic stroke (Table 4).

Table 4. Correlations between the number of endothelial progenitor cells (EPCs) on the first and eighth
day of ischemic and hemorrhagic stroke and the selected biochemical parameters.

EPCs/μL 1st Day EPCs/μL 8th Day

Ischemic Stroke Hemorrhage Ischemic Stroke Hemorrhage

R p R p R p R p

CRP 0.1630 0.1909 −0.0242 0.8854 0.0986 0.4308 −0.1526 0.3602
fibrinogen −0.1731 0.1644 0.1135 0.4974 0.1095 0.3816 −0.0459 0.7840

homocystein −0.0879 0.4827 0.0578 0.7309 −0.0376 0.7639 0.2465 0.1356

Spearman’s rank correlation, CRP, C-reactive protein, R, correlation coefficient.

There were no significant correlations between the number of EPCs on the first day of stroke
(regardless of etiology) and the clinical condition (NIHSS scale) on the first day (R = 0.0128; p = 0.8790)
and on the eighth day (R = 0.1300; p = 0.1882), as well as between the number of EPCs on the eighth
day of stroke and the clinical condition on the first day (R = 0.1846; p = 0.0607) and on the eighth
day (R = 0.1243; p = 0.2085). There were no significant relationships between the number of EPCs on
the first day of stroke (regardless of etiology) and the functional condition (mRS scale) on the first
day (R = 0.0318; p = 0.7480), and on the eighth day (R = −0.1239; p = 0.2099), as well as between the
number of EPCs on the eighth day of stroke and the functional condition on the first day (R = 0.0049; p
= 0.9606) and on the eighth day (R = 0.0672; p = 0.4973). Considering the etiology of stroke, there were

27



J. Clin. Med. 2020, 9, 2248

no significant correlations between the number of EPCs on the first and eighth day of the disease and
the clinical or functional condition, both in ischemic and hemorrhagic stroke (Table 5).

Table 5. Correlations between the number of endothelial progenitor cells (EPCs) on the first and eighth
day of ischemic and hemorrhagic stroke and the clinical and functional status on the first and eighth
day of stroke.

EPCs/μL 1st Day EPCs/μL 8th Day

Ischemic Stroke
Hemorrhagic

Stroke
Ischemic Stroke

Hemorrhagic
Stroke

R p R p R p R p

NIHSS 1st day −0.0469 0.7084 0.0932 0.5778 0.1842 0.1387 0.2108 0.2038
NIHSS 8th day −0.1469 0.2388 −0.0888 0.5959 0.1446 0.2465 0.0857 0.6085

mRS 1st day 0.1359 0.2765 −0.1228 0.4624 0.0230 0.8544 0.0837 0.6171
mRS 8th day −0.1355 0.2766 0.1300 0.1882 0.0858 0.4933 0.0648

Spearman’s rank correlation, NIHSS, National Institute of Health Stroke Scale, mRS, modified Rankin Scale. R,
correlation coefficient.

There were no significant differences between patients with severe and mild neurological deficit
on the first day of stroke in relation to the number of EPCs on the first day (total p = 0.4802; ischemic
stroke p = 0.7837; hemorrhagic stroke p = 0.4166) and on the eighth day (total p = 0.1794; ischemic stroke
p = 0.2969; hemorrhagic stroke p = 0.4457). Similarly, there were no significant differences between
patients with severe and mild neurological deficit on the eighth day of stroke in relation to the number
of EPCs on the first day (total p = 0.4545; ischemic stroke p = 0.3248; hemorrhagic stroke p = 0.9568) and
on the eighth day (total p = 0.6479; ischemic stroke p = 0.2069; hemorrhagic stroke p = 0.5335). There
were no significant differences between patients with favorable and unfavorable prognosis on the
first day of stroke in relation to the number of EPCs on the first day (total p = 0.9383; ischemic stroke
p = 0.8786; hemorrhagic stroke p = 0.8903) and on the eighth day (total p = 0.9072; ischemic stroke
p = 0.9264; hemorrhagic stroke p = 0.9278). Similarly, there were no significant differences between
patients with a favorable and unfavorable prognosis on the eighth day of stroke in relation to the
number of EPCs on the first day (total p = 0.1470; ischemic stroke p = 0.2369; hemorrhagic stroke
p = 0.4559) and on the eighth day (total p = 0.6969; ischemic stroke p = 0.9485; hemorrhagic stroke
p = 0.4559).

In the multivariate model of regression adjusted for sex, type of stroke, and clinical or functional
condition, we demonstrated that in females, a higher number of EPCs on the first day of stroke is
related to a favorable outcome on the eighth day after the stroke onset compared to males (p = 0.0355)
(Figure 3). There were no significant correlations regarding the other analyzed dependencies.

There was a negative but significant correlation between the volume of hemorrhagic focus on the
first day of hemorrhage and the number of EPCs on the first day of hemorrhagic stroke (R = −0.3378,
p = 0.0471) (Figure 4).
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Figure 3. Multivariate analysis between the number of endothelial progenitor cells (EPCs) on the first
day of stroke, sex, and functional outcome on the eighth day in the modified Rankin scale (mRS).

Figure 4. Correlation between the number of endothelial progenitor cells (EPCs) on the first day of
hemorrhagic stroke and the volume of hemorrhagic focus on the first day of stroke.

There were no significant correlations between the number of EPCs on the eighth day of
hemorrhagic stroke with the volume of hemorrhagic focus on the first day (R = −0.0791, p = 0.6513)
and on the eighth day (R = −0.0002, p = 0.9897), as well as between the number of EPCs on the first
day and the volume of hemorrhagic focus on the eighth day (R = −0.1294, p = 0.4803). A negative
correlation between the number of EPCs on the first day of hemorrhagic stroke and the degree of
regression of the hemorrhagic focus was demonstrated (R = −0.3896, p = 0.0367) (Figure 5).
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Figure 5. Correlation between the number of endothelial progenitor cells (EPCs) on the first day of
hemorrhagic stroke and the degree of regression of the hemorrhagic focus.

4. Discussion

The results of this study showed that, in the acute phase of ischemic and hemorrhagic stroke,
a significantly higher number of EPCs were observed than in the control group. This confirms that
damage to the cerebral endothelium, whether in the course of acute ischemia or mechanical damage
to the vascular wall, leads to significant mobilization and proliferation of EPCs. This is probably the
mechanism of differentiation into mature endothelial cells, which, due to the production of numerous
cytokines, are actively involved in the repair and neovascularization of damaged brain tissues [7].
Similar conclusions were drawn by Yip et al., Meamar et al., and Regueiro et al. [20–22], who, assessing
patients in the acute phase of ischemic stroke, also found a significantly higher number of EPCs than
in control. Similarly, Paczkowska et al. [23] obtained a higher number of EPCs in the acute stage of
hemorrhagic stroke in comparison to the control group. The results of our research and the above show
that regardless of the etiology, it is the state of sudden damage to vascular endothelium (similar to
acute myocardial infarction and acute limb ischemia) that clearly activates EPCs’ proliferation, where
EPCs are the main repair and regenerative element of the damaged endothelial cells [24,25]. It is worth
noting that Ghani et al. and Deng Y et al. [26,27] in their studies obtained different results and a lower
number of EPCs in the acute phase of ischemic stroke than those in the control group, and Zhou et
al. [28] noted a lower number of EPCs in patients with both acute ischemic and hemorrhagic stroke,
compared to the control group. The differences in the results of the above studies could have resulted
from a different population of patients and a different configuration of superficial antigens used in
flow cytometry to detect EPCs.

The data in the literature show that, in acute cerebrovascular incidents, EPCs are activated within
the first 24 h, reach their maximum blood level around the 7th day, and gradually decrease after 21–28
days. Most authors assessed only patients with ischemic stroke [27,29,30] and only a few assessed
patients with either ischemic or hemorrhagic stroke [28]. Taguchi et al. and Marti-Fabregas et al. [29,30]
showed statistically significantly more EPCs after 7 days of acute ischemic stroke than during the first
24 h. Zhou et al. [28] also obtained similar results but in both ischemic and hemorrhagic stroke. In
this work, although in both types of stroke the number of cells was higher on the eighth day of the
disease than on the first day, these differences did not reach statistical significance. Nevertheless, the
results of this study confirmed that mobilization of EPCs occurs within a few hours after the onset of
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symptoms of stroke; within 24 h, the number of EPCs in the blood serum reaches a very high level, and
the state of high activation persists for at least the first week of the disease. Due to the fact that the area
of interest was the acute phase of cerebrovascular incidents, the number of EPCs on day 21–28 was not
assessed. In addition, in this study, the number of EPCs did not differ significantly in patients with
ischemic and hemorrhagic stroke (similar results were presented by Zhou et al.), both on the first and
on the eighth day, which suggests that acute brain endothelial damage, and not its etiopathogenesis,
plays a leading role in the activation of EPCs.

In this research, no significant correlations were found between the number of EPCs and the
selected biochemical parameters of blood (CRP, homocysteine, fibrinogen), as well as risk factors of
vascular diseases, which suggests their potential lack of influence on the number of activated EPCs.
It is suggested that the above factors may affect the chronic number of EPCs in the blood, without
affecting their mobilization and activation capacity in acute endothelial damage, such as in stroke.

In the present study, it was not shown that the number of EPCs in the acute phase of stroke
significantly affected the clinical and functional status of the patients or was associated with early
prognosis. There were no significant correlations between the number of EPCs on the first and eighth
day of the stroke and the score on the mRS or NIHSS scale on the first and eighth day, both in
ischemic and hemorrhagic stroke. In addition, the division of patients into groups with a favorable
and unfavorable prognosis and with a mild and severe neurological deficit did not differentiate both
types of strokes based on the number of EPCs. Zhou et al. also did not demonstrate the effect of the
number of EPCs on the clinical state and prognosis of patients (both in ischemic and hemorrhagic
stroke) and Marti-Fabregas et al. did not find a significant correlation in ischemic stroke [28,30]. In
contrast, Sobrino et al. [31] noted that a large number of EPCs on the seventh day of ischemic stroke is
associated with a better clinical condition, expressed by a lower score of the NIHSS scale. However, it
should be noted that they were only evaluating patients with non-lacunar stroke, while the analysis of
this work is related only to patients with lacunar stroke. On the other hand, Yip et al. [20] noted that a
small number of EPCs on the second day of ischemic stroke is associated with a worse clinical deficit,
expressed by a higher score on the NIHSS scale. However, they took into account all patients with
ischemic stroke, regardless of the etiopathogenesis, i.e., both patients with lacunar and non-lacunar
strokes. Pias-Peleteiro et al. [32] analyzed the relationships between the number of EPCs and the
functional condition and prognosis in patients with hemorrhagic stroke and showed that a higher
number of EPCs on the seventh day is associated with a better distant prognosis expressed by a small
number of points on the mRS scale on the 12th month from the hemorrhage. Conversely, Sobrino
et al. [33] noted that a large number of EPCs on the seventh day of hemorrhagic stroke is associated
with a better prognosis and functional state of patients in the third month from the hemorrhage,
also expressed by lower scores on the mRS scale. Nevertheless, ambiguous and often contradictory
results of studies on the impact of EPCs on the prognosis of stroke patients suggest further research in
this subject.

Multivariate analysis showed that the relation between the number of EPCs and functional
condition may depend on the sex. In females, a higher number of EPCs is related with a favorable
functional status. This preliminary finding reported in this study underlines the potential impact of
sex hormones for a possible role of EPCs in stroke prognosis. More research is required to improve
these initial findings.

The results of this study showed that a large number of EPCs on the first day of hemorrhagic stroke
is associated with a smaller volume of the hemorrhagic focus. Zhou et al. [26] also analyzed similar
relationships but found no significant association between the number of EPCs in the acute stage of
hemorrhagic stroke and the volume of the hemorrhagic focus. In contrast, Pias-Peleteiro et al. and
Sobrino et al. [32,33] showed a similar significant negative correlation between the number of EPCs on
the seventh day of hemorrhagic stroke and the volume of the residual hemorrhagic focus, respectively,
on the third and sixth month after the hemorrhage. Other authors analyzed the volume of the ischemic
focus and showed that a large number of EPCs in the acute phase of ischemic stroke is associated
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with a relatively smaller volume of the ischemic focus in the diffusion sequence (DWI) [31,34]. In the
present study, the relationship between the number of EPCs and the volume of the ischemic focus was
not analyzed.

To our best knowledge, this is the first study analyzing the relationship between the number
of EPCs and the degree of regression of the hemorrhagic focus. The significant negative correlation
obtained in this research is a novelty in this field and is in contradiction to the well-known repair and
regenerative function of EPCs suggested by most authors. Subjects with a higher number of EPCs on
the first day presented with the lowest regression level of the hematoma volume. The results reported
in this study may shed new light on the role of EPCs in hemorrhagic stroke and significantly undermine
and raise doubt to their repair properties. Most of the recent pre-clinical studies in animal models
demonstrated a protective and regenerative function of EPCs after cerebrovascular insult [12,35–38].
Several mechanisms of possible action were reported, especially by suppressing oxidative stress,
apoptosis, mitochondrial impairment, and inflammation processes [35–37]. The essential role of EPCs
in increasing brain angiogenesis has been highlighted in animal models of stroke [12,38]. However, the
lack of references in the literature and the small number of patients with hemorrhagic stroke in this
study suggest that verification of the obtained data and further research in this area in multi-center
randomized trials is needed.

This study has its limitations. The effect of the number of EPCs on the distant prognosis in patients
with stroke was not analyzed. The moderate number of patients and small control group is also a
limitation. However, these numbers seemed sufficient to draw conclusions. Conversely, for formal
reasons (conscious consent for the study for the bioethics committee), the analysis did not include
patients with a severe neurological deficit, e.g., patients with consciousness disorders, so the study
did not include the actual cross-section of patients with stroke but only patients with a milder clinical
condition. Determination of EPCs by only one measurement at different times within the first 24 h of
stroke is also a main limitation and could have a great impact on the results. The authors are aware
that for the dynamic changes in the function and number of EPCs under ischemic or inflammatory
conditions, the use of microbeads and Q-dot-based nanoparticles is superior to conventional flow
cytometry. Most statistical analyses were univariate, which could have reduced the reliability of
the results.

5. Conclusions

The study showed that endothelial progenitor cells are an early marker of cerebral vascular
damage, both in ischemic and hemorrhagic stroke. The research highlights, for the first time, a
negative correlation between the level of EPCs and the degree of regression of a hemorrhagic focus
and that this relation between the number of EPCs and functional condition may depend on the sex.
However, the prognostic value of EPCs for the clinical condition and early prognosis of stroke patients
remains doubtful.
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Abstract: Objectives: This study aimed to investigate whether transfusions and hemoglobin
variability affects the outcome of stroke after an acute ischemic stroke (AIS). Methods: We studied
consecutive patients with AIS admitted in three tertiary hospitals who received red blood cell (RBC)
transfusion (RBCT) during admission. Hemoglobin variability was assessed by minimum, maximum,
range, median absolute deviation, and mean absolute change in hemoglobin level. Timing of RBCT
was grouped into two categories: admission to 48 h (early) or more than 48 h (late) after hospitalization.
Late RBCT was entered into multivariable logistic regression model. Poor outcome at three months
was defined as a modified Rankin Scale score≥3. Results: Of 2698 patients, 132 patients (4.9%) received
a median of 400 mL (interquartile range: 400–840 mL) of packed RBCs. One-hundred-and-two
patients (77.3%) had poor outcomes. The most common cause of RBCT was gastrointestinal bleeding
(27.3%). The type of anemia was not associated with the timing of RBCT. Late RBCT was associated
with poor outcome (odd ratio (OR), 3.55; 95% confidence interval (CI), 1.43–8.79; p-value = 0.006) in
the univariable model. After adjusting for age, sex, Charlson comorbidity index, and stroke severity,
late RBCT was a significant predictor (OR, 3.37; 95% CI, 1.14–9.99; p-value = 0.028) of poor outcome at
three months. In the area under the receiver operating characteristics curve comparison, addition of
hemoglobin variability indices did not improve the performance of the multivariable logistic model.
Conclusion: Late RBCT, rather than hemoglobin variability indices, is a predictor for poor outcome in
patients with AIS.

Keywords: anemia; cerebral infarction; blood transfusion; red blood cells; outcome assessment

1. Introduction

Anemia is an independent predictor for mortality and cardiovascular disease in the general
population [1]. The incidence of anemia in acute ischemic stroke (AIS) is 20–30%, and both extreme
of admission hemoglobin has a U-shaped association with poor clinical outcomes [1,2]. Cerebral
autoregulation enables the brain to maintain sufficient oxygenation in the blood when the cerebral
perfusion pressure decreases [3]. However, this autoregulatory response to brain ischemia is already
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impaired in ischemic penumbra. Thus, anemia can have harmful effects on infarct growth or poor
outcome [4,5].

As the erythropoietin trial has failed to validate the efficacy of outcomes in patients with AIS [6],
red blood cell transfusion (RBCT) is the only way to normalize hemoglobin in patients with anemia.
However, RBCT is associated with increased blood viscosity and a proinflammatory/prothrombotic
state related with stored RBC and its additives [7,8]. The impact of hemoglobin status and RBCT on
acute ischemic stroke is controversial [1]. In several studies, low hemoglobin status was associated
with poor outcomes in patients with AIS; however, these studies focused on admission hemoglobin
level and did not assess whether RBCT was performed during the admission [1]. There are several
reports on the association between RBCT and AIS outcome. Moman et al. have reported that RBCT
is associated with a longer hospital stay in patients with AIS with no difference in mortality [9].
They used propensity score matching to evaluate the impact of transfusion; however, they did not
assess the hemoglobin status in all participants. Kellert et al. studied the association between RBCT and
mortality and 3-month outcomes in patients with AIS admitted to a neurologic intensive care unit [10].
They reported that RBCT was not associated with mortality or 3-month outcomes. Further, they did not
show variation in hemoglobin levels based on RBCT. In addition, one systematic review has suggested
that anemia increases the mortality rate in patients with acute stroke; however, the association between
RBCT and change in hemoglobin level were not evaluated [1]. Optimal hemoglobin management
in acute stroke care should not only consider admission hemoglobin levels, but also the change in
hemoglobin levels and RBCT during the hospitalization. Therefore, our aim is to assess the effect of
type of anemia, timing of RBCT, and hemoglobin variability index during admission on the 3-month
outcomes in patients with AIS, who received RBCT.

2. Material and Methods

2.1. Study Population

This retrospective observational study included prospectively collected stroke registry patients.
Three tertiary teaching hospitals, part of the Clinical Research Center to Stroke—5 database and all
laboratory data and clinical outcomes were prospectively collected, and central queries were revised
bimonthly [11]. This study was approved by the Hallym University Hospital IRB (No. 2017-43),
and an informed consent for registry enrollment and prospective outcome capture was given by all
participants or next of kin. Our stroke registry included information of consecutive patients admitted
within 7 days of the onset of stroke symptom. We screened patients diagnosed with AIS between
January 2015 and December 2017. AIS was diagnosed if focal neurologic deficits persisted for more
than 24 h and relevant lesions were confirmed by diffusion MRI. Patients without prospective outcome
capture or relevant laboratory and clinical variables were excluded from this study.

2.2. Data Collection

The prospective registry data contained only admission hemoglobin level; therefore, all sequential
hemoglobin levels during the hospital admission were extracted using the clinical data warehouse.
The hemoglobin level was monitored according to the 2013 American Heart Association/American
Stroke Association guideline. We used hemoglobin variability index as minimum, maximum, range
(maximum-minimum), standard deviation (SD), coefficient of variance (CoV), median absolute
deviation (MAD), and mean absolute change (MAC). Of these variability indices, MAC reflects a
more temporal variation of the parameter than other variability indices [12]. Anemia was defined
as a hemoglobin level of <13.0 g/dL for men and <12.0 g/dL for women according to World Health
Organization criteria.

Whether the patient received RBCT was validated by filtering of the clinical data warehouse
and retrospective chart review. We did not assess the administration of other blood products such as
platelet concentrate or fresh frozen plasma. The criteria for determining the RBCT might vary from
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case to case, but they are commonly performed when hemoglobin falls below 8 g/dL. The timing of
RBCT was divided into two categories—admission to 48 h (early) and >48 h after admission (late) [13].
The reason for RBCT was classified into five categories—gastrointestinal (GI) bleeding, cancer-related
anemia, iron-deficiency anemia (IDA)/anemia of chronic disorder (ACD), surgery/procedure-related
anemia, and others. GI bleeding was defined as the bleeding from the GI tract with an evidence
of bleeding on endoscopy [14]. IDA was defined as an anemia with biochemical evidence of iron
deficiency. ACD was defined as an anemia associated with chronic inflammatory, infectious disease,
or malignancies [15]. Anemia associated with chronic kidney disease was also classified into this
category. Cancer-related anemia was defined as anemia accompanied by a newly diagnosed, active,
or metastatic cancer [16]. The determination of IDA/ACD or cancer-related anemia was mutually
exclusive. For example, when the patient being treated with active cancer showed the IDA/ACD
pattern, it was defined as cancer-related anemia. Surgery/procedure-related anemia was defined
as newly developed anemia within 24 h after surgery or procedure without evidence of the other
cause [17]. Finally, anemia without obvious causes was classified as other types of anemia (Figure 1).

Figure 1. Type of anemia according to cause of anemia or morphological analysis of erythrocytes.
* Patients with anemia of chronic disease were classified as cancer-related anemia when they had active
cancer. Hb: hemoglobin; IDA: iron-deficiency anemia; ACD: anemia of chronic disease. We included
the additional laboratory results that can affect the hemoglobin levels and anemia status: white blood
cell (WBC) and platelet counts; blood urea nitrogen, creatinine, and blood glucose levels; international
normalized ratio; and blood pressure. The functional outcome was assessed by modified Rankin
Scale (mRS) score at 3 months [18], and stroke severity was measured using the National Institute
of Health Stroke Scale (NIHSS) score at admission [19]. The primary outcome was poor outcome at
3 months, which was defined the mRS score of 3–6 [20]. Secondary analysis was performed to assess the
significance of each hemoglobin variability parameters during admission in poor outcome prediction.

2.3. Statistical Analysis

We compared the baseline characteristics of patients who received early and late RBC transfusion.
The patients were divided into the good (mRS 0–2) and poor (mRS 3–6) group according to the 3-month
outcome. Baseline demographic and clinical characteristics were compared using the χ2 or t-test
(Mann–Whitney U test) as appropriate. Univariable logistic regression analysis was performed to
assess the predictors for poor outcome. The multivariable logistic regression model was used for
independent variables with a p-value of <0.05 in the univariable model or with the clinical relevance.
We used four different multivariable models: model 1 adjusting for age and sex; model 2 adjusting for
age, sex, and the Charlson comorbidity index (CCI); model 3 adjusting for age, sex, CCI, and NIHSS;
and model 4 adjusting for age, sex, CCI, NIHHS, WBC count, and fasting blood glucose. For assessing
the significance of hemoglobin variability parameters, model performance for each multivariable
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logistic regression analysis was performed using the area under the receiver operating characteristics
curve (AUROC). Significant statistical differences among independent variables were considered with
a p-value of 0.05 in multivariable models. All statistical analyses were performed using R (Foundation
for Statistical Computing, Vienna, Austria, http://www.R-project.org).

3. Results

3.1. Baseline Characteristics

Among the 2698 patients with AIS, 592 (21.9%) were anemic at the time of admission and 132
(4.9%) received RBCT during the admission (Table S1). Patients who received RBCT were older,
more likely to be male, had history of previous stroke and smoking, and a higher stroke severity and
cardioembolic cause of stroke than those who did not receive RBCT. The number of patients taking
anticoagulants was higher in the RBCT group, but there was no difference in the previous use of
antiplatelet agents before the index stroke between the two groups.

In total, 63 of 132 (47.7%) patients received early RBCT (Table 1). The mean age of patients who
received RBCT during admission was the mean (± standard deviation) of 71.6 (±13.5) years, and 46.2%
patients were men. Patients who received early RBCT were less likely to have previous strokes than
those who received late RBCT. CCI and NIHSS score were not different between the early and late
RBCT group. The proportion of patients with poor outcome (mRS >2) at 3 months was less in the early
RBCT group than in the late RBCT group.

Table 1. Baseline characteristics of the participants.

Parameters Early Transfusion (n = 63) Late Transfusion (n = 69) p

Age, years 68.6 ± 16.3 74.4.1 ± 9.7 0.450
Male 30 (47.6%) 31 (44.9%) 0.893
Past medical history

Stroke 16 (25.4%) 30 (43.5%) 0.002
Hypertension 41 (65.1%) 52 (75.4%) 0.270
Diabetes 17 (27.0%) 23 (33.3%) 0.546
Hyperlipidemia 18 (28.6%) 20 (29.0%) 0.985
Current smoking 19 (30.2%) 12 (17.4%) 0.128

Charlson comorbidity index 5.0 (3.0–7.0) 5.0 (4.0–7.0) 0.221
Stroke subtype 0.116

Cardioembolic 14 (22.2%) 25 (36.2%)
Non-cardioembolic 49 (77.8%) 44 (63.8%)

NIHSS score 9.0 (2.5–16.0) 13.0 (6.0–18.0) 0.091
Thrombolysis 9 (14.3%) 6 (8.7%) 0.461
Onset to visit time, hour 3.7 (1.2–30.0) 4.9 (1.0–30.5) 0.879
Laboratory parameter

WBC, 103/μL 9.1 ± 4.5 9.4 ± 4.3 0.660
Platelet, 103/μL 280 ± 152 234 ± 111 0.050
BUN, mg/dL 22.2 ± 15.6 22.5 ± 16.9 0.926
Creatinine, mg/dL 1.2 ± 1.3 1.3 ± 1.2 0.614
Total cholesterol, mg/dL 147.0 ± 49.7 160.0 ± 48.3 0.130
TG, mg/dL 95.5 ± 55.2 113.0 ± 55.5 0.078
HDL, mg/dL 45.6 ± 13.2 42.0 ± 11.8 0.108
LDL, mg/dL 90.3 ± 41.2 92.6 ± 42.9 0.759
FBS, mg/dL 133.0 ± 57.3 139.0 ± 55.9 0.574
INR 1.2 ± 0.7 1.3 ± 0.9 0.816
Systolic BP, mmHg 140 ± 25 140 ± 28 0.997
Diastolic BP, mmHg 81.8 ± 13.7 78.9 ± 17.3 0.284

History of antithrombotics usage 23 (36.5%) 34 (49.3%) 0.193
Poor outcome (mRS >2) 43 (68.3%) 61 (88.4%) 0.009

Categorical variables are represented by the number (column percent), and continuous variable are represented
by mean (± standard deviation) or median (interquartile range) as appropriate. SD: standard deviation; iqr:
interquartile range; NIHSS: National Institute of Health Stroke Scale; WBC: white blood cell, BUN: blood urea
nitrogen; TG: triglycerides; HDL: high-density lipoprotein; LDL: low-density lipoprotein; FBS: fasting blood sugar;
INR: international normalized ratio; BP: blood pressure; mRS: modified Rankin Scale.
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Patients who had poor outcomes had more severe stroke, shorter onset to admission time, and had
a higher WBC count and fasting blood glucose level than those with good outcomes. Patients who
received intravenous thrombolysis and RBCT were in the poor outcome group (Table 2).

Table 2. The comparison of clinical and laboratory parameters between good and poor outcome group.

Parameters Poor (n = 104) Good (n = 28) p

Age, years 70.1 ± 14.9 72.0.1 ± 13.2 0.514
Male 43 (41.3%) 18 (64.3%) 0.051
Past medical history

Stroke 39 (37.5%) 7 (25.0%) 0.313
Hypertension 75 (72.1%) 18 (64.3%) 0.567
Diabetes 34 (32.7%) 6 (21.4%) 0.358
Hyperlipidemia 29 (27.9%) 9 (32.1%) 0.836
Current smoking 21 (20.2) 10 (35.7) 0.142

Stroke subtype 0.718
Cardioembolic 32 (30.8%) 7 (25.0%)
Non-cardioembolic 70 (68.6%) 23 (76.7%)

NIHSS, score 13.0 (7.0–18.0) 3.0 (1.0–4.5) <0.001
Thrombolysis 15 (14.4%) 0 (0.0%) 0.072
onset to visit time, hour 3.2 (0.9–26.0) 12.9 (3.2–61.7) 0.012
Laboratory parameter

WBC, 103/μL 9.7 ± 4.6 7.4 ± 2.7 0.011
Platelet, 103/μL 246 ± 127 292 ± 152 0.102
BUN, mg/dL 21.5 ± 14.8 25.8 ± 20.6 0.211
Creatinine, mg/dL 1.2 ± 1.3 1.3 ± 0.9 0.878
Total cholesterol, mg/dL 157.0 ± 50.2 142.0 ± 44.3 0.178
TG, mg/dL 103.0 ± 53.5 109.0 ± 63.4 0.558
HDL, mg/dL 44.5 ± 12.1 40.3 ± 13.7 0.120
LDL, mg/dL 93.6 ± 43.5 84.0 ± 35.5 0.290
FBS, mg/dL 143.0 ± 58.7 110.0 ± 37.5 0.006
INR 1.3 ± 0.9 1.1 ± 0.1 0.274
Systolic BP, mmHg 143.0 ± 26.6 132.0 ± 24.4 0.058
Diastolic BP, mmHg 81.2 ± 16.2 77.0 ± 13.4 0.211

History of antithrombotics usage 46 (44.2%) 11 (39.3%) 0.780
Number of Hb measure 13.0 (6.0–23.5) 8.0 (5.8–19.3) 0.309
Admission Hb, g/dL 9.7 ± 2.6 8.8 ± 2.5 0.129
Hb variability parameter

Mean, g/dL 10.2 ± 1.5 9.4 ± 1.2 0.012
Median, g/dL 10.2 ± 1.5 9.5 ± 1.2 0.018
Minimum, g/dL 8.0 ± 1.8 7.2 ± 1.4 0.025
Maximum, g/dL 12.2 ± 1.9 11.3 ± 1.7 0.026
IQR, g/dL 1.6 ± 0.9 1.6 ± 0.9 0.806
Range, g/dL 4.2 ± 1.9 4.1 ± 1.6 0.889
SD, g/dL 1.3 ± 0.5 1.4 ± 0.5 0.640
MAD, g/dL 1.1 ± 0.7 1.2 ± 0.7 0.529
CoV, % 12.9 ± 4.8 14.4 ± 4.5 0.134
MAC, g/dL 0.7 ± 0.4 0.8 ± 0.2 0.165

Type of anemia 0.164
GI bleeding 24 (23.1) 12 (42.9)
Cancer-related 18 (17.3) 2 (7.1)
IDA or ACD 24 (23.1) 8 (28.6)
Surgery/Procedure-related 23 (22.1) 4 (14.3)
Others 15 (14.4) 2 (7.1)

Transfusion amount, mL 400 (400–800) 800 (400–1140) 0.337
Timing of transfusion 0.009

Early (≤ 48 h) 43 (41.3%) 20 (71.4%)
Late (> 48 h) 61 (58.7%) 8 (28.6%)

Categorical variables are represented by the number (column percent) and continuous variable are represented by
mean (± standard deviation) or median (interquartile range) as appropriate. NIHSS: National Institute of Health
Stroke Scale; WBC: white blood cell; BUN: blood urea nitrogen; TG: triglycerides; HDL: high-density lipoprotein;
LDL: low-density lipoprotein; FBS: fasting blood sugar; INR: international normalized ratio; BP: blood pressure; Hb:
hemoglobin; IQR: interquartile range; SD: standard deviation; MAD: median absolute deviation; CoV: coefficient
of variation; MAC: mean absolute change; GI: gastrointestinal; IDA: iron deficiency anemia; ACD: anemia of
chronic disorder.
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3.2. Type of Anemia, RBC Transfusion and Hemoglobin Variability

GI bleeding (27.3%) was the most common cause of RBCT, followed by IDA/ACD (24.2%),
surgery/procedure-related anemia (20.5%), and cancer-related anemia (15.2%). Most RBCT was
performed within seven days of hospitalization (Figure 2a). The type of anemia was not associated
with poor outcomes (p = 0.164 for chi-square, Table 2) and the timing of RBCT (Figure 2b and Table 3).
However, patients with poor outcomes were found to have received RBCT later than those with good
outcomes (p = 0.009 for chi-square, Table 2). The amount of RBCT showed left-shifted distribution and
was higher in the good outcome group than in the poor outcome group, but it was not statistically
significant (p = 0.337 for Wilcoxon signed-rank test).

Figure 2. The timing of red blood cell transfusion and the relationship of type of anemia between early
and late red blood cell transfusion: (a) The frequency of red blood cell transfusion performed after
hospitalization (X-axis means the timing (days) of RBCT after admission; Y-axis means the number of
subjects who received red blood cell transfusion). (b) The differences of proportion in type of anemia
according to the timing of the red blood cell transfusion (early vs. late).

Table 3. The comparison of hemoglobin variability parameters and type of anemia between early and
late transfusion group.

Parameters
Early Transfusion

(n = 63)
Late Transfusion

(n = 69)
Total (n =132) p

Number of Hb measure,
number 7.0 (4.0–14.0) 19.0 (10.0–30.0) 13.0 (6.0–23.0) <0.001

Admission Hb, mg/dL 9.4 ± 2.7 9.6±2.5 9.5 ± 2.6 0.639
Hb variability parameter

Mean, mg/dL 10.1 ± 1.8 9.9 ± 1.1 10.0 ± 1.5 0.391
Median, mg/dL 10.3 ± 1.9 9.9 ± 1.1 10.1 ± 1.5 0.109
Minimum, mg/dL 8.2 ± 2.1 7.6 ± 1.3 7.9 ± 1.7 0.065
Maximum, mg/dL 11.7 ± 1.9 12.3 ± 1.8 12.0 ± 1.9 0.052
IQR, mg/dL 1.3 ± 0.8 1.8 ± 1.0 1.9 ± 0.6 0.004
Range, mg/dL 3.5 ± 1.6 4.7 ± 1.8 4.1 ± 1.8 <0.001
SD, mg/dL 1.3 ± 0.5 1.4 ± 0.5 1.3 ± 0.5 0.292
MAD, mg/dL 1.0 ± 0.7 1.3 ± 0.7 0.5 ± 0.5 0.025
CoV, % 12.6 ± 4.8 13.7 ± 4.7 13.2 ± 4.8 0.212
MAC, mg/dL 0.8 ± 0.4 0.6 ± 0.3 0.4 ± 0.3 0.004

Type of anemia 0.080
GI bleeding 12 (19.0) 24 (34.8) 36 (27.3)
Cancer-related 10 (15.9) 10 (14.5) 20 (15.2)
IDA or ACD 17 (27.0) 15 (21.7) 32 (24.2)
Surgery/Procedure-related 18 (28.6) 9 (13.0) 27 (20.5)
Others 6 (9.5) 11 (16.0) 17 (12.9)

Transfusion amount, mL 400 (400–800) 640 (400–1120) 400 (400–840) 0.448

Categorical variables are represented by the number (column percent) and continuous variable are represented by
mean (± standard deviation) or median (interquartile range) as appropriate. Hb: hemoglobin; IQR: interquartile
range; SD: standard deviation; MAD: median absolute deviation; CoV: coefficient of variation; MAC: mean absolute
change; GI: gastrointestinal; IDA: iron deficiency anemia; ACD: anemia of chronic disorder.
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During hospitalization, 2359 hemoglobin measurements were performed for the 132 patients
receiving RBCT (Table 3). The median (interquartile range (IQR)) of hemoglobin measurements in each
patient with RBCT was 13 (6–13) and the number of hemoglobin measurement was more frequent
in the late RBCT group than in the early RBCT group (p <0.001). Among the hemoglobin variability
parameters, IQR, range, and median absolute deviation (MAD) hemoglobin levels were lower and
the mean absolute change (MAC) hemoglobin levels was higher in the early RBCT group than in
the late RBCT group (Table 3). Mean, median, minimum, and maximum hemoglobin levels were
higher in patients with poor outcomes than in those with good outcomes (Table 2). Other hemoglobin
variability parameters including IQR, range, standard deviation (SD), MAD, coefficient of variation
(CoV), and MAC hemoglobin were not different between the two groups.

3.3. Predictors for Poor Outcome

The proportion of patients with poor outcomes was 78.8% (104/132). In the univariable analysis,
higher NIHSS score, late RBCT was associated with poor outcomes (odds ratio (OR), 3.55; 95% confidence
interval (CI), 1.43–8.79) in univariable analysis. When we adjusted age, sex, CCI, NIHSS score,
WBC count, and fasting blood sugar level, late RBCT was a significant predictor for poor outcomes
(OR, 3.37; 95% CI, 1.14–9.99, Table 4).

Because of the high correlation between the hemoglobin variability parameters (Figure S1),
the statistical significances of hemoglobin variability indices were compared to identify if the AUROC
value indicating the model performance increased significantly when the hemoglobin variability
parameters were added into the original logistic regression model. The performance of the original
multivariable logistic regression was AUROC (0.883; 95% CI, 0.821–0.936, p <0.001). Figure 3 shows the
model performance of each logistic regression model, which additionally included each hemoglobin
variability parameter in the original model. However, there were no additional improvements in
model performance when the hemoglobin variability indices were included in the original model.

Table 4. The predictors of poor outcome in multivariable logistic regression analysis according to the
timing of the transfusion.

Crude Model Model 1 Model 2 Model 3 Model 4

OR (95% CI) p OR (95% CI) p OR (95% CI) p OR (95% CI) p OR (95% CI) p

Late
transfusion 3.55 (1.43–8.79) 0.006 3.61 (1.42–9.19) 0.007 3.65 (1.43–9.29) 0.007 3.21 (1.14–9.09) 0.028 3.37 (1.14–9.99) 0.028

Age 1.00 (0.97–1.03) 0.983 1.00 (0.96–1.03) 0.806 0.99 (0.95–1.04) 0.694 0.98 (0.93–1.03) 0.403
Male 0.38 (0.16–0.93) 0.035 0.38 (0.15–0.92) 0.033 0.43 (0.16–1.17) 0.099 0.42 (0.15–1.21) 0.109
CCI 1.04 (0.86–1.27) 0.677 1.06 (0.84–1.35) 0.629 1.07 (0.83–1.39) 0.592

NIHSS 1.22 (1.11–1.34) <0.001 1.19 (1.08–1.31) <0.001
WBC,

103/μL 1.16 (0.98–1.37) 0.089

FBS, mg/dL 1.01 (1.00–1.02) 0.189

Model 1 adjusted for age and sex; Model 2 included variables in Model 1 plus Charlson comorbidity index; Model 3
included variables in Model 2 plus National Institute of Health Stroke Scale score; Model 4 included variables in
Model 3 plus white blood cell count and fasting blood sugar. OR: odds ratio; CI: confidence interval; CCI: Charlson
comorbidity index; NIHSS: National Institute of Health Stroke Scale; WBC: white blood cell; FBS: fasting blood sugar.
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Figure 3. Receiver operating characteristics curve showing performances of original logistic regression
model and the other models with hemoglobin variability parameter. The original model was the
final logistic regression model in Table 4. The area under the curve of the Receiver Operating
Characteristic (AUROC) of the original model was 0.883. AUROC of mean (A), median (B), minimum
(C), and maximum (D) hemoglobin-adjusted models were 0.884, 0.885, 0.889, and 0.882, respectively.
TPR: true positive rate; FPR: false positive rate; Hb: hemoglobin.

4. Discussion

In this study, 21.9% patients with AIS were anemic at admission and 4.9% had received RBCT
during hospitalization. Approximately 79% patients who received RBCT had a poor outcome at three
months. The mean, median, minimum, and maximum hemoglobin levels were higher in patients with
poor outcomes than in those with good outcomes. However, differences in hemoglobin variability
indices, including IQR, range, SD, CoV, MAD, and MAC, did not differ between the two groups.
Late RBCT was a significant predictor for poor outcome in patients with AIS in the multivariable model.
However, hemoglobin variability indices were not associated with functional outcome in patients with
AIS and RBCT.

We found that 5% AIS had received RBCT during hospitalization, and more than two-thirds of
those had a poor outcome at three months. Additionally, late transfusion, rather than hemoglobin
variability indices during hospitalization, was a significant predictor for poor outcome. Our study
included all hemoglobin measurements performed during the hospital stay and differs from previous
studies as we only investigated patients with AIS who had received RBCT. When analyzing the effect
of hemoglobin on the AIS outcome, RBCT should be stratified RBCT or by analyzing only patients
who had received RBCT.

Limited studies have assessed the relationship between the type of anemia and the functional
outcome in patients with AIS. Ogata et al. have investigated the effect of GI bleeding in patients with
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AIS during hospitalization. Using the Fukuoka Stroke Registry, they showed that GI bleeding occurred
most commonly within 1 week after the onset of stroke and was associated with poor outcome [21].
In our study, GI bleeding occurred in 38.8% patients, even after 7 days of hospitalization. As the
antiplatelet agent regimen in AIS was changed and the characteristics of the patients varied in each
study, there is a possibility that the prevalent period of GI bleeding may be different. However,
RBCT performed to correct various causes of anemia not only during hospitalization but also at
admission. In the retrospective observational study by Sharma et al., 28% of patients without anemia
on admission developed anemia during admission [22]. In prospectively collected UK Regional Stroke
Register data, hypochromic microcytic or normochromic normocytic anemia were associated with
poor clinical outcomes in patients with AIS [23]. They concluded that the type of anemia is a salient
indicator of comorbidity burden. Therefore, we suggest that the type of anemia or timing of RBCT
could be an important predictor of functional outcome in patients with AIS.

In general, low or high hemoglobin levels adversely affect stroke outcomes [2,22,23]. The reason
that our results did not show the U-shaped relationship between hemoglobin levels and stroke
outcomes was due to the difference in patient population. The previous reports have assessed
admission hemoglobin levels for all patients admitted with AIS, and this study only included patients
with AIS who received RBCT during the hospital stay. Likewise, when analyzing only patients who had
received RBCT, we can hypothesize that the other variables, including the type of anemia, had more
impact on stroke outcome than the initial hemoglobin level.

RBCT had a poorer outcome than those with early RBCT due to admission hemoglobin level
not differing between early and late RBCT group; however, the IQR and range hemoglobin were
higher in late transfusion group than in early RBCT group in our report. Furthermore, the number
of hemoglobin measurements performed during the hospital stay was an average of 7 times in early
RBCT group, but an average of 19 measurements in late RBCT group. Based on these observations,
the change in hemoglobin status was higher and more abrupt in the late transfusion group than in
the early RBCT group, and it can be expected that more frequent hemoglobin measurements in late
RBCT group were made to monitor this rapid change. The autoregulatory mechanism for maintaining
cerebral blood flow is already lost in infarct core, and that mechanism is already maximized in the
penumbral area [24]. Therefore, the rapid drop in hemoglobin may further exacerbate the oligemia
and cause infarct growth in penumbral area. In a study by Bellwald et al., decreased hemoglobin level
after hospital arrival was associated with the amount and velocity of infarct growth in patients with
AIS [25]. We did not assess infarct growth of our participants; rapid alteration of hemoglobin status in
the late RBCT group may have a worse effect on the cerebral autoregulatory mechanism, which can
exacerbate stroke outcome. Second, although the type of anemia was not statistically different between
early and late RBCT group (p = 0.080) in our data, different cause of RBCT may affect stroke outcome.
Surgery/procedure-related anemia was higher in the early RBCT group, and GI bleeding was higher in
the late RBCT group in our study. However, our study did not include a large number of patients who
received RBCT (only 5% in total AIS population), it should be reassessed in a larger prospective study
whether this type of anemia affected stroke outcome.

In general population, history of RBCT is associated with 1.6-fold increase in the risk of ischemic
stroke [26]. This association is explained by the fact that stored RBC increases blood viscosity,
and decreases nitric oxide concentration, vasoconstriction, and platelet activation [1]. On the other
hand, low hemoglobin is inversely correlated with initial infarct volume or infarct growth, and the
author suggested that RBCT would be beneficial for recovery of stroke [1]. However, restrictive
transfusion strategy in patients of cardiovascular diseases was not inferior compared to liberal strategy
in two systematic review [1]. In our data, transfusion amount did change between the good and poor
outcome group, though those with good outcome had low mean, median, minimum, and maximum
hemoglobin compared to those with poor outcome. Our study did not directly assess the exact
transfusion strategy because the study design was retrospective in nature. However, we suggested that
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restrictive transfusion strategies can reduce the thrombotic complication and maximize the beneficial
effect by RBCT compared to the liberal strategy in AIS patients.

In our study, hemoglobin variability indices did not affect the functional outcome in patients
with AIS. In the previous report, minimum or maximum hemoglobin level was associated with worse
outcome [1]. However, these hemoglobin parameters did not affect the stroke outcome in our study.
Kellert et al. studied the impact of low hemoglobin level and transfusion in neurologic intensive care
unit patients and found that hemoglobin parameters were not associated with in-hospital mortality
or 90-day functional outcomes, but they were associated with length of intensive care unit length of
stay and duration of mechanical ventilation [10]. The author suggested that the impact of hemoglobin
parameters in neurologically severe patients might be reduced by the important predictors such as
stroke severity. In our study, patients with RBCT had more severe stroke than those without RBCT
(median NIHSS score 13 vs. 3). Our study also suggests that stroke severity, rather than hemoglobin
parameters, is an important predictor for poor outcome in patients with severe ischemic stroke.
However, as our study and Kellert’s study had a small sample size, larger prospective studies are
needed to confirm these associations.

Our study had some limitations. First, our study was a small sampled-sized retrospective
observation, and therefore there is a chance of selection bias and residual confounding. However,
the incidence of anemia and the proportion who had received RBCT during hospitalization were
comparable to other studies on patients with AIS [1]. Second, the effect of RBCT on functional outcome
was likely to be underestimated because we only collected RBCT data, which were performed only
during hospitalization. However, anemia usually developed 2–11 days following admission in patients
with AIS [27]. Therefore, only several patients would receive RBCT after discharge.

Despite these limitations, our study had several strengths. First, we minimized residual
confounding by including information such as stroke severity, type of anemia, and timing and
amount of RBCT. Second, the characteristics of patients with AIS who received RBCT differ significantly
compared to those who did not receive RBCT. If the rare event (such as patients with RBCT; ~5%
of all AIS patients) is evaluated with logistic regression method, the results may be vulnerable to
biases [28]. We solved this problem by analyzing the binary outcome only in patients with RBCT and
minimized the interaction between anemia and RBCT transfusion. Third, cerebral perfusion can be
changed dynamically depending on the degree of anemia and whether the RBCT is performed or not.
We evaluated all hemoglobin measurements during the hospitalization. In addition, we analyzed the
overall hemoglobin parameters such as SD, CoV, and MAD, and temporal variation parameter such as
MAC. In addition, we identified all bleeding events during hospitalization and reflected them in the
type of anemia variable.

5. Conclusions

Late RBCT was associated with 3-month poor outcome in patients with AIS. To verify this, a larger
prospective study is needed for assessing the type of anemia and cause of RBCT, and the fluctuation of
hemoglobin status during the admission.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/5/1566/s1,
Table S1: The comparison between patients with and without red blood cell transfusion during admission,
Figure S1: The correlation between hemoglobin variability parameters.
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Abstract: Background: This study investigated the association of high ankle-brachial index difference
(ABID) and systolic inter-ankle blood pressure difference (IAND) with short- and long-term outcomes
in acute ischemic stroke patients without peripheral artery disease (PAD). Methods: Consecutive
patients with acute ischemic stroke who underwent ankle-brachial index (ABI) measurement were
enrolled. ABID was calculated as |right ABI-left ABI|. IAND and systolic inter-arm blood pressure
difference (IAD) were calculated as |right systolic blood pressure – left systolic blood pressure|. Poor
functional outcome was defined as modified Rankin Scale score ≥3 at 3 months. Major adverse
cardiovascular events (MACEs) were defined as stroke recurrence, myocardial infarction, or death.
Results: A total of 2901 patients were enrolled and followed up for a median of 3.1 (interquartile range,
1.6–4.7) years. Among them, 2643 (84.9%) patients did not have PAD. In the logistic regression analysis,
ABID ≥ 0.15 and IAND ≥ 15 mmHg were independently associated with poor functional outcome
(odds ratio (OR), 1.970, 95% confidence interval (CI), 1.175-3.302; OR, 1.665, 95% CI, 1.188-2.334,
respectively). In Cox regression analysis, ABID ≥0.15 and IAND ≥ 15 mmHg were independently
associated with MACEs (hazard ratio (HR), 1.514, 95% CI, 1.058-2.166; HR, 1.343, 95% CI, 1.051-1.716,
respectively) and all-cause mortality (HR, 1.524, 95% CI, 1.039-2.235; HR, 1.516, 95% CI, 1.164-1.973,
respectively) in patients without PAD. Conclusion: High ABID and IAND are associated with poor
short-term outcomes, long-term MACE occurrence, and all-cause mortality in acute ischemic stroke
without PAD.

Keywords: ankle-brachial index difference; inter-ankle blood pressure difference; stroke; peripheral
artery disease; outcome

1. Introduction

Blood pressure (BP) ratios and differences between the four limbs can be simultaneously obtained
and calculated with ankle-brachial index (ABI) measurement [1]. Among the ratios and differences,
ABI difference (ABID), systolic inter-ankle blood pressure difference (IAND), and systolic inter-arm
BP difference (IAD) have been reported to be useful in predicting the prognosis in patients with
cardiovascular disease, high-risk populations, and the general population [2,3].
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Lower extremity peripheral artery disease (PAD) is defined by a low ABI, calculated by dividing
the ankle systolic BP by the arm systolic BP. ABI has high specificity and sensitivity for the diagnosis of
PAD [4], and ABI may also provide information beyond PAD. A previous study showed that ABID
≥ 0.15 was an independent risk factor for overall mortality in patients undergoing hemodialysis [5].
However, the prognostic value of ABID in patients with ischemic stroke remains uncertain.

IAD is strongly associated with increased cardiovascular and all-cause mortality [6]. Previous
studies showed that IAND provided additional information to estimate stroke incidence and
cardiovascular mortality beyond IAD [1,3]. To the best of our knowledge, no study has reported the
prognostic impact of IAND on the outcomes of patients with acute ischemic stroke.

A previous study showed that the prevalence of PAD in patients with ischemic stroke was 32%
and the rate of asymptomatic PAD in patients with stroke was 68% [7]. Another study showed that
stroke patients with asymptomatic PAD had an increased risk of recurrent vascular events, including
stroke [8]. Therefore, the prognostic significance needs to be separately assessed in ischemic stroke
patients without PAD.

In this regard, we hypothesized that ABID and IAND are associated with poor short-term
functional outcomes, major adverse cardiovascular events (MACEs), and all-cause mortality in patients
with acute ischemic stroke. Whether the prognostic values of these parameters are valid in acute
ischemic stroke patients without PAD was also investigated.

2. Materials and Methods

2.1. Patients and Evaluation

A hospital-based, retrospective observational study using prospectively collected stroke registry
data was conducted. The Yonsei Stroke Registry collected the data of patients with acute cerebral
infarction or transient ischemic attack (TIA) who presented to the emergency department within 7 days
of symptom onset between January 1, 2007 and June 30, 2013 [9]. Acute cerebral infarction was defined
as sudden onset of acute neurological deficits of presumed vascular etiology lasting 24 h or evidence of
acute infarction on brain computed tomography (CT) or magnetic resonance imaging (MRI). TIA was
diagnosed when a patient had transient (<24 h) neurologic dysfunction of vascular origin and did not
show acute lesions on CT or MRI. Among these candidates, only patients with available four-limb BPs
measured by ABI examination and a cerebral angiographic evaluation using either CT angiography,
MR angiography, or digital subtraction angiography performed during the admission period were
included. Patients were treated by standard treatment protocols based on the guidelines for acute
ischemic stroke [10–13]. Stroke classifications were determined during weekly conferences. Based on a
consensus of three stroke neurologists, stroke subtypes were classified according to the Trial of ORG
10172 in Acute Stroke Treatment (TOAST) classification [14].

2.2. Demographic Characteristics and Risk Factors

We collected data on baseline characteristics, including sex, age, and neurological deficit (National
Institutes of Health Stroke Scale (NIHSS) score) upon admission; presence of risk factors; and laboratory
data (glucose, high-density lipoprotein (HDL), and low-density lipoprotein (LDL)). Hypertension was
defined as resting systolic blood pressure (SBP) of ≥140 mmHg or diastolic blood pressure (DBP) of
≥90 mmHg after repeated measurements during hospitalization or currently taking antihypertensive
medication. Diabetes mellitus was defined as fasting plasma glucose levels of ≥7 mmol/L or taking
an oral hypoglycemic agent or insulin. Current smoking was defined as having smoked a cigarette
within 1 year prior to admission. Congestive heart failure was determined from the history of heart
failure diagnosis, treatment with loop diuretics, and ejection fraction of ≤35% on echocardiography.
Coronary artery disease (CAD) was diagnosed when a patient had a previous history of CAD (acute
myocardial infarction, unstable angina, coronary artery bypass graft, or percutaneous coronary artery
stent/angioplasty) or the presence of significant stenosis (≥50%) in any of the three main coronary
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arteries on multi-slice CT coronary angiography upon admission. Cerebral artery atherosclerosis
(CAA) was defined as occlusion or significant stenosis (≥50%) of any intracranial or extracranial
cerebral artery. PAD was determined if a patient had an ABI of <0.9 or a history of angiographically
confirmed PAD.

2.3. ABI and Brachial-Ankle Pulse Wave Velocity Measurement

ABI and brachial-ankle pulse wave velocity (baPWV) were measured in the supine position
using an automatic device (VP-1000; Colin Co., Ltd., Komaki, Japan), which has been validated
previously [6,15]. This device automatically and simultaneously measures four-limb pulse wave forms
and BP using the oscillometric method. Right ABI was calculated by the ratio of the right ankle SBP
divided by the higher SBP of the arms. Left ABI was calculated by the ratio of the left ankle SBP divided
by the higher SBP of the arms. ABID was calculated as |right ABI-left ABI|. IAND was extracted as
BPs from both legs and calculated as |right ankle SBP-left ankle SBP|. IAD was extracted as BPs from
arms and calculated as |right brachial SBP-left brachial SBP|. BaPWV on each side was automatically
calculated as the transmission distance divided by the transmission time and expressed in centimeters
per second. Transmission distance from the arm to each ankle was automatically calculated according
to the patient’s height. Transmission time was defined as the time interval between the initial increase
of brachial and tibial waveforms. The higher values of baPWV on both sides were used for analysis.

2.4. Follow-Up and Outcome Measures

Patients were followed up in the outpatient clinic or by a structured telephone interview at
3 months and yearly after discharge. Short-term functional outcomes at 3 months were determined
by a structured interview using the modified Rankin Scale (mRS). Poor outcome was defined as an
mRS of ≥3. Deaths among participants from January 1, 2007 to December 31, 2013, were confirmed by
matching the information in the death records and identification numbers assigned to the participants
at birth [16]. We obtained data for the date and causes of death from the Korean National Statistical
Office, which were identified based on death certificates. MACEs were defined as any stroke recurrence,
myocardial infarction occurrence, or death.

2.5. Statistical Analysis

SPSS for Windows (version 23, SPSS, Chicago, IL, USA) was used for the statistical analysis.
Intergroup statistical analyses were performed to compare the demographic characteristics and risk
factors in the whole study population. The statistical significance of intergroup differences was assessed
using the χ2 or Fisher’s exact test for categorical variables and independent two-sample t-test or
Mann–Whitney U-test for continuous variables. Data were expressed as means ± standard deviations
or medians (interquartile ranges (IQRs)) for continuous variables and numbers (%) for categorical
variables. Cutoff values for IAND and IAD were based on those used in the previous study [3].
In elderly people, IAND of ≥15 mmHg and IAD of ≥15 mmHg were cutoff values that could predict
mortality [3]. The cutoff value of ABID of ≥0.15 mmHg was based on a study wherein ABID predicted
the mortality of patients with chronic hemodialysis [5]. Multivariable logistic regression analysis was
performed after adjusting for sex, age, cardiovascular risk factors (hypertension, diabetes mellitus,
hypercholesterolemia, current smoking, congestive heart failure, CAD, CAA, and PAD), and variables
that exhibited a p value of <0.05 in the univariate analysis, to investigate the association of ABID,
IAND, or IAD with short-term functional outcomes. Survival curves were generated according to the
Kaplan–Meier method and compared using the log-rank test. Multivariable Cox proportional hazard
regression was performed to determine independent factors associated with survival after an ischemic
stroke. Subgroup analysis was also performed to confirm that the associations between short- and
long-term outcomes and BP differences were valid in patients without PAD. We analyzed the diastolic
IAND and diastolic IAD separately as supplemental data. All P values were two-tailed, and differences
were considered significant at p < 0.05.
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2.6. Standard Protocol Approval, Registration, and Patient Consent

The Institutional Review Board of Severance Hospital, Yonsei University Health System, approved
this study and waived the need for informed consent because of the retrospective design and
observational nature of this study (approval date: 2020-01-16; approval number: 4-2019-1196).

2.7. Data availability Statement

De-identified participant data are available upon reasonable request.

3. Results

3.1. Patient Demographic and Clinical Characteristics

A total of 3822 patients with acute ischemic stroke or TIA were recruited during the study period.
After exclusions (follow-up loss (n = 154), no ABI measurements (n = 729), hemodialysis of one arm
(n = 16), and TIA (n = 22)), 2901 patients were finally enrolled in this study (Figure 1).

Figure 1. Flowchart of participants according to inclusion and exclusion criteria. ABI, ankle brachial
index; mRS; modified Rankin Scale score.

A total of 258 (8.9%) patients had PAD. The mean age was 65.4 ± 12.2 years, and 61.8% were
men. Among them, 582 (20.1%) had poor outcomes (Table 1). Compared with patients with good
outcomes, those with poor outcomes were older, were more likely to be women, had more severe
initial stroke severity, were less likely to be current smokers, and were more likely to have CAA, PAD,
and a stroke subtype of large artery atherosclerosis (all p values <0.05). For four-limb BP profiles, both
ankle SBP and ABI were lower in patients with poor outcomes than in those with good outcomes (all
p values <0.001). All BP differences including ABID, IAND, and IAD were higher in patients with
poor outcomes than in those with good outcomes (all p values <0.001). Compared with the included
patients, excluded patients were older, were more likely to be women, had higher NIHSS score, were
more likely to have congestive heart failure, and were less likely to be current smokers or have CAD
(Supplementary Table S1).
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Table 1. Patient demographic and clinical characteristics.

Total Good Outcomes
(mRS of 0-2;

n = 2319)

Poor Outcomes
(mRS of 3-6;

n = 582)

p Value
(n = 2901)

Age, y 65.4 ± 12.2 64.0 ± 12.0 71.0 ± 11.4 <0.001
Men 1793 (61.8) 1489 (64.2) 304 (52.2) <0.001

NIHSS score at admission 3.0 (1.0, 6.0) 2.0 (1.0, 4.0) 8.0 (4.0, 15.0) <0.001
Risk factors

Hypertension 2164 (74.6) 1712 (73.8) 452 (77.7) 0.057
Diabetes mellitus 920 (31.7) 728 (31.4) 192 (33.0) 0.459

Hypercholesterolemia 622 (21.4) 486 (21.0) 136 (23.4) 0.205
Current smoking 717 (24.7) 622 (26.8) 95 (16.3) <0.001

Congestive heart failure 119 (4.1) 92 (4.0) 27 (4.6) 0.465
Coronary artery disease 686 (23.6) 549 (23.7) 137 (23.5) 0.946

Cerebral artery
atherosclerosis 1727 (59.5) 1292 (55.7) 435 (74.7) <0.001

Peripheral artery disease 258 (8.9) 152 (6.6) 106 (18.2) <0.001
Laboratory findings

Glucose, mg/dL 143.5 ± 63.9 142.7 ± 63.2 1468 ± 66.0 0.168
HDL, mg/dL 42.8 ± 11.0 42.6 ± 10.8 43.4 ± 11.6 0.127
LDL, mg/dL 114.5 ± 38.6 114.7 ± 37.5 113.8 ± 42.5 0.651

Stroke subtype

LAA 587 (20.2) 440 (19.0) 147 (25.3) <0.001
CE 754 (26.0) 600 (25.9) 154 (26.5)

SVO 261 (9.0) 232 (10.0) 29 (5.0)
OC 72 (2.5) 58 (2.5) 14 (2.4)
UE 1227 (42.3) 989 (42.6) 238 (40.9)

Arm BP, mmHg

Right SBP 146.3 ± 23.5 146.7 ± 23.2 145.1 ± 24.6 0.147
Left SBP 145.3 ± 23.8 145.6 ± 23.6 144.0 ± 24.6 0.129

IAD 4.90 ± 6.51 4.71 ± 6.45 5.77 ± 7.15 0.001
Ankle BP, mmHg

Right SBP 164.5 ± 31.3 166.3 ± 30.1 157.7 ± 35.1 <0.001
Left SBP 163.6 ± 31.3 165.2 ± 30.4 157.2 ± 34.6 <0.001

IAND 9.23 ± 11.94 8.42 ± 10.82 12.65 ± 15.87 <0.001
ABI

Right ABI 1.111 ± 0.132 1.122 ± 0.118 1.071 ± 0.170 <0.001
Left ABI 1.105 ± 0.130 1.114 ± 0.118 1.069 ± 0.171 <0.001

ABID 0.063 ± 0.083 0.058 ± 0.077 0.086 ± 0.104 <0.001
Right ABI >1.30 58 (2.0) 44 (1.9) 14 (2.4) 0.434
Left ABI >1.30 44 (1.5) 31 (1.3) 13 (2.2) 0.113
Both ABI >1.30 18 (0.6) 14 (0.6) 4 (0.7) 0.818

Data are expressed as means ± standard deviations, medians [interquartile ranges], or numbers (%). ABI, ankle
brachial index; ABID, ankle brachial index difference; BP, blood pressure; CE, cardioembolism; DBP, diastolic blood
pressure; HDL, high density lipoprotein; IAD, systolic inter-arm blood pressure difference; IAND, systolic inter-ankle
blood pressure difference; LAA, large artery atherosclerosis; LDL, low density lipoprotein; mRS, modified Rankin
Scale; NIHSS, National Institutes of Health Stroke Scale; OC, other cause; SBP, systolic blood pressure; SVO, small
vessel occlusion; and UE, undetermined etiology.

In all study patients, 236 (8.1%) patients showed ABID ≥0.15, 450 (15.5%) had IAND ≥15 mmHg,
and 116 (4.0%) had IAD ≥15 mmHg. Among atherosclerotic diseases, CAA and PAD were independent
determinants of ABID ≥0.15 (CAA: odds ratio (OR), 1.718, 95% confidence interval (CI), 1.211-2.437;
PAD: OR, 22.124, 95% CI, 15.844-30.894) and IAND ≥15 mmHg (CAA: OR, 1.646, 95% CI, 1.281-2.114;
PAD: OR, 13.328, 95% CI, 9.876-17.987). However, only PAD was an independent determinant of IAD
≥15 mmHg (PAD: OR, 3.044, 95% CI, 1.890-4.904) (Table 2).
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Table 2. Determinants of IAD ≥15 mmHg, IAND ≥15 mmHg, and ABID ≥0.15.

ABID ≥0.15
IAND

≥15 mmHg
IAD

≥15 mmHg

OR (95% CI) p value * OR (95% CI) p value * OR (95% CI) p value *

CAD 1.290
(0.954-1.745) 0.098 0.957

(0.752-1.217) 0.718 0.912
(0.580-1.434) 0.689

CAA 1.718
(1.211-2.437) 0.002 1.646

(1.281-2.114) <0.001 1.451
(0.926-2.274) 0.104

PAD 22.124
(15.844-30.894) <0.001 13.328

(9.876-17.987) <0.001 3.044
(1.890-4.904) <0.001

Data were derived from the multivariable logistic regression analysis. ABID, ankle brachial index difference; CAD,
coronary artery disease; CAA, cerebral artery atherosclerosis; CI, confidence interval; IAD, systolic inter-arm blood
pressure difference; IAND, systolic inter-ankle blood pressure difference; NIHSS, National Institutes of Health
Stroke Scale; OR, odds ratio; and PAD, peripheral artery disease. *adjusted for sex, age, NIHSS score at admission,
hypertension, diabetes mellitus, hypercholesterolemia, current smoking, congestive heart failure, and stroke subtype.

ABID ≥0.15 and IAND ≥15 mmHg were more likely to have ABI >1.30 (all p values <0.001), but
not IAD ≥15 mmHg (Table 3). BaPWVs were well correlated with ABID, IAND, and IAD (with ABID,
r = 0.139, p < 0.001; with IAND, r = 0.207, p < 0.001; and with IAD, r = 0.121, p < 0.001) (Supplementary
Table S2).

Table 3. Relationship between IAD, IAND, ABID, and ABI >1.30.

Right ABI >1.30 Left ABI >1.30 Both ABI >1.30

n (%) p value n (%) p value n (%) p value

ABID

ABID <0.15 45 (1.7) 0.001 30 (1.1) <0.001 18 (0.7) 0.392
ABID ≥0.15 13 (5.5) 14 (5.9) 0 (0.0)

IAND

IAND <15 mmHg 36 (1.5) <0.001 27 (1.1) <0.001 16 (0.7) 1.000
IAND ≥15 mmHg 22 (4.9) 17 (3.8) 2 (0.4)

IAD

IAD <15 mmHg 55 (2.0) 0.503 42 (1.5) 0.695 17 (0.6) 0.521
IAD ≥15 mmHg 3 (2.6) 2 (1.7) 1 (0.9)

ABI, ankle brachial index; ABID, ankle brachial index difference; IAD, systolic inter-arm blood pressure difference;
and IAND, systolic inter-ankle blood pressure difference.

3.2. Poor Functional Outcome

All patients with (n = 2901) and without PAD (n = 2643) were separately analyzed. In all study
patients, poor outcome was independently associated with ABID (OR, 5.289, 95% CI, 1.723-16.236)
and cutoff of ABID ≥0.15 (OR, 1.920, 95% CI, 1.361-2.708). Poor outcome was also independently
associated with IAND (OR, 1.015, 95% CI, 1.007-1.023) and cutoff of IAND ≥15 mmHg (OR, 1.818,
95% CI, 1.389-2.381). In patients without PAD, the cutoff of ABID ≥0.15 was independently associated
with poor outcomes (OR, 1.970, 95% CI, 1.175-3.302). IAND and cutoff of IAND ≥15 mmHg were
also independently associated with poor outcomes (IAND: OR, 1.025, 95% CI, 1.009-1.041; IAND
≥15 mmHg: OR, 1.665, 95% CI, 1.188-2.334). Conversely, IAD ≥15 mmHg was associated with poor
outcomes in the whole population (OR, 1.623, 95% CI, 1.011-2.605) but was not associated with poor
outcomes in patients without PAD (Table 4).
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Table 4. Predictors of poor outcome at 3 months.

All Patients (n = 2901) Patients without PAD (n = 2643)

OR (95% CI) p value* OR (95% CI) p value*

ABI

ABID 5.289 (1.723-16.236) 0.004 5.774 (0.948-35.151) 0.057
ABID ≥0.15 1.920 (1.361-2.708) <0.001 1.970 (1.175-3.302) 0.010

Ankle BP, mmHg

IAND 1.015 (1.007-1.023) <0.001 1.025 (1.009-1.041) 0.002
IAND ≥15 mmHg 1.818 (1.389-2.381) <0.001 1.665 (1.188-2.334) 0.003
Arm BP, mmHg

IAD 1.009 (0.995-1.024) 0.190 1.009 (0.991-1.027) 0.329
IAD ≥15 mmHg 1.623 (1.011-2.605) 0.045 1.337 (0.758-2.360) 0.316

Data were derived from the multivariable logistic regression analysis. ABI, ankle brachial index; ABID, ankle brachial
index difference; BP, blood pressure; CI, confidence interval; IAD, systolic inter-arm blood pressure difference;
IAND, systolic inter-ankle blood pressure difference; NIHSS, National Institutes of Health Stroke Scale; OR, odds
ratio; and PAD, peripheral artery disease. *adjusted for sex, age, NIHSS score at admission, hypertension, diabetes
mellitus, hypercholesterolemia, current smoking, congestive heart failure, coronary artery disease, cerebral artery
atherosclerosis, and stroke subtype.

3.3. All-Cause Mortality and MACEs

Study patients were followed up for a median of 3.1 (IQR, 1.6–4.7) years. A total of 622 patients
had MACEs (21.4%) including 496 all-cause deaths (17.1%) during the study period. In Kaplan–Meier
survival curves (Figure 2), higher all-cause mortality and MACEs (log-rank test; p < 0.001) were found
in patients with ABID ≥0.15 or IAND ≥15 mmHg (log-rank test; all p < 0.001). Higher all-cause
mortality (log-rank test; p = 0.007) and MACEs (log-rank test; p = 0.008) were also found in patients
with IAD ≥15 mmHg.

 
Figure 2. Kaplan–Meier survival analysis. (A) All-cause mortality; (B) major adverse cardiovascular
event according to ABID ≥0.15. (C) All-cause mortality; (D) major adverse cardiovascular event
according to IAND ≥15 mmHg. ABID; ankle-brachial index difference; IAND, systolic inter-ankle
blood pressure difference.

In multivariable Cox regression analysis, ABID and ABID ≥0.15 were independently associated
with all-cause mortality (ABID: hazard ratio (HR), 6.221, 95% CI, 2.973-13.018; ABID ≥0.15: HR, 1.567,
95% CI, 1.223-2.009) and MACEs (ABID: HR, 3.926, 95% CI, 1.906-8.087; ABID ≥0.15: HR, 1.416, 95% CI,
1.117-1.794). IAND and IAND ≥15 mmHg were also independently associated with all-cause mortality

55



J. Clin. Med. 2020, 9, 1125

(IAND: HR, 1.013, 95% CI, 1.007-1.019; IAND ≥15 mmHg: HR, 1.616, 95% CI, 1.317-1.982) and MACEs
(IAND: HR, 1.010, 95% CI, 1.005-1.015; IAND ≥15 mmHg: HR, 1.380, 95% CI, 1.139-1.672).

In patients without PAD, ABID and ABID ≥0.15 were independently associated with all-cause
mortality (ABID: HR, 9.221, 95% CI, 3.013-28.220; ABID ≥0.15: HR, 1.524, 95% CI, 1.039-2.235) and
MACEs (ABID: HR, 6.605, 95% CI, 2.281-19.124; ABID ≥0.15: HR, 1.514, 95% CI, 1.058-2.166). IAND
and IAND ≥15 mmHg were also independently associated with all-cause mortality (IAND: HR, 1.017,
95% CI, 1.004-1.030; IAND ≥15 mmHg: HR, 1.516, 95% CI, 1.164-1.973) and MACEs (IAND: HR,
1.015, 95% CI, 1.004-1.027; IAND ≥15 mmHg: HR, 1.343, 95% CI, 1.051-1.716). Meanwhile, IAD was
associated only with the long-term occurrence of MACEs in all patients (HR, 1.010, 95% CI, 1.001-1.019),
but not in those without PAD (HR, 1.006, 95% CI, 0.993-1.018, p = 0.374) (Table 5).

Table 5. Predictors of long-term outcome.

All Patients (n = 2901)

All-Cause Mortality MACE

HR (95% CI) p value* HR (95% CI) p value*

ABI

ABID 6.221 (2.973-13.018) <0.001 3.926 (1.906-8.087) <0.001
ABID ≥0.15 1.567 (1.223-2.009) <0.001 1.416 (1.117-1.794) 0.004

Ankle BP, mmHg

IAND 1.013 (1.007-1.019) <0.001 1.010 (1.005-1.015) <0.001
IAND ≥15 mmHg 1.616 (1.317-1.982) <0.001 1.380 (1.139-1.672) 0.001
Arm BP, mmHg

IAD 1.009 (0.999-1.019) 0.068 1.010 (1.001-1.019) 0.027
IAD ≥15 mmHg 1.176 (0.810-1.708) 0.395 1.151 (0.820-1.617) 0.417

Patients without PAD (n = 2643)

All-Cause Mortality MACE

HR (95% CI) p value* HR (95% CI) p value*

ABI

ABID 9.221 (3.013-28.220) <0.001 6.605 (2.281-19.124) 0.001
ABID ≥0.15 1.524 (1.039-2.235) 0.031 1.514 (1.058-2.166) 0.023

Ankle BP, mmHg

IAND 1.017 (1.004-1.030) 0.010 1.015 (1.004-1.027) 0.010
IAND ≥15 mmHg 1.516 (1.164-1.973) 0.002 1.343 (1.051-1.716) 0.019
Arm BP, mmHg

IAD 1.007 (0.993-1.021) 0.333 1.006 (0.993-1.018) 0.374
IAD ≥15 mmHg 1.075 (0.681-1.697) 0.755 1.032 (0.682-1.563) 0.881

Data were derived from the cox proportional hazards regression analysis. ABI, ankle brachial index; ABID, ankle
brachial index difference; BP, blood pressure; CI, confidence interval; HR, hazard ratio; IAD, systolic inter-arm blood
pressure difference; IAND, systolic inter-ankle blood pressure difference; MACE, major adverse cardiovascular
event; NIHSS, National Institutes of Health Stroke Scale; and PAD, peripheral artery disease. *adjusted for sex,
age, NIHSS score at admission, hypertension, diabetes mellitus, hypercholesterolemia, current smoking, congestive
heart failure, coronary artery disease, cerebral artery atherosclerosis, and stroke subtype.

4. Discussion

We demonstrated that higher ABID and IAND were independently associated with poor short-term
functional outcomes, long-term MACE occurrence, and all-cause mortality in patients with acute
ischemic stroke. In particular, higher ABID and IAND had prognostic effects even in patients without
PAD. Meanwhile, IAD was associated with poor short-term outcomes and MACEs in all patients, but
not in those without PAD. These findings suggest that higher ABID and IAND have prognostic value
for both poor short- and long-term outcomes of acute ischemic stroke and are more sensitive than IAD
for predicting outcomes in acute ischemic stroke patients without PAD.

Primarily, increased ABID and IAND are attributable to the presence of PAD [17]. PAD affects
approximately 200 million people worldwide and is the third most common cause of atherosclerotic
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cardiovascular death after CAD and stroke [18]. Traditional cardiovascular risk factors (smoking,
hypertension, diabetes mellitus, and hypercholesterolemia) and advanced aging are important
determinants of PAD. Therefore, patients with PAD often have concomitant atherosclerosis on
the cerebral and coronary artery. In the Reduction of Atherothrombosis for Continued Health registry
involving 44 countries worldwide, 39% of patients with PAD had CAD, 10% had cerebral artery disease,
and 13% had both [19]. Accumulated systemic atherosclerosis worsens stroke prognosis [20]. Among
the atherosclerotic burdens, ABID and IAND were associated with CAA and PAD. In contrast, IAD
was only associated with PAD. It can be assumed that stroke patients with large ABID and IAND are
more likely to have additional cerebral atherosclerotic burden and may have a poorer prognosis.

To the best of our knowledge, no study has previously evaluated ABID as a prognosis predictor
in patients with acute ischemic stroke. ABI measurement is a well-established method to identify
patients with PAD. Low ABI is commonly defined as ABI <0.9 and provides good sensitivity (80%) and
excellent specificity (95%) to detect PAD [4]. ABI is also associated with poor initial stroke severity [21]
and predicts poor prognosis and mortality in patients with stroke [2]. However, several previous
studies have shown that low ABI was not sensitive enough to detect asymptomatic PAD in the general
population [22]. To detect PAD and predict stroke prognosis accurately, novel parameters besides ABI
should be developed. We found that ABID and IAND were independent and strong predictors of
MACEs and all-cause mortality in patients with acute ischemic stroke. Interestingly, ABID and IAND
remained to be significantly associated with poor short- and long-term outcomes in patients without
PAD. This finding suggests that ABID and IAND may provide additional information for patients with
subclinical or mild PAD. The strength of ABID might be related to the consideration of IAND and arm
BP simultaneously. In addition, ABID and IAND can be obtained and easily calculated during ABI
measurement in routine clinical practice.

In patients with stroke, IAD has been demonstrated to be associated with recurrent stroke [23],
poor prognosis [24], and mortality [6]. However, some patients undergo dialysis with one arm because
of end-stage renal disease, making it difficult to measure IAD. In addition, IAD (and ABI) may be
“pseudonormal” when a patient has severe stenosis in both arms and in one leg. In contrast, IAND can
be calculated without BP measurement in the arm and provide consistent data [3]. Several studies
showed the increased usefulness of IAND and ABI relative to IAD. One study showed that IAND
could better predict both overall and cardiovascular mortality than IAD in elderly patients [3]. ABI
exhibits better association with cardiovascular outcomes than IAD in patients with type 2 diabetes [25].
However, no study has reported the comparison between IAND and IAD in patients with acute
ischemic stroke.

Because lower limbs are more prone to be affected by PAD than upper limbs, IAND could be a
better predictor of PAD than IAD [26]. High IAND was associated with increased left ventricular mass
index [27] and arterial stiffness [28] and also predicted mortality in the elderly people [3]. Similarly,
large ABID provided the prognostic value for mortality in patients undergoing chronic hemodialysis [5].
These findings suggest that the cardiovascular risk was higher in patients with lower extremity PAD
than in those with upper extremity PAD [29]. Therefore, the circulatory burden assumed from the
heart to the ankles may be greater than that from the heart to the arms.

Endothelial dysfunction [26], calcification burden [30], and arterial stiffness [27] are more frequent
in the lower extremities than in the upper extremities. The degree of endothelial dysfunction in leg
circulation is related to PAD severity. Endothelial dysfunction of leg circulation may occur before
the impairment of forearm circulation in PAD [26]. Our data showed that high ABID and IAND
were more likely to have ABI >1.30 than IAD. High ABI (i.e., ABI >1.30) is generally believed to
occur because of medial arterial calcification and may be a marker for vascular stiffness [4]. High
ABI was associated with an increase in both overall and cardiovascular mortality in patients with
chronic kidney disease undergoing hemodialysis [31] and in the general population [32]. PWV and
ABI are both atherosclerotic markers. ABI reflects stenosis or peripheral artery obstruction, whereas
PWV represents arterial stiffness [5]. ABID, IAND, and IAD was positively correlated with baPWV.
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The correlation coefficient was highest in IAND, followed by ABID and IAD. In patients undergoing
hemodialysis, high PWV and low ABI are significantly associated with mortality [33]. Therefore, ABID
and IAND could be more influenced by endothelial dysfunction, systemic atherosclerosis, calcification
burden, and arterial stiffness than IAD, which may be related to more frequent PAD in the lower
extremities [25,26,28,29].

This study has several limitations. First, radiological studies to detect atherosclerosis in the
lower extremities were not routinely performed. A correlation study between apparent atherosclerosis
and IAND or ABID might be helpful for better understanding [4,17]. Second, multiple, automatic,
and simultaneous assessments are recommended for accurate BP difference measurement rather than
single, manual, and sequential evaluation methods [34]. We used an automatic and simultaneous
measurement device, but BP difference was investigated only once during the ABI measurement,
and additional follow-up data were limited. Third, BP differences in this study focused on SBP, rather
than DBP. Additional analysis was performed with DBP data, which found that the prognostic effect of
DBP was not different from that of SBP (Supplementary Tables S3 and S4). Fourth, our findings may
not be generalized to other populations or cohorts because our study population is limited to Korean
patients. Fifth, the stroke standard treatment guidelines were updated and changed several times
during the study period. Lastly, a total of 921 patients were excluded from the analysis. Among them,
patients who did not undergo ABI measurements were mostly excluded. Therefore, the possibility of
selection bias exists because of the retrospective study design; however, consecutive patients were
included, and a relatively large sample size was analyzed.

5. Conclusions

This study suggests that high ABID and IAND are associated with poor short-term outcomes,
long-term MACE occurrence, and all-cause mortality in patients with acute ischemic stroke. In addition,
ABID and IAND predict post-stroke outcomes, even in patients without PAD. Therefore, ABID and
IAND can be simple and reliable methods for identifying patients with an increased risk of poor short-
and long-term outcomes in acute ischemic stroke.
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Abstract: This study aimed to evaluate the usefulness of interhemispheric functional connectivity
(FC) as a predictor of motor recovery in severe hand impairment and to determine the cutoff FC level
as a clinically useful parameter. Patients with stroke (n = 22; age, 59.9 ± 13.7 years) who presented
with unilateral severe upper-limb paresis and were confirmed to elicit no motor-evoked potential
responses were selected. FC was measured using resting-state functional magnetic resonance imaging
(rsfMRI) scans at 1 month from stroke onset. The good recovery group showed a higher FC value
than the poor recovery group (p = 0.034). In contrast, there was no statistical difference in FC value
between the good recovery and healthy control groups (p = 0.182). Additionally, the healthy control
group showed a higher FC value than that shown by the poor recovery group (p = 0.0002). Good and
poor recovery were determined based on Brunnstrom stage of upper-limb function at 6 months as the
standard, and receiver operating characteristic curve indicated that a cutoff score of 0.013 had the
greatest prognostic ability. In conclusion, interhemispheric FC measurement using rsfMRI scans may
provide useful clinical information for predicting hand motor recovery during stroke rehabilitation.

Keywords: functional magnetic resonance imaging; neuronal plasticity; recovery of function; stroke;
motor cortex

1. Introduction

Stroke is the leading cause of adult disability worldwide, accounting for a majority of patients
with upper-limb impairment. The degrees of spontaneous improvement vary according to the severity
of upper-limb paresis. In patients with mild-to-moderate upper-limb paresis, spontaneous recovery,
as reflected by improvements in clinical parameters including Fugl-Meyer assessment of the upper
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extremity (FMA-UE) scores, is mainly restricted to the first 4 weeks post-stroke [1].There is evidence in
the literature that in stroke patients with mild-to-moderate impairment, the degree of initial deficits
predicts outcome. In contrast to mildly impaired patients, it is relatively difficult to predict the
spontaneous recovery pattern of upper-limb motor function in severely impaired patients. Clinical data
alone cannot accurately predict arm recovery, particularly in patients with initial severe upper-limb
impairment [2–4]. High inter-individual variability associated with recovery makes it difficult to
predict arm recovery. However, very few severely impaired patients show late-onset motor recovery of
the upper-limb [5]. Therefore, a prognostic biomarker reflecting functional long-term motor recovery
is urgently required to decide the manner in which rehabilitation treatment strategies, including goal
setting and effective treatment duration, for upper-limb recovery in severe hemiplegic stroke patients
can be modified.

Recently, we reported that initial power spectral density (PSD) analysis of resting-state functional
magnetic resonance imaging (rsfMRI) data can provide a sensitive prognostic predictor for patients
with subacute stroke combined with severe hand disability [6]. PSD is measured as resting-state
intrinsic neuronal activity in the frequency domain. In contrast to PSD, functional connectivity (FC)
analysis is another approach to measure the resting-state intrinsic neuronal activity in the time domain
using rsfMRI. Changes in FC value in the interhemispheric motor cortex (M1) after stroke are reportedly
reflective of long-term recovery, and patients with good functional outcomes have greater FC values
than patients with poor outcomes [7–9]. However, a recent study reported that differences in FC value
in the interhemispheric M1 did not change over time with recovery [10]. Therefore, whether motor
recovery after stroke can be predicted by the change in interhemispheric FC still remains controversial.

This study aimed to evaluate whether interhemispheric FC is useful for predicting upper-limb
motor recovery among patients with severe hand impairment for whom it was difficult to predict
the recovery pattern based on an initial clinical parameter. Therefore, addition of FC as a prognostic
parameter for patients with severe hand deficits may eventually be useful for setting individualized
therapeutic goals and strategies as well as for selecting patients for future trials.

2. Materials and Methods

2.1. Subjects

Twenty-two patients (59.9 ± 13.7 years; 9 males and 13 females) and 12 healthy subjects (60.2 ± 6.8
years; 8 males, 4 females) were included in this study. They were all right-handed. The inclusion
criteria for patients were as follows: (1) unilateral ischemic stroke in the middle cerebral artery (MCA)
territory confirmed by MRI, (2) first stroke, (3) age over 20, (4) hemiplegic motor deficit less than Gr
1 by manual muscle test present at the time of admission (Table 1). Patients with unstable medical
conditions and those lost to follow-up were excluded.

All patients underwent resting functional magnetic resonance imaging about 1 month (27.8 ± 8.4)
from stroke onset. We used Brunnstrom stage (hand score) as a parameter to assess clinical outcome at
1 month and 6 months after stroke onset. We included the patients with Brunnstrom stage 1 (flaccidity or
absence of an active finger movement) but without any motor-evoked potential (MEP) responses of the
affected hand at 1 month after stroke. Patients with severely impaired cognitive function [Mini-Mental
State Examination (MMSE) < 24], severe visual or perceptual impairment, previous musculoskeletal
abnormality, or damaged upper-limbs were excluded. All patients received individual physiotherapy
training as well as cognitive training every day. The physiotherapy treatments comprised 30-min
sessions two times per day for five days a week and included walking and balance training as well
as individual exercise. Informed consent was provided to all patients according to OO University
Institutional Review Board (2012-05-023).
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2.2. Motor Task Functional Magnetic Resonance Imaging

Region of interest (ROI) of M1 for each participant was defined using motor task functional
magnetic resonance imaging (fMRI). Motor task fMRI alternatively comprised three active periods and
three rest periods, and each period was 30-s long. A light touch on the leg or hand was used to give a
start signal at the start point of each period. Participants performed the motor task twice with the right
and left hands and repeated flexion–extension during scanning. If any of the participants could not
move their hand, they received assistance to perform passive movement.

To perform motor task fMRI data acquisition, T2-weighted echo-planar imaging sequences were
used with the following parameters: TE (echo time) = 40 ms, TR (repetition time) = 3000 ms, Flip Angle
(FA) = 90◦, FOV (field-of-view) = 21 cm, acquisition matrix = 64 × 64, 4-mm thickness with no gap,
and total scan time = 4 min and 12 s, with four dummy scans.

2.3. Resting-State fMRI

All fMRI data were obtained on a Signa Exite 3.0-T scanner (GE Healthcare, Milwaukee, WI, USA).
All applicants were instructed to lie down comfortably and close their eyes during MRI scanning, but
not fall asleep. The rsfMRI data were obtained using T2-weighted echo-planar imaging sequences
using the following parameters: TE = 40 ms, TR = 2000 ms, FA = 90◦, FOV = 22 cm, acquisition matrix
= 64 × 64, 4-mm thickness with no gap, and total scan time= 8 min and 12 s, with six dummy scans.

Three-dimensional-fast spoiled gradient echo sequence [repetition time (TR) = 7.8 ms; echo time
(TE) = 3 ms; inversion time = 450 ms; flip angle = 20; matrix = 256 × 256; field-of-view (FOV) = 24 mm;
1.3 mm thickness] was used for the acquisition of T1-weighted high-resolution anatomical images.

2.4. fMRI Data Analysis

Image preprocessing and statistical analyses of fMRI data were conducted using the statistical
parametric mapping software SPM12 (http://www.fil.ion.ucl.ac.uk/spm/), implemented in MATLAB
(Mathworks, Inc., Sherborn, MA, USA). By slice-timing, realignment, co-registration, and normalization,
functional images were preprocessed into the Montreal Neurological Institute (MNI) template based on
a standard stereotaxic coordinate system and spatial smoothing with 8-mm full-width at half-maximum
(FWHM) Gaussian kernel. FMRI data are superimposed onto MNI space. The seed MNI coordinates
for the patients were summarized in Table S1 (Supplementary Materials).

2.5. Rest State Functional Connectivity

The seed-based method was used to determine resting-state functional connectivity (rsFC).
In brief, FC CONN15 toolbox (http://web.mit.edu/swg/software.htm) was used to show a strong
temporal correlation between bilateral M1 and supplementary motor area (SMA). The contralesion
and ipsilesion (namely M1 and SMA; spheres of 5-mm radius) were identified using MarsBar ROI
tool (http://marsbar.sourceforge.net/) on MNI coordinates. Four ROI positions (spheres of 5 mm
radius), namely contralesional M1, ipsilesional M1, contralesional SMA, and ipsilesional SMA, were
selected based on individual motor task results. Noise, cerebrospinal fluid, white matter, and motion
parameters were used to correct time fluctuations in blood-oxygen-level-dependent (BOLD) signals as
nuisance covariates, and a band-pass filter (range, 0.008 Hz–0.09 Hz) was used. FC scores between
pairs of ROIs on each subject were calculated using the FC SPM12 toolbox.

2.6. Lesion Volume Analysis

The lesion volume associated with hand motor function in the stroke area was calculated based
on the overlapping area of the lesion mask between the T1-weighted images and the template of
the corticospinal tract (CST). T1-weighted images were taken by preprocessing, which involves
co-registration and normalization to a T1-weighted template using the SPM12 software package.
A stroke physiatrist, who was blinded to the study, manually drew the lesions by using MRIcro (http:
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//www.mccauslandcenter.sc.edu/crnl/mricro). The CST template was constructed using a previously
reported method of probabilistic tractography [11,12]. Probabilistic tractography was conducted for
26 healthy controls to reconstruct CST. The seed, target, waypoint, and exclusion mask were drawn as
follows. Individual seed masks for each hemisphere were placed in the hand knob area of M1 (MNI
coordinates (37, −25, 62); (−37, −25, 62)), and each participant used an established semi-automated
pipeline. The target masks were basis pontis. The waypoint masks included the posterior limb of the
internal capsules and cerebral peduncles. For CST, a mask covering trajectories at the tegmentum
pontis was added to the mid-sagittal and basal ganglia exclusion masks as an additional exclusion
mask. A total of 50,000 streamlines were sent from M1 to the spinal target masks in the ventral
medulla oblongata. Three different thresholds at 0.5%, 1%, and 2% were established for CST output
distributions. The average of each tract was calculated for each of the three thresholds by summing all
individual threshold- and subject-specific trajectories.

2.7. Statistical Analysis

To assess differences in FC scores between the three groups for each pair of ROIs, an ANOVA
F-test was performed; subsequently, post-hoc two-sample t-tests were conducted for carrying out
further comparisons. All statistical analyses were performed using the Statistical Package for the Social
Sciences (SPSS, Chicago, IL, USA). A p value of <0.05 was considered to be statistically significant.

Receiver-operating characteristic (ROC) curve analysis was performed to determine the cutoff
value for the prognostic model of upper-limb stroke recovery by using the difference in FC score
between ipsilesional and contralesional M1 at 1 month.

True-positive rate (sensitivity) and false-positive rate (1-specificity) were computed and plotted
as ROC curves. In an ROC space, a diagonal line corresponds to random discrimination. The area
under the ROC curve (AUC) is commonly used to quantify classifier discriminability, with a value of
0.5 corresponding to random classification and a value of 1 corresponding to perfect classification.

3. Results

At 6 months after stroke onset, 11 patients (60.3 ± 15.9 years; seven males, four females) with
Brunnstrom stage 4 (lateral prehension with release by thumb movement or semi-voluntary finger
extension of a small range of motion) or 5 (palmar prehension or cylindrical/spherical grasp with
limited function or voluntary mass finger extension of variable range) were categorized into the good
recovery group and 11 patients (59.5 ± 12.9 years; six males, five females) with Brunnstrom stage 1, 2,
and 3 were categorized into the poor recovery group. There were no age and sex-based differences
between the good recovery and the poor recovery groups and the healthy control group (p = 0.986 and
p = 0.827, respectively). Additionally, there was no statistical difference (p = 0.158) in lesion overlap
volume between the good recovery group (0.33 ± 0.15 cc) and the poor recovery group (0.40 ± 0.17 cc).
However, there was statistical difference (p = 0.019) in total lesion volume between the good recovery
group (29.37 ± 41.31 cc) and the poor recovery group (125 ± 118.73 cc) (Figure 1). The demographic
and clinical characteristics of 22 patients with stroke are summarized in Table 1.

Among the three groups, ANOVA F-test results reveal a statistically significant difference in FC
between ipsilesional M1–contralesional M1 (p = 0.00039) (Figure 2). Post-hoc two-sample t-tests were
performed for comparing the three groups further. The good recovery group showed a higher FC
than that of the poor recovery group (p = 0.034). Contrastingly, the good recovery group showed no
statistical difference in FC when compared with the healthy control group (p = 0.182), but the latter
had a higher FC than that of the poor recovery group (p = 0.0002).

Moreover, according to the ANOVA F-test, the FC between ipsilesional SMA and contralesional
SMA was significantly different among the three groups (p = 0.003) (Figure 1). In the post-hoc
two-sample t-test, the FC between ipsilesional SMA and contralesional SMA was higher in the healthy
control group compared with that in the good recovery group and the poor recovery group (p = 0.019
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and p = 0.004, respectively), but there was no difference in the FC value between the good recovery
group and the poor recovery group (p = 0.804).

Figure 1. Total lesion overlay maps for the good recovery group and the poor recovery group.

Figure 2. ANOVA F-tests showed significant differences in functional connectivity (FC) between
ipsilesional M1-contralesional M1 among the three groups (p = 0.00039). Post-hoc two-sample t-tests
were performed for further comparing between the groups. The good recovery group showed a higher
FC than that shown by the poor recovery group (p = 0.034). In contrast, no significant difference in
FC was seen between the good recovery and the healthy control groups (p = 0.182). Additionally, the
healthy control group showed a higher FC than that of the poor recovery group (p = 0.0002).

Contrastingly, the ANOVA F-test result reveals no significant difference in FC among ipsilesional
M1-SMA (p = 0.318), ipsilesional M1-contralesional SMA (p = 0.056), contralesional M1-ipsilesional
SMA (p = 0.297), and contralesional M1-contralesional SMA (p = 0.656).

When the total lesion volume was included as a covariate in statistical analysis, ANOVA F-test
results reveal a statistically significant difference in FC between ipsilesional M1–contralesional M1
among the three groups (p = 0.018) and in FC between ipsilesional M1–contralesional SMA among the
three groups (p = 0.015). In the post-hoc two-sample t-test, however, there was no difference in the FC
value between the good recovery group and poor recovery group (p = 0.232).

FC between ipsilesional and contralesional M1 positively correlated with hand function prognosis,
as evaluated by Brunnstrom motor stages (BMS) (r = 0.581 and p = 0.005, respectively) (Figure 3).
However, FC between ipsilesional and contralesional SMA did not correlate with hand function
prognosis, as evaluated by BMS (r = −0.006, p = 0.979).
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Figure 3. FC between ipsilesional and contralesional M1 is positively correlated with prognosis of
hand function, as evaluated by Brunnstrom motor stages (BMS) (r = 0.581, p = 0.005).

Good and poor recovery outcomes based on the Brunnstrom stage of upper-limb function at
6 months were determined as the standard, and the ROC curve indicated that a cutoff score of 0.013
had the greatest prognostic ability (maximum sensitivity and specificity) (Figure 4). The sensitivity of
this model for predicting good recovery was 81.8% and the specificity was 63.6%. AUC value was
0.793, which is a fair level.

Figure 4. Good and poor recovery were determined based on Brunnstrom stage of upper-limb function
at 6 months as the standard, and ROC (Receiver-operating characteristic) curve indicated that a cutoff
score of 0.013 had the greatest prognostic ability (maximum sensitivity and specificity).

4. Discussion

Here, we demonstrated the predictive value of FC for long-term motor outcomes in subacute
stroke patients with stroke, predominantly in the MCA territory. The FC between ipsilateral and
contralateral M1 was lower in the poor recovery group compared with that in the good recovery and
healthy control groups, and it was also well correlated with hand function prognosis, evaluated by
BMS. Our study demonstrated that the interhemispheric FC score calculated at 1 month after stroke has
a good predictive value for recovery over a 6-month period in patients with severe hand impairment.
However, the total lesion volume showed a tendency to swallow a large amount of explanatory
variance of the outcome parameter. We also suggested an FC cutoff score for discriminating the good
recovery group from the poor recovery group with high sensitivity and specificity.
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Previous rsfMRI studies on acute stroke demonstrated that patients with mild-to-moderate motor
deficits showed low interhemispheric FC score between the motor cortices [8,9,13]. These studies also
revealed that the low FC score gradually increased during the recovery process and finally restored to
near-normal levels in a good recovery group, while the FC score in the poor recovery group continued
to decrease. Our findings are in line with these previous studies, i.e., interhemispheric FC score is
useful for assessing the stroke prognosis and recovery despite varying scanning times (e.g., 3 days vs.
4 weeks) and evaluation domains [7,14,15].

These results suggest that functional neuroadaptation (reorganization) may be occurring in the
most severely injured brains. One possible explanation for this finding is the physiological balance
in reciprocal inhibitory projections between both of the hemispheres [16]. This explanation suggests
that an abnormal inhibitory influence of the undamaged contralesional motor cortex on the damaged
ipsilesional motor cortex disturbs the balance between the hemispheres, which is important for
voluntarily generating paretic hand movement in poor recovery patients [16–19]. Here, the patients in
the good recovery group had a higher rsFC between the motor cortex, which enhanced motor ability in
the paretic hand. Our findings are consistent with those of previous studies, which demonstrated that
rsFC within either the ipsilesional primary sensorimotor cortex or contralesional primary sensorimotor
cortex reduced at an early stage after stroke, after which, in those patients who showed an improvement
in motor impairment, the rsFC gradually increased to near-normal levels during recovery.

However, Nijboer et al. reported that ipsilesional rsFC between motor areas was lower than
the contralesional rsFC, but this difference did not change over time [10]; they demonstrated that no
relations were observed between individual changes in rsFC and upper-limb motor recovery. In that
study, patient population presented with mild upper-limb impairments as opposed to the patients
in our study who had severe motor impairment at 4 weeks after stroke. The patients only showed
a limited amount of improvement (i.e., ceiling effect) after the first 4 weeks. The changes in brain
activation patterns (i.e., cerebral reorganization) might have a different impact on a mild patient
population compared with that on a population comprising severely impaired patients [20]. Here,
patients were completely motor deficit with no hand movement and MEP response.

Using rsfMRI, we elucidated the cutoff value of FC to be 0.013, and sensitivity and specificity rates
for good recovery prediction were 81.8% and 63.6%, respectively. There have been many studies on
modeling the prediction of function recovery after stroke. The representative models are the PREP
algorithm and the proportional recovery model [2,21]. However, when the two models were validated,
the predicted prognosis rate (sensitivity and specificity) remained around 73–88%. The reason is that
fitting to that predictive model did not work well in patients with severe corticospinal tract damage
early in the injury, clinically complete unilateral paralysis, and patients with no MEP response. That is,
in the case of mild to moderate severity, the prediction through clinical data and infarction size fit well,
but in severe cases, it was difficult to predict through the model, and these were called ‘non-fitter’.
In this study, we included relatively homogenous patients with MCA infarction, clinically no hand
movement at all, and neurophysiologically no MEP response. Therefore, measuring interhemispheric
functional connectivity in these patient populations can help predict prognosis. The prediction power
associated with the use of only one parameter, namely interhemispheric rsFC, was comparable to the
power associated with the multi-parameter model, without causing any compromise in sensitivity and
specificity rates.

The present study had some limitations. First of all, our study is limited by small numbers in
the patient population. Due to this limitation, stroke patients included only those with cortical and
subcortical stroke, and we could not definitely determine the differential impact of lesion location
and stroke severity on rsFC. Hence, from our results, we could not fully elucidate the mechanisms
responsible for the reduction in rsFC after stroke as well as its influence on patient behavior. However,
a more important clinical implication would be the establishment of the prognostic power of rsFC
at an early stage. Therefore, larger sample size and longitudinal follow-up are warranted to confirm
these relationships in future studies.
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5. Conclusions

Interhemispheric FC estimated via rsfMRI provides useful clinical information and has a predictive
value for hand motor recovery during stroke rehabilitation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/4/975/s1,
Table S1: Individual ROI coordinates obtained from task-fMRI.
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Abstract: Background: Reduced aspirin response may result in a worse prognosis and a poor clinical
outcome in ischemic stroke. The aim of this prospective pilot study was to assess the relationship
between platelet reactivity and early and late prognosis, and the clinical and functional status in
ischemic stroke, with the role of stroke etiology. Methods: The study involved 69 subjects with
ischemic stroke, divided into large and small vessel etiological subgroups. Platelet function testing was
performed with two aggregometric methods—impedance and optical—while the clinical condition
was assessed using the National Institute of Health Stroke Scale (NIHSS) and the functional status
was assessed using the modified Rankin Scale (mRS) on the first and eighth day (early prognosis)
and the 90th day of stroke (late prognosis). Results: The initial platelet reactivity was found to be
higher in patients with severe neurological deficits on the 90th day after stroke, than in the group with
mild neurological deficits (median, respectively, 40 area under the curve (AUC) units vs. 25 AUC
units, p = 0.033). In the large vessel disease group, a significant correlation between the platelet
reactivity and the functional status on the first day of stroke was found (correlation coefficient
(R) = 0.4526; p = 0.0451), the platelet reactivity was higher in the subgroup with a severe clinical
condition compared to a mild clinical condition on the first day of stroke (p = 0.0372), and patients
resistant to acetylsalicylic acid (aspirin) had a significantly greater possibility of a severe neurological
deficit on the first day of stroke compared to those who were sensitive to aspirin (odds ratio (OR) =
14.00, 95% confidence interval (CI) 1.25–156.12, p = 0.0322). Conclusion: High on-treatment platelet
reactivity in ischemic stroke was associated with a worse late prognosis regardless of the etiology.
We demonstrated a significant relationship between high platelet reactivity and worse early prognosis
and poor clinical and functional condition in the large vessel etiologic subgroup. However, due to the
pilot nature of this study, its results should be interpreted with caution and further validation on a
larger cohort is required.

Keywords: ischemic stroke; platelet reactivity; aspirin resistance; large vessel disease; carotid stenosis;
clinical outcome; prognosis
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1. Introduction

Stroke is a leading cause of disability and death worldwide and is associated with a worse
quality of life [1]. Antiplatelet therapy is used to reduce the risk of recurrent ischemic stroke [2].
Acetylsalicylic acid (aspirin) is a primary antiplatelet agent; however, its effect can vary in different
patients [3]. In some patients, a reduced aspirin response may be observed, resulting in a failure to
inhibit the platelet reactivity [4]. Platelet function testing can evaluate the effectiveness of aspirin in
decreasing platelet aggregation and activation. High on-treatment platelet reactivity or biochemical
aspirin resistance is a multifactorial, negative feature that is associated with insufficient antiplatelet
therapy [5].

One of the better-understood causes of cerebral ischemia is the pathology of large pre-cranial
vessels, most often the internal carotid artery, which accounts for approximately 20–30% of all causes
of stroke [6]. Our previous papers demonstrated the hyperaggregation and hyperactivation of platelets
in this etiological subtype of ischemic stroke [7,8]. Furthermore, we hypothesize that it may be related
to aspirin resistance and affect the clinical condition and prognosis due to the reduced inhibition of
platelets. In the next step, we estimate the role of high on-treatment platelet reactivity for the clinical
evaluation and prognosis of stroke patients.

Previous reports regarding the relationship between high platelet reactivity and clinical
deterioration did not present clear conclusions [9–12]. The researchers did not focus on the potential
role of stroke etiology for significant correlations in this field. The main objective of this study was to
determine the relationship between platelet reactivity in the acute phase of ischemic strokes in patients
treated with acetylsalicylic acid and the clinical and functional condition of patients, as well as early
and late prognosis, with a particular emphasis on cerebral ischemic etiopathogenesis.

2. Materials and Methods

2.1. Study Population

The perspective, single-center, observational study was conducted at the Department of Neurology
at the University Hospital No. 1 in Bydgoszcz. We consecutively enrolled 69 patients between February
2016 and December 2017 who underwent ischemic stroke according to the updated definition of
stroke by the American Heart Association/American Stroke Association [13]. All subjects received a
standard dose (150 mg) of acetylsalicylic acid based on the current guidelines. We divided the enrolled
subjects into two subgroups considering the etiology of ischemic strokes. For the large vessel disease
subgroup, we included patients with at least 50% of a carotid artery stenosis on the site correlated
with clinical symptoms that were confirmed in an ultrasound examination [14]. The second etiological
subgroup, small vessel disease, consisted of subjects with clinical and radiological features related to
small vessel disease. We included patients with classic lacunar syndromes (pure motor or sensory
stroke or ataxic hemiparesis) and typical neuroimaging markers (small subcortical infarcts <2 cm,
hyperintensities in the white matter, lacunes < 15 mm, prominent perivascular spaces, microbleeds,
and brain atrophy), where acute ischemic infarcts in neuroimaging were related to clinical symptoms
of stroke [15]. The exclusion criteria were: a subject’s inability to make an informed signature (speech
disorders, or quantitative or qualitative disturbances of consciousness), an embolic background of
ischemic stroke, a previous history of stroke, the chronic use of acetylsalicylic acid before stroke
onset, gastrointestinal or urinary bleeding within the last 2 years, low platelet count <100,000/μL,
anemia (hemoglobin <9 g/dL), or low hematocrit <35%, “silent” infarcts (infarcts in neuroimaging that
are not related to clinical symptoms of stroke).

2.2. Clinical Outcome

Both the clinical status and functional status were assessed within 24 h after admission (first day)
to the hospital, on the eighth day of hospitalization (early prognosis), and on the 90th (+/− 5 days) day
(late prognosis) after the stroke onset. The clinical status and functional status were assessed using
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standardized research tools, the National Institute of Health Stroke Scale (NIHSS) and modified Rankin
Scale (mRS), respectively. When analyzing the severity of the neurological deficit, two subgroups of
patients with stroke were distinguished: a subgroup with a mild neurological deficit (0–5 points on
the NIHSS) and a subgroup with moderate and severe neurological deficits (≥6 points on the NIHSS).
Regarding the functional status of the patients, two subgroups of stroke patients were distinguished: a
favorable prognosis (on the mRS 0–2 points) and an unfavorable prognosis (on the mRS 3–5 points).
A comparison of the clinical and functional conditions in both etiological subgroups of the subjects is
presented in Table 1.

Table 1. A comparison of the anthropometric data, platelet reactivity, clinical, and functional status in
patients with stroke in both etiological subgroups.

Parameter
Large Vessel Disease

n = 20
Small Vessel Disease

n = 49
p-Value

Age median (range) * 67 (45–85) 68 (40–89) 0.7761
Male N, (%) ** 14 (70%) 21 (42.9%) 0.0408

Platelet reactivity:
optical aggregometry (AUC)

median (range) *
17.1 (0–208.6) 20.4 (0–154.2) 0.7147

Platelet reactivity:
impedance aggregometry (AUC)

median (range) *
42 (9–101) 27.5 (6–108) 0.0622

NIHSS 1 day median (range) * 5 (2–17) 5 (1–17) 0.6770
NIHSS 8 day median (range) * 2 (0–10) 2 (0–10) 0.8324
NIHSS 90 day median (range) * 1 (0–8) 2 (0–10) 0.6625

mRS 1 day median (range) * 4 (1–5) 4 (1–5) 0.7304
mRS 8 day median (range) * 1 (0–5) 2 (0–4) 0.4999
mRS 90 day median (range) * 1 (0–4) 2 (0–4) 0.5740

* Mann–Whitney U test, ** Chi-squared calculation. AUC, area under the curve; NIHSS, National Institute of Health
Stroke Scale; mRS, modified Rankin scale.

2.3. Ethics Statement

Written informed consent, after revision of the study protocol, was obtained from each participant.
This study was approved by the Bioethics Committee of Nicolaus Copernicus University in Torun at
Collegium Medicum of Ludwik Rydygier in Bydgoszcz (KB number 73/2016).

2.4. Platelet Function Testing

Aspirin-induced platelet function testing was measured using two methods: optical aggregometry
and impedance aggregometry. Blood samples were collected from the participants within 24 h after the
stroke onset. To standardize and to unify the time-points of measurements, most cases were performed
between 18 and 24 h after the stroke onset, at the same time of day (10–12 AM). The optical aggregometry
or light transmission aggregometry (LTA) was performed with an aggregometer (Chrono-Log Corp.,
Havertown, PA, USA) and the results were expressed as area under the curve (AUC) units. Values over
115 AUC units were defined as high on-treatment platelet reactivity or aspirin resistance. We performed
impedance aggregometry using the Multiplate® platelet function analyzer (Roche Diagnostics, France)
and its results were expressed as AUC units. For the aspirin-resistant group, we enrolled subjects
with values over 40 AUC units. The procedures for performing platelet function testing were similar
as described in the previous studies [16,17]. Of our 69 subjects, 43 underwent optical aggregometry
measurements, and all 69 subjects underwent impedance aggregometry assessment.
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2.5. Statistical Analysis

STATISTICA 13.1 (Dell Inc., Round Rock, TX, USA) was used to perform all statistical
evaluations. The non-parametric Mann–Whitney U test was used to compare continuous variables.
Categorical variables were compared with a Chi-squared test. Spearman’s rank test was used to
evaluate the correlations between the variables. The influence of platelet reactivity levels on stroke
severity was performed with logistic regression analysis. In the present study, the statistical significance
was defined as p < 0.05.

3. Results

3.1. All Subjects

There was no correlation between the platelet reactivity, assessed by Multiplate® and LTA methods,
and the severity of the neurological deficit assessed using the NIHSS and functional status of the
patients assessed on the mRS in the whole study group (Table 2). The comparison of the severity of
neurological deficit (NIHSS) in patients with stroke assessed on the first, eighth, and 90th day after
the stroke onset did not show significant differences between the subgroups of patients resistant and
sensitive to aspirin (on the first day p = 0.8663, on the eighth day p = 0.9234, and on the 90th day
p = 0.8225). There were no differences between the above groups regarding the functional status (mRS)
of patients (on the first day p = 0.9808, on the eighth day p = 0.4610, and on the 90th day p = 0.5892).

In the present study, we found that the initial platelet reactivity assessed by Multiplate® was
higher in patients with moderate/severe neurological deficits compared to a mild deficit on the 90th
day after the stroke onset (median, respectively, 40 AUC units vs. 25 AUC units, p = 0.033) (Figure 1).

 
Figure 1. Comparison of platelet reactivity by Multiplate® (in area under the curve (AUC) units) in
subgroups of patients with mild and moderate/severe neurological deficits on the 90th day in the
general population of stroke patients.
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However, there were no differences in the platelet reactivity between the groups distinguished on
the basis of the severity of the deficit on the first and eighth day of stroke (on the first day p = 0.6599;
on the eighth day p = 0.3271). The platelet reactivity assessed by Multiplate® did not differ between
patients with a favorable and unfavorable prognosis on the first (p = 0.6455), eighth (p = 0.6744),
and 90th day of the disease (p = 0.7414). The analysis of the relationship between the platelet reactivity
in the LTA method and the clinical and functional status of stroke patients in the whole group of
subjects showed no significant relationships (p > 0.05).

Logistic regression analysis showed that in the whole group of patients with stroke, aspirin-resistant
subjects were 5.5 times more likely to have a severe neurological deficit on the 90th day of stroke than
patients who were sensitive to aspirin; however, these differences did not reach statistical significance
(odds ratio (OR) = 5.52, 95% confidence interval (CI) 0.54–56.86; p = 0.1506).

3.2. Two Etiological Subgroups

In the subgroups of patients with the pathology of large and small vessel disease, there were no
statistically significant differences in the clinical and functional status of the stroke patients (NIHSS
and mRS) (Table 1). In the subgroup of patients with large vessel disease, a significant correlation was
found between the platelet reactivity assessed by Multiplate® and the functional status (mRS) on the
first day of stroke (correlation coefficient (R) = 0.4526; p = 0.0451) (Figure 2, Table 2).

Table 2. Correlations of the clinical and functional conditions and platelet reactivity in both methods
on individual days of stroke in the general population and in the subgroup of patients with large
vessel disease.

General
Population

Large Vessel Disease

Multiplate® LTA Multiplate® LTA

R p R p R p R p

NIHSS 1 day 0.0713 0.5603 0.0010 0.9948 0.4908 0.0728 0.0010 0.9947
NIHSS 8 days 0.0473 0.6996 0.1472 0.3462 0.2636 0.2614 0.1472 0.3462
NIHSS 90 days 0.0781 0.5233 0.0859 0.5838 0.2801 0.2017 0.0859 0.5837

mRS 1 day 0.0273 0.8240 0.0170 0.9139 0.4526 0.0451 0.01698 0.9139
mRS 8 days 0.1233 0.3128 0.0781 0.6186 0.4068 0.0750 0.0781 0.6186
mRS 90 days 0.0968 0.4288 0.1099 0.4829 0.3676 0.1108 0.1099 0.4826

Spearman’s rank correlation. R, correlation coefficient; LTA, light transmission aggregometry; NIHSS,
National Institute of Health Stroke Scale; mRS, modified Rankin scale.

Assessing the relationship between the aspirin resistance groups and the severity of clinical deficit
in patients with large vessel disease, we found that the aspirin-resistant patients did not differ in the
NIHSS scores from aspirin-sensitive patients (on the first day p = 0.06, on the eighth day p = 0.1167,
and on the 90th day p = 0.0986). Assessing the relationship with the functional status in patients with
large vessel disease, we found that patients with aspirin resistance achieved a higher median of points
on mRS on the eighth day of the disease than patients sensitive to aspirin (p = 0.0352) (Figure 3).

There were no differences in the mRS scores on the first and 90th day of stroke (respectively,
p = 0.0523 for the first day, p = 0.0631 for the 90th day). In the subgroup of patients with the pathology
of small vessels there were no significant differences in the severity of the clinical deficit and the
functional status between the groups distinguished on the basis of the presence or absence of aspirin
resistance (p > 0.05).

Comparing the platelet reactivity in patients with moderate/severe (NIHSS ≥6 points) and mild
neurological deficits (NIHHS <6 points), we found that in the subgroup of patients with the pathology
of large vessels, the median of platelet reactivity in the Multiplate® method was higher than in the
subgroup of patients with severe neurological deficit compared to mild deficit on the first day of the
disease (respectively, median 58.5 vs. 23.5 AUC units; p = 0.0372) (Figure 4); this did not differ on the
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eighth day (p = 0.0762), on the 90th day (p = 0.0982), or on particular days in the subgroup of patients
with the pathology of small vessels (p > 0.05).

(A) 

 
 (B) 

 
Figure 2. Correlation of platelet reactivity assessed by Multiplate® (in area under the curve (AUC)
units) and functional status (modified Rankin scale (mRS) on the first day of stroke) in the subgroup of
patients with large vessel disease (A) and small vessel disease (B).
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Comparing the platelet reactivity in patients with favorable and unfavorable prognosis, the median
of platelet reactivity in Multiplate® method did not differ between the above-mentioned groups both
on the first, eighth, and 90th day of stroke in both subgroups (p > 0.05).

Logistic regression analysis showed that in the subgroup with large vessel disease, aspirin-resistant
subjects had a 14 times greater probability of a severe neurological deficit on the first day of stroke
than subjects sensitive to aspirin (OR = 14.00, 95% CI 1.25–156.12, p = 0.0322).

(A) 

 
(B) 

 

Figure 3. Comparison of the functional conditions (modified Rankin Scale (mRS)) on the eighth day of
stroke in aspirin-resistant and aspirin-sensitive subjects in large vessel disease subgroup (A) and small
vessel disease subgroup (B).
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(A) 

 
(B) 

 
Figure 4. Comparison of platelet reactivity by Multiplate® (in AUC units) in the subgroup of patients
with mild and moderate/severe neurological deficits on the first day of stroke in large vessel disease
subgroup (A) and small vessel disease subgroup (B).

4. Discussion

In the present study, we demonstrated a significant role of ischemic stroke etiology for the
prognostic value of high on-treatment platelet reactivity. We underline that the association between
aspirin resistance and poor early clinical and functional conditions in ischemic stroke depends on
the etiological subtype of the stroke. In the large vessel disease subgroup, we found a higher
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platelet reactivity in patients with severe neurological deficits on the first day of stroke, and that
aspirin-resistant patients have a significantly higher probability of a severe clinical condition compared
to aspirin-sensitive patients.

The division of patients according to the etiopathogenesis of stroke revealed a significant effect
of platelet reactivity on the early functional condition. There was an average, though significant,
correlation between platelet reactivity and functional status assessed on mRS on the first day of stroke,
and patients resistant to aspirin had higher scores on the mRS (worse prognosis) on the eighth day of
stroke than patients who were sensitive to aspirin. Both were present only in the large vessel disease
subgroup. No similar results were demonstrated in the whole study population or in the small vessel
disease subgroup.

These novel findings emphasize the great impact of stroke etiology on the association of high
on-treatment platelet reactivity and poor early prognosis. However, it is difficult to refer the results
of this research with other publications due to the heterogenous populations of the studied groups
and different methodologies, and the lack of references in the literature on the impact of stroke
etiopathogenesis on the relationship of platelet function testing with the prognosis of stroke subjects.
Other authors did not assess the effect of stroke etiopathogenesis on the relationship of platelet reactivity
with clinical and functional conditions.

In this study, there was no correlation between the platelet reactivity and the clinical condition in
the whole group of subjects using the NIHSS on the first, eighth, and 90th day of stroke. In addition,
the division into aspirin-resistant and -sensitive patients did not significantly differentiate the clinical
status on particular days of the disease. Only the division of patients with mild to moderate/severe
neurological deficits (according to the NIHSS score) revealed a significant effect on a higher initial
platelet reactivity (within 24 h after onset) on the more severe clinical conditions, but this relationship
was recorded only on the 90th day of stroke. Numerous authors showed that the aspirin-resistant
group was characterized by a more severe early clinical condition, assessed on the NIHSS on the first
day, than the group sensitive to aspirin [9–12]. Cheng et al. [12] indicated a significant correlation
(R = 0.56) between platelet reactivity and the severity of neurological deficits assessed in the NIHSS.
These results led to the conclusion that excessive platelet reactivity and aspirin resistance are associated
with a worse clinical condition of patients in the acute phase of stroke. A different observation was
demonstrated by Kim et al. [18] and Lai et al. [19], whose studies did not show the effect of platelet
reactivity on the severity of the clinical condition assessed on the first day using the NIHSS. Similarly,
Englyst et al. [20] did not find significant differences in the clinical status assessed on the NIHSS on
the third day of stroke between the groups of patients resistant and sensitive to aspirin. The few
literature reports on the long-term clinical conditions assessed on the 30th and 90th days of stroke
showed contradictory results. Yip et al. [21] reported that aspirin-resistant patients were characterized
by a worse clinical condition (NIHSS) both on the 30th and 90th days than patients sensitive to aspirin,
while Lai et al. [19] did not find differences in the clinical condition (NIHSS) between these groups on
the 90th day. We hypothesize that the contradictory conclusions from the presented studies may have
resulted from omitting the important role of stroke etiology, as demonstrated in the current study.

The impact of platelet reactivity on the functional status of stroke patients is also debatable.
Lai et al. [19] suggested a lack of relationship between platelet reactivity and early prognosis, as they
did not reveal significant differences on the first day of stroke on mRS in the groups of patients sensitive
and resistant to aspirin. On the other hand, Englyst et al. [20] showed a worse functional status of
patients evaluated on mRS on the third day of stroke in aspirin-resistant patients compared to the
aspirin-sensitive group (mRS median, respectively, 4 vs. 2, p = 0.013). Similar conclusions were reached
by Sobol et al. [22] (mRS median 3 vs. 2, p = 0.02) assessing the functional status of patients on the 10th
day of stroke. In our study, in the whole study population, there was no effect of platelet reactivity
on the early prognosis—the functional status—on the first and eighth day of stroke or significant
differences in the functional status of patients resistant and sensitive to aspirin. The differences in the
results of this study from the data presented by other authors may be a result of including all etiological
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types of stroke (e.g., embolic) and other methodologies (Englyst et al., hemostatic thromboelastography;
Sobol et al., Platelet Function Assay (PFA-100)). In addition, according to the results of Amy et al. [23]
and Wilterdink et al. [24], aspirin administration before ischemic stroke onset results in a better
prognosis of patients evaluated on mRS. Englyst et al. [20] assessed only patients treated with aspirin
(for at least three days) before the incident. In the study by Sobol et al. [22], there is no information on
whether patients with stroke had previously taken aspirin or only from the first day of stroke. In the
only paper regarding late prognosis, Lai et al. [19] showed that on the 90th day of stroke, in the group
with aspirin resistance, subjects with a worse functional status were more often reported, rated on
mRS at 3–5 points, than in the group sensitive to aspirin (p = 0.037). However, the current study did
not show any significant effects of platelet reactivity on the late functional status (even considering the
etiopathogenesis of stroke). It is worth noting that Lai et al. evaluated the platelet reactivity with the
PFA-100 method and recruited patients with stroke who received a dose of 100 mg of aspirin at least
five days before platelet reactivity testing, which may have resulted in different functional outcomes
than in this study.

The present study and previous reports, despite various methodologies and inclusion and
exclusion criteria of the study population, underline that high on-treatment platelet reactivity may
have a negative impact on early and late prognosis and a significant association with poor clinical and
functional outcomes in stroke subjects. The novelty demonstrated in this research emphasizes that
stroke etiology may be a key factor for the above dependencies.

According to the results obtained in this study, carotid artery stenosis appears to be an essential
platelet activating factor. Tsai et al. [25], who assessed platelet function using flow cytometry,
also demonstrated significantly higher platelet aggregation in patients with large vessel pathology
compared to small vessel pathology. Importantly, the study was conducted on a similar population
of patients with cerebral ischemia to this study (i.e., they excluded patients with stroke due to
the embolic background. Similar results were presented by Zheng et al. [11], Kinsella et al. [26],
and Dawson et al. [27], who demonstrated that platelet reactivity assessed by different methods is
significantly elevated in patients with carotid artery stenosis. Kinsella et al. [28], using the PFA-100,
reported that surgical treatment (e.g., stenting) in stroke subjects due to a carotid artery stenosis
was associated with a significant reduction of platelet activation. These results were consistent with
our current findings, highlighting the role of large vessel disease etiology for ischemic stroke in
increasing platelet reactivity. These results indicate that platelet function monitoring may be useful for
stroke subjects due to carotid artery stenosis. Additionally, platelet-function-guided individualized
antiplatelet therapy can be essential to optimize clinical outcomes and to improve the functional status.

Unfortunately, both the American and European guidelines for the treatment and prevention of
stroke do not distinguish between antiplatelet therapy and stroke pathomechanisms. Regardless of
whether it is lacunar stroke or stroke due to a pathology of large extracranial vessels,
aspirin administration is recommended for all patients with thrombotic stroke [2]. The current
guidelines do not address the issue of aspirin resistance. It seems that this may be due to the lack of
large, randomized clinical trials that could be used to develop clear guidelines.

As stroke in large extracranial pathology accounts for a fairly significant proportion of all
strokes, and the results of current and previous studies highlight the significant impact of carotid
artery pathology on platelet reactivity relationships with worse clinical conditions and prognoses,
we recommend routinely determining platelet reactivity and detecting aspirin resistance, especially in
cases of recurrent ischemic events. The authors believe that this would allow for personalized
antiplatelet treatment based on platelet function testing, whose effectiveness for this group of patients
is a priority.

The authors are aware that this study has several limitations. The evaluation of platelet function
was performed only once and at different times during the first 24 h after the onset of stroke and at
different times after the first dose of acetylsalicylic acid. It could have contributed to the variations
in the measurements of platelet function. A single measurement with poorly validated methods in
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light of the marked variability of platelet reactivity that was previously demonstrated, may not be
sufficient to properly assess the effect of high on-treatment platelet reactivity on the clinical condition
and prognosis in ischemic stroke. More work is essential to sequentially determine platelet reactivity
on successive days. Another limitation is that biochemical resistance does not always correspond
with clinical resistance. The sample size in the study was small and imbalanced between the two
etiological subgroups. The lack of recruitment of patients with severe stroke (especially those with
impaired consciousness), due to the inability to obtain informed consent, constitutes a huge limitation
of the study. Despite using stringent inclusion and exclusion criteria, in the face of low rates of in-
hospital atrial fibrillation detection, there is a possibility that a small percentage of subjects may have
had another etiology of stroke, such as embolism.

5. Conclusions

This pilot study demonstrated that high on-treatment platelet reactivity is associated with a
worse late prognosis in ischemic stroke. In patients with large vessel disease, high platelet reactivity
is associated with a worse early prognosis and clinical and functional condition of patients in the
acute phase of stroke. The role of etiology demonstrated in this paper is novelty. However, due to the
pilot nature of this study, the obtained results should be interpreted with caution. Further research,
performed on larger sample size, is essential to validate and confirm our findings and to determine the
optimal and personalized antiplatelet therapy.
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Abstract: Intravenous thrombolysis (IVT) in patients with a low National Institutes of Health Stroke
Scale (NIHSS) score of 0–5 remains controversial. IVT should be used in patients with mild but
nevertheless disabling symptoms. We hypothesize that response to IVT of patients with “mild stroke”
may depend on their level of functional dependence (FD) at hospital admission. The aims of our
study were to investigate the effect of IVT and to explore the role of FD in influencing the response
to IVT. This study was a retrospective analysis of a prospectively collected database, including 389
patients stratified into patients receiving IVT (IVT+) and not receiving IVT (IVT −) just because of mild
symptoms. Barthel index (BI) at admission was used to assess FD, dividing subjects with BI score <
80 (FD+) and with BI score ≥ 80 (FD−). The efficacy endpoints were the rate of positive disability
outcome (DO+) (3-month mRS score of 0 or 1), and the rate of positive functional outcome (FO+) (mRS
score of zero or one, plus BI score of 95 or 100 at 3 months). At the multivariate analysis, IVT treatment
was an independent predictor of DO+ (OR 3.12, 95% CI 1.34−7.27, p = 0.008) and FO+ (OR: 4.70, 95%
CI 2.38−9.26, p = 0.001). However, FD+ IVT+ patients had a significantly higher prevalence of DO+

and FO+ than those FD+ IVT–. Differently, IVT treatment did not influence DO+ and FO+ in FD–

patients. In FD+ patients, IVT treatment represented the strongest independent predictor of DO+

(OR 6.01, 95% CI 2.59–13.92, p = 0.001) and FO+ (OR 4.73, 95% CI 2.29–9.76, p = 0.001). In conclusion,
alteplase seems to improve functional outcome in patients with “mild stroke”. However, in our
experience, this beneficial effect is strongly influenced by FD at admission.

Keywords: intravenous thrombolysis; NIHSS; Barthel index; functional dependence

1. Introduction

Many patients with acute ischemic strokes (AIS) have a low National Institutes of Health Stroke
Scale (NIHSS) score at presentation [1,2]. Although the presence of these mild symptoms represents
the most common reason for renouncing intravenous thrombolysis (IVT) [3], only 68% of these patients
can be discharged home without a residual disability [4]. Thus, there is increasing interest in the use of
IVT in AIS patients with a low NIHSS score at admission. Results coming from clinical studies on this
topic are conflicting, since functional outcome results, as assessed by the modified Rankin scale (mRS)
sometimes improve, and at other times, are not modified by IVT treatment [5–10].
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Previous American Heart Association/American Stroke Association guidelines suggested to use
IVT treatment in persons with a wide spectrum of neurological deficits (1996) and with measurable
neurological deficits (2007) [11,12]. This concept has been updated in the most version of the guidelines,
recommending that IVT should also be used in patients with mild, but nevertheless disabling
symptoms [13]. However, the NIHSS is not able to assess severity of disability. For instance, it cannot
be used to accurately assess posterior circulation disease, which may cause very disabling symptoms.
In fact, already in 2013, Wendt et al. reported that language impairment, distal paresis, and gait
disorder were common disabling deficits in patients with low NIHSS scores. The authors suggest that
the judgment of whether a stroke is disabling should not be based on the NIHSS score, but on the
assessment of individual neurologic deficits and their impact on functional impairment [14].

To date, only a trial has been performed to compare the efficacy of alteplase versus aspirin for
AIS patients with minor and non-disabling neurological deficits (the PRISMS trial). The authors
observed that alteplase did not increase the likelihood of favorable outcome compared to aspirin [15,16].
Although the PRISMS was a prospective, double-blind, and placebo-controlled trial, it suffered from
two significant limitations. In fact, the study was terminated early because patient recruitment was
below target and it adopted a definition of “not clearly disabling” that was subjective and required
interpretation by individual clinicians. Thus, conclusions of the PRISMS trial cannot be generalized.

A possible reason for the uncertain effectiveness of alteplase in minor strokes is that patients with
a low NIHSS score at admission may respond to IVT treatment in different ways, depending on their
level of functional dependence (FD) at admission. In addition, we suggest that the severity of FD
should be assessed by a standard measure, such as the Barthel index (BI), instead of using a subjective
selection based on the judgment of each physician. The aims of our study were: (1) to investigate the
effects of IVT in patients with “mild stroke”, defined as a NIHSS score of 0−5 at presentation; (2) to
explore the role of FD in influencing response to IVT in AIS patients with “mild stroke”.

2. Materials and Methods

2.1. Patients

This study was based on a retrospective analysis of a prospectively-collected database of consecutive
patients admitted to the Udine University Hospital for AIS from January 2015 to December 2018. Inclusion
criteria were: age 18 years or older and NIHSS score of 0 to 5. Exclusion criteria were: presence of a
pre-stroke mRS score > 1, large vessel occlusion on cranial CT-angiography, and time interval > 4.5 h from
symptoms onset. Out of 1636 patients admitted for AIS, 389 were considered suitable for the study after
considering inclusion and exclusion criteria. The study sample was stratified into 2 groups: AIS patients
who received IVT (IVT+) and patients to whom IVT was denied because of mild symptoms (IVT−).

2.2. Data Collection

The following variables were collected: age, sex, vascular risk factors such as previous transient
ischemic attack or previous stroke, ischemic heart disease, peripheral artery disease, obesity defined as
a BMI ≥ 30, atrial fibrillation, hypertension, diabetes mellitus, hypercholesterolemia, current smoking
status, and pharmacological treatment. Stroke severity was determined with the NIHSS at admission.
Presence of intracranial hemorrhage (ICH) was detected. Definition of symptomatic ICH (sICH) was
based on the European Cooperative Acute Stroke Study (ECASS) III protocol [17]. Functional outcome
was assessed by means of the mRS score 3 months after the stroke, and of the BI score, calculated at
admission and recalculated at 3-months. The mRS and the BI scores after discharge were recorded at
the patients’ routine clinical visit during a face-to-face examination.

2.3. Outcome Measures

Our efficacy endpoints were: (1) rate of positive disability outcome (DO+), defined as a 3-month
mRS score of 0 or 1; (2) rate of positive functional outcome (FO+), defined as an mRS score of 0 or 1
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plus a BI score of 95 or 100 at 3 months. The safety endpoints were: (1) rate of mortality at 3 months;
(2) presence of sICH.

2.4. Statistical Analysis

Baseline characteristics and outcomes of the two patient groups (IVT+ versus IVT−) were compared
by means of the chi-square test (Fisher’s exact test) for categorical variables and the Student’s t-test for
independent samples when the continuous variables had a normal distribution.

The Mann–Whitney U test was used when the continuous variables had an abnormal distribution and for
ordinal variables. Binary logistic regression was used to explore variables associated with outcome measures.

In order to explore whether there was a significant interaction between the types of presenting
symptoms (according to the Barthel index) and the efficacy of thrombolysis, both patients treated and not
treated with IVT were differentiated as: (1) patients without FD; (2) patients with FD predominantly due
to weakness; (3) patients with FD predominantly due to imbalance; (4) patients with FD predominantly
due to neglect and/or hemianopsia; (5) patients with FD predominantly due to other neurological
symptoms, e.g., aphasia and confusion.

With the aim to verify if the level of FD at admission might influence response to IVT in AIS
patients with “mild stroke”, we divided our sample into subjects with a BI score < 80 (FD+) and those
with a BI score ≥ 80 (FD−). We tested this hypothesis comparing the efficacy endpoints between FD+

and FD– patients, treated and not treated with IVT.
Data are displayed in tables as means and standard deviations (SD), if not otherwise specified.

All probability values are two-tailed. A p value of < 0.05 was considered to be statistically significant.
Statistical analysis was carried out using the SPSS Statistics, Version 20.0 for Windows (Chicago, IL, USA).

3. Results

Our sample of 389 patients was composed of 235 males (60.4%) with a mean age of 68.5 ± 13.6
years, a median NIHSS score of 2 (IQR 1−3), and a median BI score of 75 (IQR 60-90). Almost one-half
(51.7%) of our patients with “mild stroke” had a BI score < 80 at admission (FD+ patients). Figure 1
shows the distribution of the BI score at admission in our sample.

Figure 1. Barthel index score distribution in our sample.
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Of the 389 enrolled patients with “mild stroke”, 113 (29%) were treated with IVT (IVT+), whereas
in 276 (71%), IVT was denied because of mild symptoms (IVT−). Baseline characteristics in IVT+ and
IVT– patients are summarized in Table 1. The two groups differed only in median NIHSS score and
use of anticoagulants.

Table 1. Baseline characteristics.

IVT+

(n = 113)
IVT–

(n = 276)
p

Demographic data and baseline clinical characteristics

Age, years 68.2 ± 12.0 68.7 ± 14.2 0.7

Males, n (%) 67 (59.3) 168 (60.9) 0.8

NIHSS score at admission, median (IQR) 3 (2−4) 2 (1−3) 0.001

BI score at admission, median (IQR) 60 (75−90) 60 (75−90) 0.5

Medications prior to onset, n (%)
Antiplatelet agents 39 (34.5) 79 (28.6) 0.2

Anticoagulant agents 1 (0.9) 25 (9.1) 0.003

Glucose level, mg/dl 126.4 ± 35.3 134.2 ± 64.7 0.3

Vascular risk factors

Previous transient ischemic attack/stroke, n (%) 15 (13.3) 45 (16.3) 0.4

Ischemic heart disease, n (%) 19 (18.3) 27 (10.8) 0.06

Peripheral artery disease, n (%) 2 (1.9) 2 (0.8) 0.6

Obesity, n (%) 9 (8.7) 22 (8.8) 0.9

Atrial fibrillation, n (%) 19 (16.8) 67 (24.3) 0.1

Hypertension, n (%) 68 (60.2) 184 (66.7) 0.2

Diabetes mellitus, n (%) 17 (15.0) 63 (22.8) 0.08

Hypercholesterolemia, n (%) 43 (38.1) 102 (37.0) 0.8

Current smoking, n (%) 29 (26.1) 53 (21.1) 0.3

IVT = intravenous thrombolysis; NIHSS = National Institute of Health Stroke scale; BI = Barthel index.

At 3-months, IVT treatment improved both measures of outcome (DO+ and FO+). Although IVT+

patients showed higher rates of sICH than those IVT–, the prevalence of 3-month mortality did not
differ between the two groups (see Table 2).

Table 2. Efficacy and safety endpoints in patients treated and not treated with IVT.

IVT+

(n = 113)
IVT–

(n = 276)
p

Efficacy endpoints

DO+, n (%) 98 (86.7) 195 (70.7) 0.001

FO+, n (%) 94 (83.9) 179 (65.6) 0.001

Safety endpoints

Mortality at 3-months, n (%) 1 (0.9) 3 (1.1) 0.8

sICH, n (%) 5 (4.4) 3 (1.1) 0.03

IVT = intravenous thrombolysis; DO+ (3-month mRS score of 0 or 1) = positive disability outcome; FO+ (mRS
score of 0 or 1, plus BI score of 95 or 100 at 3-months) = positive functional outcome; sICH = symptomatic
intracranial hemorrhage.
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By univariate analysis, apart from IVT treatment, a positive disability outcome (DO+) was also
associated with younger age (OR for 1-year increment in age 0.98, 95% CI 0.96–0.99, p = 0.02), lower
NIHSS score at admission (OR 0.72 for 1-point increase in the scale, 95% CI 0.60–0.85, p = 0.001), higher
BI score at admission (OR 1.06, 95% CI 1.05–1.08, p = 0.001), lower serum glucose at admission (OR 0.98
for each mg/dl increase in glucose, 95% CI 0.97–0.99, p = 0.01), a history of previous transient ischemic
attack/stroke (OR 0.42, 95% CI 0.24–0.75, p = 0.003), obesity (OR 0.41, 95% CI 0.19–0.91, p = 0.02), and
of diabetes mellitus (OR 0.45, 95% CI 0.27–0.77, p = 0.003). Regarding instead positive functional
outcome (FO+), younger age (OR for 1-year increment in age 0.98, 95% CI 0.96–0.99, p = 0.008), lower
NIHSS score at admission (OR 0.72 for 1-point increase in the scale, 95% CI 0.61–0.85, p = 0.001), higher
BI score at admission (OR 1.06, 95% CI 1.04–1.07, p = 0.001), a history of previous transient ischemic
attack/stroke (OR 0.45, 95% CI 0.26–0.80, p = 0.005), hypertension (OR 0.61, 95% CI 0.38–0.98, p = 0.04),
and diabetes mellitus (OR 0.52, 95% CI 0.31–0.87, p = 0.01) were related to FO+ at 3 months.

By multivariate analysis, after controlling for variables significantly associated with the two
efficacy endpoints at the univariate analysis, IVT treatment remained an independent predictor of DO+

and FO+ in patients with “mild stroke” (see Table 3).

Table 3. Multivariable analyses showing independent predictors of positive disability outcome and
positive functional outcome.

DO+ OR 95% CI p

IVT treatment
No 1.00
Yes 3.12 1.34−7.27 0.008

Age 0.95 0.92−0.98 0.003

BI score at admission 1.06 1.04−1.09 0.001

FO+ OR 95% CI p

IVT treatment
No 1.00
Yes 4.70 2.38−9.26 0.001

Age 0.98 0.96−0.99 0.02

NIHSS score at admission 0.77 0.61−0.97 0.03

BI score at admission 1.06 1.04−1.07 0.001

Diabetes mellitus
No 1.00
Yes 0.53 0.29−0.98 0.04

DO+ (3-month mRS score of 0 or 1) = positive disability outcome; FO+ (mRS score of 0 or 1 plus BI score of 95 or 100
at 3-months) = positive functional outcome; IVT = intravenous thrombolysis; NIHSS = National Institute of Health
Stroke scale; BI = Barthel index.

A beneficial effect of IVT was observed only in patients with FD predominantly due to weakness
who significantly improved after treatment (DO+: OR 4.88, 95% CI 2.01–11.83, p = 0.001; FO+: OR 5.03,
95% CI 2.23–11.32, p = 0.001), different from patients without FD, or with other types of presenting
symptoms (data not shown).

As shown in Figure 2, the prevalence of DO+ was significantly higher in FD+ IVT+ patients than
in those FD+ IVT – (FD+ IVT+: 83.9% vs. FD+ IVT–: 52.5%, p = 0.001); differently, IVT treatment did
not influence DO+ in FD– patients (FD– IVT+: 90.2% vs. FD– IVT–: 89.1%, p = 0.8). Similarly, for
functional outcome, FO+ was significantly more common in FD+ IVT+ patients than in those FD+ IVT–

(FD+ IVT+: 77.4% vs. FD+ IVT–: 44.6%, p = 0.001), whereas rates of FO+ were similar in FD– IVT+ and
FD– IVT– patients (90.2% vs. 85.4%, p = 0.4) (see Figure 3).
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Figure 2. Effect of IVT on disability outcome rates in groups of patients with different levels of
functional dependence at admission. DO = disability outcome; FD = functional dependence; IVT =
intravenous thrombolysis.

Figure 3. Effect of IVT on functional outcome rates in groups of patients with different levels of
functional dependence at admission. FO= functional outcome; FD = functional dependence; IVT =
intravenous thrombolysis.
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In FD+ patients, the following variables were independent predictors of outcome: IVT treatment
(OR 6.01, 95% CI 2.59–13.92, p = 0.001), BI score at admission (OR 1.07, 95% CI 1.04–1.10, p = 0.001),
a history of previous transient ischemic attack/stroke (OR 0.41, 95% CI 0.18–0.92, p = 0.03), and diabetes
mellitus (OR 0.42, 95% CI 0.18–0.94, p = 0.04) for DO+; IVT treatment (OR 4.73, 95% CI 2.29–9.76,
p = 0.001), BI score at admission (OR 1.04, 95% CI 1.02–1.07, p= 0.001), and a history of previous transient
ischemic attack/stroke (OR 0.44, 95% CI 0.20–0.96, p = 0.04) for FO+. In contrast, IVT treatment did
not affect functional outcome in FD– patients; in fact, BI score at admission was the only independent
predictor of DO+ (OR 1.22, 95% CI 1.07–1.39, p = 0.002), and FO+ (OR 1.13, 95% CI 1.05–1.21, p = 0.001).

4. Discussion

For the first time we demonstrated that patients with “mild stroke”, as defined as a NIHSS
score of 0−5, should be selected for IVT on the basis of their level of FD at admission. In particular,
subjects with moderate or severe FD, as assessed by the BI score, should be treated with IVT as soon as
possible. In contrast, treatment with alteplase seems to be ineffective on patients who are functionally
independent or with slight FD at admission. Thus, our study gives support to the latest American
Heart Association/American Stroke Association guidelines recommending that IVT should be used for
patients with mild but also disabling symptoms [13].

There is ongoing debate concerning what is a “mild stroke”. In 2010, Fisher et al. explored the
relationship of 6 different “minor stroke” definitions and outcomes. Since patients with a NIHSS score
≤ 3 had the best short- and medium-term outcome, the authors suggested to use this easily-applicable
definition [18]. Although this definition has been used in some studies [19,20], a recent review of this
topic reported that the NIHSS—with a score ranging from 0 to 5—is the most commonly used tool to
define a “mild stroke” [21]. Similarly, we utilized an NIHSS score of 0 to 5 for identifying patients with
supposed “mild” symptoms; our patients had a median NIHSS score of 2. However, despite their low
NIHSS, several of them were affected by severe FD at admission; in fact, we observed a median BI
score of 75, and 51.7% of the sample had a BI score < 80. This discrepancy may be due to the fact that
the NIHSS is not able to detect symptoms of posterior circulation stroke, such as postural instability,
gait disturbance, and dysphagia that can cause very severe disability. Thus, we think that patients with
a low NIHSS score at presentation should be carefully evaluated regarding the presence of possible
disabling symptoms before being labeled as affected by “mild stroke”.

Originally published in 1965, the BI was developed to give physicians a suitable standard tool to
assess and measure FD [22]. In fact, the BI covers all activities considered part of any assessment of
activities of daily living, has an excellent reliability and validity, is easy to use, and only takes a few
minutes [23]. Thus, we suggest adopting this tool in patients with “mild stroke”, in order to correctly
recognize patients with non-disabling symptoms.

Obviously, the exact distinction between stroke with disabling or non-disabling symptoms
becomes extremely important when patients are affected by AIS and are suitable for IVT treatment.
In our sample, more than 70% of AIS patients were not treated with IVT because they were deemed too
good to be treated. This rate is perfectly in line with previous studies on this topic [6,9,10]. As shown
in Table 1, the decision to treat or not to treat with IVT was merely based on the NIHSS score, whereas
the level of FD was absolutely neglected. Use of anticoagulant agents was, as expected, significantly
higher in AIS patients with “mild stroke” who were not treated, than in those who received IVT.

Previous studies on IVT treatment in AIS patients with mild symptoms report conflicting results [5–10].
In 2012 Huisa et al. investigated 133 patients with minor ischemic strokes, defined as an admission NIHSS
score ≤ 5, and observed similar outcomes between patients treated and not treated with alteplase [5].
An Italian study of 128 patients with mild ischemic stroke confirmed that alteplase did not improve
functional outcome [6]. Of 276 patients with mild ischemic stroke symptoms that were analyzed by
Spokoyny et al., 83 were IVT treated. Treated and untreated patients had similar baseline characteristics
except that the treated group had higher baseline NIHSS. Prevalence of mRS 2−6 at 90 days was 37.4% in
the treated group and 31.1% in the untreated group (p = 0.44) [9]. In contrast, Urra et al. reported that IVT
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was associated with a greater proportion of patients with mild stroke who shifted down on the mRS score
at 3 months (OR 2.66; 95% CI 1.49–4.74, p = 0.001) [7]. In a case-control study of 890 Austrian patients
with a NIHSS score 0−5 at admission, IVT was associated with a better outcome after 3 months (OR 1.49,
95% CI 1.17–1.89, p < 0.001) [8]. More recently, Haeberlin et al. compared 3-month functional outcomes
in 370 consecutive AIS patients with a NIHSS score ≤ 6. Although patients with mild AIS had a high
chance of favorable outcomes irrespective of treatment type, subjects receiving IVT more often achieved
complete remission of symptoms (mRS score = 0) (OR 3.33, p < 0.0001) [10]. Similarly to Urra et al. [7] and
Haeberlin et al. [10], we observed a major beneficial effect of IVT on the outcome measures. Interestingly,
it would seem that IVT efficacy is more pronounced in AIS patients affected by “mild stroke” than in those
enrolled in regulatory randomized controlled trials, in which patients with minor symptoms were largely
underrepresented [24]. We think that this discrepancy may be due to different study design between
observational studies and randomized controlled trials. In fact, more often, non-interventional studies
tend to overestimate the effects of the treatment and show more variability in estimates of the effects
because of residual confounding, errors, and bias.

Discording results of IVT efficacy in “mild strokes” may be explained by differences in clinical
characteristics among patients with minor symptoms. In particular, our patients who underwent IVT
had a better 3-month functional outcome than those IVT–, but presence of neurological symptoms due to
weakness and level of FD at admission played a major role in influencing this association. If patients
with “mild stroke” plus disabling symptoms (FD+) were treated with alteplase, there was a significant
improvement in functional outcome compared to those which were not treated. Indeed, more than 50%
of patients with a BI score < 80 for whom IVT was denied did not achieve functional independence
3 months after stroke. In patients with “mild stroke” plus disabling symptoms, IVT represented the
strongest predictor of DO+ (OR: 6.01) and FO+ (OR: 4.73). On the other hand, rates of favorable outcomes
were very high in patients without disability, regardless of treatment type. In these patients, BI score at
admission was the only independent predictor of DO+ and FO+, while IVT treatment did not influence
functional outcomes. In contrast, Urra et al. report that IVT was associated with a greater proportion of
patients with non-disabling minor strokes who shifted down on the mRS score at 3-months [7].

To date, only the PRISMS trial has been designed to assess the efficacy of IVT for the treatment of AIS
with NIHSS 0−5, and without clearly disabling deficits. The authors designed a multicenter, randomized,
double-blind, placebo-controlled trial with a sample size of 948 subjects [15]. Unfortunately, the study
was terminated early because of low patient recruitment. Results of the 313 patients enrolled failed to
demonstrate more favorable functional outcomes in patients treated with alteplase, as compared to
those receiving only aspirin. However, the trial’s early termination precludes any definitive conclusions
on this topic. Moreover, definition of “not clearly disabling” was left to the subjective interpretation of
individual clinicians [16].

Regarding safety endpoints, in our sample, alteplase treatment significantly increased the risk of
sICH, even if rates of mortality were similar in patients IVT+ and IVT–. Bearing in mind that higher
NIHSS scores predict a higher rate of sICH, it could be argued that our sICH rate in patients with
“mild stroke” was high. However, a previous study performed in patients with minor stroke reported
a sICH rate as high as 5% when IVT was administered [5].

Several limitations of this study need to be acknowledged. First, the retrospective design of
our study was certainly a limit; however, all data were prospectively collected. Second, measures
of outcome were obtained by physicians that were not blinded to IVT treatment, which may have
influenced their rating. Third, information on intervals between stroke onset and IVT was not collected,
thus we cannot exclude that elapsed time from symptoms onset may have influenced physicians’
decisions to perform or not perform IVT treatment. Finally, since this was a hypothesis-generating
study, further surveys are needed to test our preliminary hypotheses. In particular, interventional
trials should be performed in order to exclude the presence of a bias by indication that could have
affected our observational study.
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In conclusion, alteplase seems to improve functional outcome in patients with a low NIHSS score.
However, in our experience, this beneficial effect is strongly influenced by FD at admission. In patients
with “mild stroke” plus disabling symptoms, IVT treatment should be administered as soon as possible;
on the contrary, alteplase may not be used if minor and non-disabling deficits are diagnosed. In order
to distinguish mild ischemic stroke patients with disabling or non-disabling symptoms, we suggest to
use the BI. Our observational study brings further evidence to the results coming from a few other
non-interventional studies and from one randomized trial interrupted before completion. Thus, further
large interventional studies are needed to confirm our preliminary findings.
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Abstract: We investigated whether there was an annual change in outcomes in patients who received
the thrombolytic therapy or endovascular treatment (EVT) in Korea. This analysis was performed
using data from a nationwide multicenter registry for exploring the selection criteria of patients who
would benefit from reperfusion therapies in Korea. We compared the annual changes in the modified
Rankin scale (mRS) at discharge and after 90 days and the achievement of successful recanalization
from 2012 to 2017. We also investigated the determinants of favorable functional outcomes. Among
1230 included patients, the improvement of functional outcome at discharge after reperfusion therapy
was noted as the calendar year increased (p < 0.001). The proportion of patients who were discharged
to home significantly increased (from 45.6% in 2012 to 58.5% in 2017) (p < 0.001). The successful
recanalization rate increased over time from 78.6% in 2012 to 85.1% in 2017 (p = 0.006). Time from
door to initiation of reperfusion therapy decreased over the years (p < 0.05). These secular trends
of improvements were also observed in 1203 patients with available mRS data at 90 days (p < 0.05).
Functional outcome was associated with the calendar year, age, initial stroke severity, diabetes,
preadmission disability, intervals from door to reperfusion therapy, and achievement of successful
recanalization. This study demonstrated the secular trends of improvement in functional outcome
and successful recanalization rate in patients who received reperfusion therapy in Korea.

Keywords: reperfusion; therapy; ischemic stroke; outcome

1. Introduction

Stroke is one of the diseases with the highest burden worldwide. Although the age-standardized
risk of stroke or case fatality has been improving, there is still an increase in the absolute number of
stroke or stroke-related death [1]. The Global Burden of Disease Study demonstrated that the burden
of cerebrovascular disease increased over several decades and ranked second in the highest burden of
diseases in 2015 [2].

Intravenous tissue plasminogen activator (IV t-PA) therapy and endovascular treatment (EVT) are
established treatments for eligible patients with acute ischemic stroke [3,4]. Although these modalities
can lead to successful recanalization, which is a strong determinant of a good outcome [5], many patients
who received reperfusion therapy did not achieve a favorable outcome [6]. Over the past decades,
there has been an improvement in the stroke care program, imaging techniques, treatment devices,
and experience in EVT. As a result, overall outcome of reperfusion therapy for acute ischemic stroke
could be improved at a national level [7]. In Korea, there have been improvements in the care system
for acute stroke patients, including easy and rapid accessibility to medical services, establishment
of stroke units or centers, and acute stroke codes for reperfusion therapy [8–10]. Considering these
secular trends in the stroke care system, clinical and radiologic outcomes after reperfusion therapy
might have changed in Korea.

We investigated whether there was an annual change in outcomes in patients who received IV
t-PA therapy or EVT in Korea. We also determined which factors had played a role in these changes
using the nationwide thrombolytic and EVT registry.
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2. Materials and Methods

2.1. Patients Inclusion

The study population was derived from the Selection Criteria in Endovascular Thrombectomy and
thrombolytic therapy (SECRET) registry (Clinicaltrials.gov NCT02964052, https://clinicaltrials.gov/ct2/
show/NCT02964052?term=NCT02964052&rank=1). The SECRET registry is a nationwide multicenter
registry for exploring the selection criteria of patients who would benefit from reperfusion therapies.
The SECRET registry was started on May 2016. This registry consisted of four parts: (1) clinical
information, (2) information on reperfusion therapy, (3) comorbidities, and (4) imaging data.

The clinical information section includes the demographics, vascular risk factors, previous
medication status, laboratory findings, and neurologic status or premorbidity before stroke. In the
reperfusion therapy section, the information on time parameters, angiographic findings before and
after treatment, devices used during the procedure, periprocedural complications, and concomitant
thrombolytic agents used was collected. The modified Rankin scale (mRS) at discharge and after 90
days, along with mortality within 6 months, was determined in each patient during the follow-up. If a
patient died, we also assessed the cause of death.

For the comorbidities section, we determined the presence of the component of the Charlson
comorbidity index (CCI) for each patient. In the stroke population, we used a modified version of
the CCI, which consisted of 19 diseases, including myocardial infarction, congestive heart failure,
peripheral vascular disease, previous stroke, atrial fibrillation, dementia, depression, chronic pulmonary
disease, ulcer disease, mild liver disease, moderate or severe renal disease, connective tissue disease
or rheumatic disease, anemia, diabetes, acquired immune deficiency syndrome, cancer, leukemia,
lymphoma, and metastatic cancer [11].

The imaging data section included the occlusion site, infarction core, collateral status, and
thrombus characteristics on thin-section computed tomography (CT). The imaging findings were
ascertained by the imaging adjudication committee (6 stroke neurologists and 4 neuroradiologists).
The audit was conducted every two weeks, and the data management center verified the completeness
and accuracy of the data. For this study, we used the demographics, vascular risk factors, underlying
vascular diseases, time parameters, occlusion site, angiographic findings before and after treatment,
and functional outcome variables.

This registry included 1026 patients who had been registered retrospectively from 15 hospitals
between January 2012 and December 2015 and 333 patients who had been registered prospectively
from 13 hospitals between November 2016 and December 2017. For prospectively-enrolled patients,
written informed consent was obtained from patients or the next of kin. This registry was approved by
the institutional review board in each participating hospital.

2.2. Reperfusion Therapy

IV t-PA and EVT was used in patients who met the criteria based on current guidelines. IV t-PA
(Actilyse; Boehringer-Ingelheim, Ingelheim, Germany) was used in patients who had a stroke within
4.5 h from symptom onset and met the criteria based on current guidelines with a standard dose
(0.9 mg/kg) [12,13]. If patients had large vessel occlusion on initial angiographic studies and could be
treated within 8 h from symptom onset, EVT was considered. The EVT was performed primarily using
mechanical devices rather than chemical agents. Among the mechanical devices, Solitaire stent retriever
(Medtronic Neurovascular, Iirvine, CA, USA), Trevo retriever (Stryker Neurovascular, Fremont, CA,
USA), or Penumbra reperfusion catheter (Penumbra, Alameda, CA, USA) was available in Korea
and used based on target vessel site, tortuosity, or neurointerventionalist’s preference. Intra-arterial
thrombolysis with urokinase (Green Cross, Seoul, Korea) or glycoprotein IIb/IIIa antagonists was used
as an adjuvant therapy in certain cases including those with re-occlusion or distal embolization.

If the onset of symptom was unclear, EVT was performed based on imaging findings and
physician’s discretion. Brain magnetic resonance imaging and magnetic resonance angiography were
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performed 24 h after reperfusion therapy. When brain MRI could not be performed, brain CT and/or
CT angiography was performed. During hospitalization, each patient was treated on the basis of
current stroke guidelines [14,15].

2.3. Outcome Measures

In this study, functional outcome was assessed with mRS at discharge and after 90 days. Favorable
functional was defined as having mRS score of 0–2 and excellent functional outcomes was defined as
mRS score of 0–1. In terms of radiologic outcomes, successful recanalization was determined using
digital subtraction angiography (DSA), CT angiography (CTA), or magnetic resonance angiography
(MRA). In this study, successful recanalization was defined as thrombolysis in cerebral infarction grade
of 2b or 3 on final DSA among patients with EVT [16]. In patients who received IV t-PA only, successful
recanalization was defined as arterial occlusive lesion (AOL) scoring of 3 on CTA or MRA performed
within 24 h. Symptomatic intracerebral hemorrhage was defined as having any type of hemorrhage
causing neurologic deterioration with National Institutes of Health Stroke Scale (NIHSS) score ≥4
or leading to death or surgery within 7 days of stroke onset based on the criteria in the European
Cooperative Acute Stroke Study (ECASS) III trial [12].

2.4. Statistical Analysis

When we compared the baseline characteristics according to the calendar year, Student’s
independent t-test was used to compare age, time interval, and laboratory findings, and Pearson’s χ2

test or Fisher’s exact test was used in the analysis of categorical data. Wilcoxon rank sum test was used
to compare baseline NIHSS scores. Because the number of patients who received reperfusion therapy
in December 2016 and registered in the SECRET registry was small, these patients were merged into the
patient group treated in 2017 for this analysis. When we investigated the trends of outcomes by year,
linear-by-linear or Jonckheere-Terpstra test was used for the analysis. To determine the independent
predictors of outcomes, logistic regression or ordinal regression analysis was used. A multivariable
analysis was performed using all variables with a p-value < 0.1 in the univariable analysis. All p-values
were two-sided, and a p-value < 0.05 was considered statistically significant. All statistical analysis
was performed using Windows SPSS package (version 23.0, IBM Corp., Armonk, NY, USA) and R
version 3.2.1 (R Foundation for Statistical Computing, Vienna, Austria, http://www.R-project.org).

3. Results

3.1. Baseline Characteristics

Between January 2012 and December 2017, a total of 1359 patients who received reperfusion
therapy with either IV t-PA therapy or EVT were registered. First, we excluded 38 patients who
received intra-arterial chemical thrombolytic treatment as primary therapeutic modality. Then, we also
excluded 86 patients who had in-hospital ischemic stroke, and nine patients who were transferred to
the study hospital from other local hospitals (“drip-and-ship” case) because there were insufficient
data on time parameters such as the intervals from stroke onset to first hospital arrival, CT, or IV t-PA.
Finally, 1226 patients were included in this analysis (Figure 1).
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Figure 1. Flow diagram for the selection of patients in this study. IV, intravenous; t-PA, tissue
plasminogen activator; EVT, endovascular.

Baseline characteristics of patients are presented in Table 1. The mean age was 68.9 ± 11.6 years,
and 724 patients (58.9%) were male. The most common risk factor was hypertension (70.9%), followed
by atrial fibrillation or atrial flutter (48.3%). The median NIHSS score was 12 (interquartile range
[IQR], 7–17). Six-hundred and thirty-three (51.6%) patients received IV t-PA treatment alone, 318
(25.9%) patients received EVT alone, and the remaining 275 (22.4%) received combined IV t-PA and
EVT. The number of patients who received IV t-PA and registered in SECRET registry was larger than
those registered after EVT with/without IV t-PA, except in 2017. We could determine the location of
large artery occlusion in 851 of 1021 patients who underwent angiographic studies before reperfusion
therapy. The most common occlusion site was the middle cerebral artery (MCA) (56.1%, n = 477),
followed by the internal carotid artery (ICA) (27.1%, n = 231), vertebrobasilar (VBA) artery (12.1%,
n = 103), and others (4.7%, n = 40). During study period, thrombectomy devices including Solitaire,
Trevo, and Penumbra system were available in Korea. Among 593 patients treated with EVT, Solitaire
was most frequently selected in 433 (73%), followed by Penumbra system (n = 69, 11.6%), and Trevo
(n = 69, 11.6%).
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3.2. Secular Trends of Functional and Radiologic Outcomes

There was an increase in the number of patients who received the reperfusion therapy and the
number of patients was 103 in 2012, 231 in 2013, 284 in 2014, 302 in 2015, and 306 in 2017. When
we compared the baseline characteristics annually, initial diastolic blood pressure, NIHSS score at
admission, and frequency of atrial fibrillation or atrial flutter decreased, while frequency of dyslipidemia
or preadmission disability (mRS score of >2 before stroke) increased (Table 1). However, there were no
differences in demographics or other vascular risk factors between calendar years. In time parameters,
the intervals from stroke onset to arrival to emergency department (ED) increased, while those from
door to initiation of IV t-PA (in 908 patients who received IV t-PA) or groin puncture (in 593 patients
who received EVT) decreased over the years (all p < 0.05, Table 1). Especially, in 497 patients who had
achieved final recanalization using EVT, the intervals from door to final recanalization [decreased from
240.1 ± 99.1 min in 2012 to 172.9 ± 62.6 min in 2017 (p < 0.001). During the study period, total number
of stroke neurologist of study hospitals slightly increased (34 in 2012, 37 in 2013, 38 in 2014, 40 in 2015,
41 in 2017), while the number of neurointerventionalists or neurosurgeons involving EVT was similar
(35 in 2012, 37 in 2013, 36 in 2014, 35 in 2015, 37 in 2017).

During the study period, patients achieved favorable functional outcome (mRS score of 0–2) in 48.6%
and excellent functional outcome (mRS score of 0–1) in 31.3% at discharge. Among 1203 patients with
available mRS data at 90 days, 501 (41.8%) patients achieved favorable functional outcome and 703 (58.6%)
patients did excellent functional outcome at 90 days. The improvement in functional outcome at discharge
after reperfusion therapy was noted as calendar year increased (Figure 2). The proportion of patients who
were discharged home significantly increased (from 45.6% in 2012 to 58.5% in 2017) (p < 0.001). Likewise,
functional outcome at 90 days was also different between calendar years (p < 0.05). There was an increase
in favorable functional outcome (mRS score of 0–2) or excellent outcome (mRS score of 0–1) at discharge or
after 90 days (all p< 0.05) (Table 2). In addition, the mortality rate at discharge or after 90 days significantly
decreased with an increase in calendar year (all p < 0.05). These secular trends were consistently observed
regardless of treatment modalities (Figure 2).

Figure 2. Secular trends in functional outcome at discharge (A–C) and after 90 days (D–F). Distribution
of mRS scores of the entire population (A and D), those who received IV t-PA alone (B,E), and those
who received EVT with/without IV t-PA (C,F).
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Successful recanalization rate could be evaluated in 804 patients who had undergone follow-up
angiographic studies within 24 h after IV t-PA therapy or EVT. The successful recanalization rate
increased over time from 78.3% in 2012 to 85.2% in 2017 (p = 0.004) (Table 2). On the contrary, the
development of symptomatic intracerebral hemorrhage has declined over time (p = 0.018).

3.3. Determinants of Functional Outcomes

We investigated the determinants associated with functional outcomes. The univariable analysis
demonstrated that favorable outcome (mRS score of 0–2) at discharge was associated with age, male sex,
diabetes, current smoking, atrial fibrillation or atrial flutter, previous stroke, preadmission disability,
initial stroke severity, and intervals from stroke onset to ED or from ED to reperfusion therapy,
along with the calendar year (all p < 0.05). Among 804 patients who had large vessel occlusion
and underwent angiographic studies before and after reperfusion therapy, favorable outcome was
associated with occlusion site or achievement of successful recanalization. After adjusting these
significant variables (p < 0.05) in the univariable analysis, the independent and significant predictors
for favorable functional outcome at discharge were age, diabetes, preadmission disability, initial stroke
severity, intervals from door to reperfusion therapy, achievement of successful recanalization, and
calendar year (Supplementary Table S1). When we investigated the independent factor for functional
outcome at 90 days. the same variables were independently associated with favorable outcome at 90
days (Table 3).

Further, we performed the univariable and multivariable ordinal regression analysis to obtain a
significant factor for a shift in mRS at discharge and 90 days. The independent determinants of mRS at
discharge and 90 days included age, diabetes, previous stroke, preadmission disability, initial stroke
severity, intervals from door to reperfusion therapy, and achievement of successful recanalization,
along with the calendar year (Supplementary Table S1 and Table 3).
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4. Discussion

We investigated whether clinical or radiologic outcomes after reperfusion therapy changed over
time using nationwide, multicenter data covering real clinical practice between 2012 and 2017 in Korea.
We demonstrated that there was an increase in the number of patients who received reperfusion therapy,
especially EVT, and the clinical outcomes of patients who received reperfusion therapy significantly
improved over the past five years. The favorable trend in functional outcomes may be partly ascribed
to the increases in successful recanalization rate and decreases in the door-to-treatment intervals and
hemorrhagic complications. Of note, the calendar year was a significant factor for functional outcome
even after adjusting for significant determinants.

The rate of favorable outcome in this study was comparable to or even better than those of the
previous randomized controlled trials. For example, in previous trials investigating the usefulness
of IV t-PA, the proportions of patients with mRS score of 0–1 at 90 days were 39% in the National
Institute of Neurological Disorders and Stroke study [13], 52.4% in ECASS III [12], and 39% in Safe
Implementation of Thrombolysis in Stroke-Monitoring Study [17]. A previous study using the data of
Get with the Guidelines-Stroke hospitals showed that in-hospital mortality and discharge-to-home
rates were 8.25% and 42.7%, respectively, among patients received IV t-PA therapy [18].

In this analysis, 45.3% of patients had a mRS score of 0–1 at 90 days, and 62.4% of patients could
be discharged to home among patients with IV t-PA alone.

The meta-analysis of pooled patient data from five randomized trials after 2015 showed that 46%
of patients achieved mRS score of 0–2 at 90 days [4]. In our patients who received EVT with/without
IV t-PA, 50.7% of patients had an mRS score of 0–2 at 90 days. In addition, successful recanalization
rate in our study population was 83%–87%, which was similar to those in recent EVT trials [19].
Although comparison of clinical outcomes between studies might be difficult because of different
patient characteristics, feasibilities of procedures, types of devices, or treatment modalities between
studies, our data suggested the benefits of current reperfusion therapy can be reproduced in the real
clinical practice.

Our study also demonstrated that some characteristics of patients who received the reperfusion
therapy have changed. Although age, vascular risk factors other than dyslipidemia, and occlusion
site did not change over time, stroke severity slightly decreased. This may be ascribed to the increase
in reperfusion therapy for minor stroke and decrease in the prevalence of atrial fibrillation- or atrial
flutter-related stroke [20,21]. Furthermore, time from stroke onset to ED was longer than those in
previous studies because patient eligibility for EVT might be based more on imaging parameters
recently, instead of the time window paradigm [22]. Increase in the intervals from stroke onset to
arrival to ED over years might be partly because more patients with delayed presentation to ED might
have been treated with the reperfusion therapy over the years, thanks to advances in selection of
patients by multimodal neuroimaging.

In this study, we reaffirm the importance of earlier treatment and achieving successful
recanalization to improve patient outcome. Reducing the time from stroke onset to treatment is
beneficial to not only reduce the ischemic core but also to remove thrombus [23–25]. Earlier treatment
would also reduce the risk of symptomatic intracranial hemorrhage. [26,27] In Korea, there have been
continuing efforts on reducing the time delay for patients with stroke using the stroke code system
based on the computerized physician order entry system [9,27]. Actually, our data showed that mean
time from door to initiation of treatment was continuously decreasing (up to 41.1 min for IV t-PA or
113 min for groin puncture).

Moreover, completely reopening the occluded artery is known as one of the essential components
in reperfusion therapy [5]. Currently, the stentriever is the most commonly preferred device in
approximately 90% of hospitals in Korea [8]. Stentriever use had some advantages such as easy
handling, faster and complete reperfusion, temporal opening, and lesser bleeding complications [28,29].
There were increasing trends in successful recanalization (up to 87% in 2017) and rapid recanalization
(mean intervals from door to final recanalization from 240.1 min in 2014 to 173 min in 2017) and
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decreasing trends in symptomatic intracranial hemorrhage, which might be related with growing use
of stentriever over time in Korea.

The calendar year was one of significant factors for favorable outcome even after adjusting
for significant variables including age, initial stroke severity, comorbidities, and time from door to
needle or achievement of successful recanalization. This implied that the advances in certain factors
over time could also play a role for these trends. First, optimal medical treatment before and after
reperfusion therapy would prevent complications or early neurologic deterioration and favorably
affect the outcome. In this context, the role of the stroke team is important even in the era of EVT for
acute stroke. Over the past decades, there has been an improvement in stroke care in Korea: Increase in
stroke unit-based centers, multidisciplinary stroke team, guideline-based clinical practice, certification
of stroke center, use of antithrombotics or statin in preventing stroke, development of networks among
regional comprehensive and primary stroke centers, and provision of nationwide quality care for
stroke [10,30–32]. Additionally, there was a possibility of advancement in the selection of eligible
candidates who would benefit from reperfusion therapy. Many stroke centers in Korea use imaging
parameters, such as collateral status, diffusion/perfusion mismatch, clot characteristics, or ASPECTS
score, for identifying patients who are more suitable for reperfusion therapy [8,33].

There are some limitations to this study. First, the decision regarding the method of reperfusion
therapy was based on discretion of the stroke neurologist or neurointerventionalist at each study
center. The selection of EVT device, number of EVT passes, and use of balloon-guided catheter was
not standardized. However, most stroke centers are collaborative in terms of sharing experience and
protocols. Second, there were some unmeasured variables, such as socioeconomic status, educational
level, and medication adherence before/after stroke, that could affect the functional outcome after stroke.

5. Conclusions

Our analysis demonstrated the increase in favorable outcomes among patients who received
reperfusion therapy in Korea. There were a changing patterns, such as an improvement in time
parameters, increase in successful recanalization rate, and decrease in bleeding complication rate,
leading to the improvement in stroke metrics. However, there is still room for additional efforts, such as
rapid notification or communication, for reduction in time delay before arrival to the hospital. Our data
also suggest the need for support of personnel or infrastructure to continue the optimum treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/3/717/s1,
Table S1: Independent determinants for functional outcome at discharge.
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Abstract: Background: Excessive platelet activation and aggregation plays an important role in
the pathogenesis of ischemic stroke. Correlation between platelet reactivity and ischemic lesions
in the brain shows contradictory results and there are not enough data about the potential role of
stroke etiology and its relationships with chronic lesions. The aim of this study is to assess the
relationship between platelet reactivity and the extent of ischemic lesions with the particular role
of etiopathogenesis. Methods: The study involved 69 patients with ischemic stroke, including 20
patients with large-vessel disease and 49 patients with small-vessel disease. Evaluation of platelet
reactivity was performed within 24 h after the onset of stroke using two aggregometric methods
(impedance and optical), while ischemic volume measurement in the brain was performed using
magnetic resonance imaging (in diffusion-weighted imaging (DWI) and fluid-attenuated inversion
recovery (FLAIR) sequences) at day 2–5 after the onset of stroke. Results: In the large-vessel disease
subgroup, a correlation was found between platelet reactivity and acute ischemic focus volume
(correlation coefficient (R) = 0.6858 and p = 0.0068 for DWI; R = 0.6064 and p = 0.0215 for FLAIR).
Aspirin-resistant subjects were significantly more likely to have a large ischemic focus (Odds Ratio
(OR) = 45.00, 95% Confidence Interval (CI) = 1.49–135.36, p = 0.0285 for DWI; OR = 28.00, 95%
CI = 1.35–58.59, p = 0.0312 for FLAIR) than aspirin-sensitive subjects with large-vessel disease.
Conclusion: In patients with ischemic stroke due to large-vessel disease, high on-treatment platelet
reactivity affects the extent of acute and chronic ischemic lesions.

Keywords: platelet reactivity; ischemic stroke; aspirin resistance; infarction volume; multiplate

1. Introduction

Stroke is one of the main causes of morbidity and long-term disability, and the second most
frequent cause of death globally [1]. The updated definition of ischemic stroke by the American Heart
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Association/American Stroke Association (AHA/ASA) recognizes stroke as when clinical symptoms
last less than 24 h and neuroimaging studies have demonstrated acute ischemic infarctions [2].

Currently, magnetic resonance (MR) imaging of the head is the gold standard in neuroimaging
of the acute phase of ischemic stroke and aggregometry is the most popular methodology for the
evaluation of platelet reactivity in the acute stage of stroke. In magnetic resonance (MR) imaging of
the head, ischemic changes in the T2 and fluid-attenuated inversion recovery (FLAIR) sequences are
described as hyper-intensive (i.e., with higher density than cerebral tissue). Additionally, imaging
by means of the diffusion-weighted imaging (DWI) sequence, which is currently the most sensitive
and the most specific method for imaging ischemic changes, shows the ischemic change just a few
minutes after the onset of symptoms [3]. The ischemic focus in the DWI sequence is described as the
area undergoing diffusion restriction. In order to assess the extent of an ischemic focus, its volume
measurement via MR volumetry is used. Measurement of the volume of the area of interest is the most
frequently performed technique, which consists of marking out the contours of the studied area in MR
images, with further creation of a spatial structure and volume measures using dedicated software [4].

Platelet reactivity plays a role in the pathology of ischemic stroke, especially in nonembolic
mechanisms (i.e., in patients with large and small vessels). Antiplatelet agents are the current standard
in the secondary prevention of ischemic stroke, and European and American guidelines recommend
acetylsalicylic acid (ASA) as the drug of first choice [5]. The efficacy of ASA can be decreased by a
phenomenon called aspirin resistance [6]. Various platelet reactivity tests have been used to assess
platelet activation and aggregation capacity, which allow for the assessment of platelet reactivity in
response to the antiplatelet drug. High levels of platelet reactivity indicate a weak antiplatelet effect of
the drug, which is estimated as laboratory resistance [7].

Previous studies reporting on the impact of aspirin resistance for ischemic lesion volumes in
patients with stroke are scarce and have contradictory results. Some authors showed significant
correlations between high platelet reactivity and large ischemic volumes in the brain [8,9], but there
is still a lack of data about the potential roles of the etiology of strokes and relationships with the
level of advancement of chronic vascular lesions in the brain. The aim of this study is to assess the
platelet reactivity in patients in the acute phase of ischemic stroke and to investigate the relationships
between platelet reactivity (estimated by impedance and optical aggregometry) and the volume of acute
ischemic focus (volumetry in MR; DWI and FLAIR sequences) and chronic vascular changes (estimated
using the Fazekas scale) in the brain with the particular role of cerebral ischemia etiopathogenesis.

2. Material and Methods

2.1. Research Subjects

The study was conducted in the Department of Neurology from February 2016 to December
2017 at the University Hospital No. 1 in Bydgoszcz. The prospective study included 69 subjects with
diagnosis of ischemic stroke according to the updated definition of AHA/ASA. At the time of admission,
all patients had been treated with ASA at a dose of 150 mg. Considering the etiopathogenesis of cerebral
ischemia, patients were divided into groups with large-vessel disease (large artery atherosclerosis,
LAA; n = 20 subjects) and small-vessel disease (SVD; n = 49 subjects). In the LAA group, significant
atherosclerotic changes in the internal carotid artery was the cause of stroke; in the SVD group, lacunar
changes in deep structures of the brain tissue were responsible for stroke symptoms. The LAA group
included patients with a carotid artery stenosis >50% on the side, corresponding to the symptoms of
stroke conforming to a Doppler ultrasound examination of the carotid arteries. The SVD group included
patients with no significant hemodynamic stenoses of large precranial vessels or cardiogenic embolic
backgrounds, in which neuroimaging confirmed the presence of a lacunar focus and revealed chronic
vascular changes with a typical location and morphology for small-vessel disease (i.e., subcortical
lesions, periventricular lesions, and leukoaraiosis features) [10]. The following exclusion criteria were
used: lack of informed consent for the patient to participate in the study (quantitative disturbances of
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consciousness or aphasia), cardioembolic etiology of stroke (documented atrial fibrillation, dilated
cardiomyopathy, thrombus in the heart cavities), chronic inflammatory processes (chronic lower limb
ischemia or chronic venous thrombosis of the lower limbs), stroke or transient ischemic attack (TIA) in
the previous 2 years, documented neoplasms, taking acetylsalicylic acid before admission to the clinic,
past significant bleeding in the previous 2 years (e.g., gastrointestinal bleeding), level of hemoglobin <
9 g/dL, thrombocytopenia < 100 thousands/uL, or value of hematocrit <35%. The general characteristics
of the studied population and a comparison of the groups of patients with large-vessel disease and
small-vessel disease are shown in Table 1.

Table 1. Comparison of the selected risk factors and biochemical parameters obtained in subjects with
stroke in both etiological subgroups of cerebral ischemia.

Parameter LAA N = 20 SVD N = 49 p Values

Age median (range) * 67 (45–85) 68 (40–89) 0.7761
Sex, male, N (%) ** 14 (70%) 21 (42.9%) 0.0408

Hypertension, N (%) ** 17 (85%) 44 (89.7%) 0.6822
Diabetes, N (%) ** 8 (40%) 17 (34.7%) 0.7842

Hyperlipidemia, N (%) ** 10 (50%) 18 (36.7%) 0.4185
Smoking, N (%) ** 11 (55%) 13 (26.5%) 0.0299

Ischemic heart disease, N (%) ** 3 (15.0%) 6 (12.2%) 0.7120
CRP (mg/L) median (range) * 4.90 (0.43–30.45) 4,79 (0.36–29.15) 0.7660
HbA1c (%) median (range) * 5.9 (5.2–10.04) 5.6 (5.0–9.8) 0.2313

Homocystein (μmolμ/L) median (range) * 10.67 (5.1–30.92) 10.87 (3.52–48.6) 0.6153
Fibrinogen (mg/dL) median (range) * 312.5 (234–590) 300 (369–540) 0.2992

Obesity, N (%) ** 12 (60%) 36 (73.47%) 0.2699
The volume of ischemic focus DWI (cm3) median (range) * 2.23 (0.12–10.3) 0.89 (0.09–1.5) 0.0694

The volume of ischemic focus FLAIR (cm3) Median (range) * 3.46 (0.35–31.8) 0.99 (0.18–1.71) 0.0846
Platelet reactivity: optical aggregometry (AUC) median (range) * 17.1 (0–208.6) 20.4 (0–154.2) 0.7147

Platelet reactivity: impedance aggregometry (AUC) median (range) * 42 (9–101) 27.5 (6–108) 0.0622
Resistance to ASA (multiplate), % ** 52.3% 22.9% 0.0286

* U Mann-Whitney test; ** chi square test. Note: FLAIR = fluid-attenuated inversion recovery; ASA = acetylsalicylic
acid; AUC = area under the curve; DWI- diffusion-weighted imaging; CRP = C-reactive protein; HbA1c- glycated
hemoglobin; LAA = large artery atherosclerosis; SVD = small-vessel disease; N = number of subjects, bold
font = statistically significant p Values.

All subjects signed an informed consent form to participate in the study and read the protocol. The
study protocol received a positive opinion from the Bioethics Committee of the Nicolaus Copernicus
University in Torun at Collegium Medicum of Ludwik Rydygier in Bydgoszcz (KB number 73/2016).

2.2. Platelet Reactivity Research Methodology

The platelet reactivity assessment was performed by optical aggregometry and impedance
aggregometry in the Laboratory of Biotechnology at Collegium Medicum in Bydgoszcz. Blood tests
were performed at a similar time of day (10:00–12:00) in the first 24 h of onset of stroke symptoms.
The optical aggregometry test was performed using a Chrono-Log aggregometer with the Agrolink
software for Windows (Havertown, PA, USA). Using the apparatus, the ability of platelet aggregation
in platelet-rich plasma was evaluated in vitro by measuring the change in transmission of light passing
through the platelet suspension in response to the addition of a platelet agonist. After the activation of
platelets by the agonist, the plasma suspension cleared before the formation of platelet aggregates; thus,
the amount of light absorbed by the photometer increased. Arachidonic acid was used as the agonist,
which activated the cyclo-oxygenase No 1 (COX-1) enzyme, the point of action of acetylsalicylic acid.
The aggregometer analyzed changes in transmitted light in percentage and automatically converted
this to a graphical curve that reflected changes in light transmission as a result of platelet aggregation.
The most important element visually was the area under the curve (AUC), which depicted the amount
of light absorbed over time. An average increase in absorbance above 20% (or AUC units > 115)
was considered as ASA resistance, equivalent to a high on-treatment platelet reactivity induced by
arachidonic acid. Approximately 9.4 mL of blood was collected in the morning on an empty stomach
from the veins of the forearm into tubes with an admixture of 3.2% sodium citrate at a ratio of 1:9. Tests
were performed up to 2 h after blood collection. Samples were centrifuged at 100 g for 10 min at room
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temperature to obtain platelet-rich plasma (PRP), and at 2400 g for 20 min at a temperature of 40 ◦C
to obtain platelet-poor plasma (PPP). The number of platelets was calculated before the activation
was assessed and the number was corrected to 250,000/μL. The percentage of aggregation induced
with arachidonic acid in the final concentration of 0.5 μM was assessed [11]. The evaluation of optical
aggregometry was performed in 43 out of 69 subjects due to aggregometer failure.

The Multiplate–Dynabyte multichannel platelet function analyzer (Roche Diagnostics, France) was
used to perform impedance aggregometry. The Multiplate system, based on the impedance aggregation
method in whole blood, used the so-called multiple electrode aggregation (i.e., a double marking was
performed during each measurement). In this study, the acetylsalicylic acid platelet inhibitor (ASPI)
test (measuring aggregation dependent on cyclo-oxygenase) was applied with arachidonic acid as
a platelet activator. Two electrodes were immersed in a blood sample with a stirrer and the blood
platelets aggregated after the addition of the agonist, causing them to accumulate onto the electrodes,
resulting in a change in electrical resistance (impedance) between them. Impedance changes were then
converted into a graphical model depicting the change in platelet aggregation over time. The AUC
parameter was reported as the final result of the determination. The results above 40 AUC units were
considered to be high on-treatment platelet reactivity induced by arachidonic acid, similar to ASA
resistance (see Figure 1). Subjects with AUC values under 30 were treated as sensitive to ASA, while
from 30–40 was considered as mild sensitivity to ASA. From each patient, approximately 2.6 mL of
blood was collected in the morning from the forearm veins into a Sarstedt r-hirudin-type tube. After
collection, the blood was kept for at least 30 min but for no more than 2 h. At first, 300 μL of sodium
chloride was prepared and heated up to 37 degrees C, then 300 μL of whole blood was prepared
in a special Dynabyte disposable test chamber with a magnetic stirrer, placed into four consecutive
measuring stations, and connected to the device. Then, after 3 min of incubation, 20 μL of the reagent
(arachidonic acid) was added. The aggregation test was assessed for 6 min, and the final result (in the
form of AUC units) was the mean of the two measurements in the form of a curve [12]. The evaluation
of impedance aggregometry with the use of the Multiplate system was performed in all 69 subjects.
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(A) (B)

Figure 1. Curves of platelet reactivity assessed by impedance aggregometry: (A) Aspirin (ASA)-sensitive
subject with 15 area under the curve (AUC) (B) ASA-resistant subject with 104 AUC. First measurement-
blue line, second measurement- red line.

2.3. Doppler Examination of the Carotid Arteries

Doppler examination of the carotid arteries was performed in all subjects within 5 days after the
onset of symptoms of cerebral ischemia using a MyLab C Class (ESAOTE, Genoa, Italy) in the Doppler
Laboratory of the Neurological Department of Dr A. Jurasz University Hospital No. 1 in Bydgoszcz.
The study was performed based on the guidelines of the American Neurological Society [13].

2.4. Magnetic Resonance Imaging of the Head with Volumetric Evaluation

Magnetic resonance imaging was performed during hospitalization in the Department of
Neurology within 2–5 days from the onset of symptoms of cerebral ischemia in the Magnetic Resonance
Laboratory of the Department of Radiology, Dr A. Jurasz University Hospital No. 1, Bydgoszcz, with a
1,5 T Signa HDX apparatus (G.E. Healthcare, Chicago, IL, USA). The study was performed without a
contrast agent following the so-called “stroke protocol”, evaluating brain images in T1, T2, FLAIR, and
DWI sequences. The volumetric evaluation (shown in Figure 2) in the FLAIR and DWI sequences was
estimated on a “layer-by-layer” basis, using the G.E. Advanced Workstation 4.6 by an experienced
radiologist and given in millimeters (1 mL = 1 cm3) [4]. Based on the volumetry method of the subjects
with stroke, they were divided into patients with a large ischemic focus (> 2.5 mL in DWI and > 3.5 mL
in FLAIR) and a small ischemic focus in the brain.
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Figure 2. Volumetric evaluation of ischemic focus size in magnetic resonance (MR) in fluid-attenuated
inversion recovery (FLAIR) sequence.

The extent and the degree of chronic ischemic changes in periventricular white matter was
estimated by the periventricular white matter (PVWM) Fazekas scale, and in deep white matter by the
deep white matter (DWM) Fazekas scale. A total of 14 subjects with LAA and 43 with SVD underwent
MRI examination.

2.5. Statistical Evaluation Methods

Nonparametric tests due to the incompatibility of the distribution of features with the normal
distribution were used: the chi-square test (relations between categorized variables), Spearman’s rank
correlation test (relations between variables), and the Mann–Whitney U test (relations between binary
and continuous variables). Logistic regression analysis was performed to estimate the probability of
a large ischemic outbreak, comparing ASA-sensitive and -resistant subjects. The significance level
of p < 0.05 was considered to be statistically significant. Statistical evaluation was performed with
STATISTICA software (version 13.1, Dell Inc., Round Rock, TX, USA).

3. Results

3.1. All Subjects

The median of ischemic focus volume was 1.81 mL (minimum 0.09 mL, maximum 10.1 mL) in
the DWI sequence and 2.41 mL (minimum 0.18 mL, maximum 31.8 mL) in the FLAIR sequence. In
patients with stroke, there were no statistically significant correlations between platelet reactivity and
the size of the ischemic lesion, as assessed both in the DWI (with the Multiplate method, R = 0.0700 and
p = 0.6243; with optical aggregometry, R = −0.0670 and p = 0.7064), and FLAIR (with the Multiplate
method, R = 0.083 and p = 0.5648; with optical aggregometry, R = −0.0500 and p = 0.7783) sequences.

114



J. Clin. Med. 2020, 9, 251

In ASA-resistant patients (by Multiplate), the median ischemic focal size did not differ significantly
from the median ischemic focus size in ASA-sensitive patients in both DWI and FLAIR sequences
(DWI median: 3.94 versus 1.305 mL, p = 0.4755; FLAIR median: 4.88 versus 2.09 mL, p = 0.5241). There
were also no significant differences in platelet reactivity between the groups of patients with large and
small ischemic focuses (DWI sequence median: 31.5 AUC versus 23 AUC, p = 0.3226; FLAIR sequence
median: 33.5 AUC versus 23 AUC, p = 0.3559). No significant correlations between platelet reactivity
and the extent and degree of chronic ischemic lesions in periventricular or deep white matter were
found either (PVWM Fazekas R = 0.0067, p = 0.9667; DWM Fazekas R = 0.00547, p = 0.9742).

3.2. Subgroups of LAA and SVD Subjects

In the subgroup of patients with LAA, there was a significant positive correlation between the
platelet reactivity in the impedance aggregometry method and the ischemic focal size, as assessed both
in the DWI (Figure 3A) and FLAIR sequences (R = 0.6858 and p = 0.0068 for DWI; R = 0.6064 and
p = 0.0215 for FLAIR). There was no correlation between platelet reactivity and ischemic focus size in
the SVD subgroup (R = −0.1107 and p = 0.5139 for DWI; R = −0.1055 and p = 0.5342 for FLAIR).

(A) (B)

Figure 3. Correlation between platelet reactivity as assessed by Multiplate method (in area under the
curve (AUC) units) with the ischemic focus size assessed in diffusion-weighted imaging (DWI) (in mL)
sequence in the large-artery atherosclerosis subgroup (A) and small-vessel disease subgroup (B).

There were no significant correlations between platelet reactivity and the ischemic volume in
either subgroups based on the optical aggregometry method. In the subgroup with LAA, ASA-resistant
patients (assessed by Multiplate) had a significantly larger median volume of ischemic focus, both
in DWI (Figure 4A) and FLAIR, as compared to patients sensitive to ASA (DWI median: 8.93 versus
0.68 mL, p = 0.0157; FLAIR median: 11.0 versus 1.21 mL, p = 0.0338). In the SVD subgroup, no similar
significant relationships were found (p = 0.8259 for DWI; p = 0.7084 for FLAIR). In the subgroup of
subjects with LAA, the median platelet reactivity assessed by the Multiplate method was higher in
the subgroup of patients with a large ischemic focus in the DWI sequence than in the group with
small ischemic focus (median: 41 versus 18 AUC, p = 0.0253) (Figure 5A). There were no significant
relationships in the FLAIR sequence (median: 41 versus 19 AUC, p = 0.0639) in the LAA subgroup and
in SVD subjects, either with the impedance or optical aggregometry methods.
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(A) (B)

Figure 4. Comparison of ischemic focus size (in mL) in the diffusion-weighted imaging (DWI) sequence
in the group of patients resistant and sensitive to Aspirin (ASA) in the large artery atherosclerosis
subgroup (A) and the small-vessel disease subgroup (B).

(A) (B)

Figure 5. Comparison of the platelet reactivity (in area under the curve (AUC) units) assessed by the
Multiplate method in subjects with a large and small ischemic focus in the diffusion-weighted imaging
(DWI) sequence, in both the large-artery atherosclerosis subgroup (A) and the small-vessel disease
subgroup (B).

In the LAA subgroup, a significant correlation between platelet reactivity in the Multiplate method
and the extent and degree of chronic ischemic lesions was demonstrated, both in periventricular and
deep white matter (PVWM Fazekas R = 0.5569, p = 0.0386; DWM Fazekas R = 0.5590, p = 0.0377). In
the SVD subgroup, no significant relationships in this subject were found (PVWM Fazekas R = −0.1613,
p = 0.3403; DWM Fazekas R = −0.2479, p = 0.1356).

Logistic regression analysis showed that in the subgroup of patients with LAA, ASA-resistant
patients (by Multiplate) had a significantly higher probability of a large ischemic focus than patients
who were sensitive to ASA (OR = 45.00, 95% CI 1.49–135.36; p = 0.0285 for DWI and OR = 28.00, 95%
CI 1.35–58.59; p = 0.0312 for FLAIR). There were no similar significant relationships in the subgroup of
patients with SVD (OR = 1.0, 95% CI 0.22–4.56, p = 1.0 for DWI and FLAIR) and in the whole group of
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patients with stroke (OR = 2.55, 95% CI 0.70–9.31, p = 0.1566 for DWI; OR = 2.70, 95% CI 0.74–9.81,
p = 0.1313 for FLAIR).

4. Discussion

It has been proven that ASA-resistant subjects are at significantly higher risk of stroke recurrence,
heart attack, and death due to vascular disease. Furthermore, resistance to ASA has been associated
with the male gender and smoking [14,15]. The spread of aspirin resistance in subjects with stroke has
been estimated at 5–65% [16]. In our own research, based on the method of impedance aggregometry,
ASA resistance was estimated among patients with stroke at 31.8% and at 7% in the method of optical
aggregometry, which coincides with the data from the literature. Considering the increasing incidence
of stroke (20% increase predicted by 2030 as a result of population aging) [17], it is necessary to study
the impact of ASA resistance on the size of the ischemic focus.

Our study demonstrated the significant effect of etiopathogenesis of ischemic stroke on the
relationship between platelet reactivity and the size of an ischemic focus. There was a highly positive
correlation observed between platelet reactivity and size of the acute ischemic focus in the subgroup
of patients with large artery atherosclerosis. Moreover, it was noted that aspirin-resistant patients
with carotid artery pathology had a larger stroke volume than patients who were sensitive to ASA,
and at the same time, that the large ischemic focus in DWI was related to higher platelet reactivity.
Additionally, there was a highly positive correlation observed with the extent and the degree of chronic
ischemic changes in white matter in large artery atherosclerosis subgroup. This should be treated as
novelty in this field, because the literature does not address the impact of stroke etiopathogenesis
on the correlation of platelet reactivity and the size of the acute ischemic focus. To the best of our
knowledge, we are first to underline the role of high on-treatment platelet reactivity for the extent of
chronic vascular lesions in the brain.

However, the results presented in this study did not lead to finding any significant relationship
between platelet reactivity and the size of an ischemic focus in the whole group of patients with stroke.
Oh et al. [8] documented that patients with ASA resistance had a statistically significantly larger
ischemic focus size, as assessed in MR-DWI (median 5.4 mL versus 1.7 mL), than the group of patients
sensitive to ASA. Similar results were presented by Cheng et al. [9], whose differences between the
ASA-resistant and -sensitive groups were even more significant (13.21 mL versus 4.26 mL). In addition,
they showed a significant correlation between the reactivity of the platelets and the size of the ischemic
focus (R = 0.63). In turn, Agayeva et al. [18] and El-Mitwalli et al. [19] did not show the influence of
platelet reactivity on the ischemic focus size, as assessed by MR-DWI in the brain. Discrepancies with
the results of Oh et al. [8] and Cheng et al. [9] may have resulted from several important elements. First
of all, the methodology was as follows: all of the above tests were performed based on turbidimetry
aggregometry, which as demonstrated by Larsen et al. [20] and Ko et al. [21], poorly correlates with
the Multiplate method. Secondly, other publications have studied patients with all types of strokes
(including embolic). Due to other mechanisms of activation of the coagulation cascade, the limited
therapeutic effect of ASA, and the possible use of low molecular weight heparin therapy in a treatment
dose from day 1 of the stroke, patients with embolic stroke were excluded from this study. The aim of
this procedure was also to unify the group of subjects to only those in which the pathology of platelet
function is of the greatest importance in the etiopathogenesis of stroke (thrombotic mechanism) and in
which the benefits of ASA therapy are the greatest. Thirdly, in all of the above studies, the patients
took acetylsalicylic acid at least 7 days before the onset of the stroke. It is worth mentioning that the
population of patients studied in this study included only those who had not taken acetylsalicylic
acid before the onset of stroke. The aim of this procedure was not only to unify the study group,
but also to maintain the right proportions in relation to the epidemiology of stroke, as the data from
the literature showed that the vast majority of patients, at the same time of developing stroke, did
not previously take ASA [22]. Data from the literature provides information that the fact of taking
ASA before stroke is relevant to the results obtained. Rosafio et al. [23] and Sabra et al. [24] showed
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significant differences in platelet reactivity between a group that took ASA for the first time in the
acute phase of stroke and a group that had received ASA prior to stroke. In addition, some authors
have shown that taking ASA before has a potential effect on the size of an ischemic focus [25]. It is
worth mentioning that Cheng et al. [9] always evaluated the size of the ischemic focus size in DWI
within the first day of stroke, and Oh et al. [8] within 48 h. In this study, the MR examination was
performed up to 5 days after, usually on the 3rd or 4th day, but never within the first 24 h. It cannot be
excluded that these time discrepancies, which have no effect on the size of the ischemic focus, may
have contributed to the contradictory results. During the first few hours of stroke, the area of ischemia
in DWI may include—aside from the area of irreversibly damaged tissue—the penumbra area (i.e., the
area at risk of infarction progression), which after several hours (sometimes even after 24 h) may be
remitted due to reperfusion [26,27].

Theoretically, greater activation and aggregation of platelets in the presence of the platelet inhibitory
effect by ASA should create microaggregates from platelets and platelet–thrombin complexes, and
the release of pro-spasmodic factors, leading to a larger vascular plug formation, occlusion of the
larger vessel, and finally leading to a larger area of cerebral ischemia [28]. However, the authors
of this study believe that this mechanism may be important, but only at the level of arteries of a
larger caliber. In patients with small-vessel disease, small arterioles and capillaries, which are initially
narrowed by advanced atherosclerotic processes, ultimately close when the thrombus is formed,
leading to a relatively small ischemic outbreak. In this case, excessive activation of platelets, which
may lead to the closure of several additional fine arterioles in the areas, does not significantly affect the
size of the ischemic focus. Nevertheless, in the case of patients with large-vessel disease, excessive
activation and platelet aggregation may significantly affect the closure of the larger vessel, which will
lead to a globally larger ischemic area from the larger vascularization basin. This relationship was
demonstrated in this analysis, finding a high correlation between the platelet reactivity and the size
of the ischemic focus—the higher the activity of platelets in patients with a larger vessel closure, the
larger the ischemic focus in the brain. However, it is worth noting that this study was dominated
by patients with small-vessel disease and globally small ischemic foci, in which no correlation with
platelet reactivity was demonstrated. This can be used to explain the fact that in this study, patients
with ASA resistance and higher platelet reactivity obtained larger median sizes of ischemic focal size
in all analyses; however, these values were not significant for the entire stroke group, even at the level
of statistical tendency.

The obtained results of this study suggest that large artery atherosclerosis appears to be an
important factor in activating platelets. Independent authors have demonstrated, by means of various
methods of assessing platelet reactivity, higher platelet activation in patients with the large extracranial
vessel disease [29–32]. Moreover, the beneficial role of surgical interventions on the carotid artery in
improving platelet function has also been emphasized. Kinsella et al. [33] showed that high platelet
reactivity was observed in patients after stroke in the course of carotid artery stenting after carotid
stenting decreased below the level found in asymptomatic patients, who were treated only with
the antiplatelet drug. The above results undoubtedly prove the important role of platelets in the
pathogenesis of stroke in patients with carotid artery stenosis, which additionally, in the light of
the results of this analysis, puts the group of patients with large artery atherosclerosis as special
beneficiaries of optimal antiplatelet therapy. The authors of this study also believe that the effects of
etiopathogenesis of ischemic stroke may also result from a pathomorphic basis. In patients with LAA,
the classic atherosclerotic process dominates, in which the role of platelet activation is indisputable
and primary; in patients with small-vessel disease (especially in small arteries under 200 μm), fibrosis,
glazing, calcification, and lypohialinose processes prevail, which pathomorphologically different than
the classical atherosclerotic process and in which the role of platelets is limited and marginal [34].
These pathomorphological differences can undoubtedly result in the relationship between excessive
activation of platelets and a larger area of cerebral ischemia.
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However, the current study has its limitations: The size of the studied population was moderate,
but seemed sufficient to make conclusions. Additional studies on larger populations of subjects are
needed to confirm our theories. Due to the failure of the optical aggregometer, most conclusions
were based only on the results of impedance aggregometry (Multiplate analyzer), which similar to
other platelet reactivity tests, is poorly standardized with agreed resistance criteria [35]. The main
limitation of our study is that it is a one-time, single measurement of platelet activation at different
times after the onset of stroke symptoms and after the dose of acetylsalicylic acid, which may be
insufficient to properly assess the relationships between ASA resistance and the size of an ischemic
focus. An optimal approach seems to be the sequential determination of platelet reactivity on successive
days [36–38]. Another limitation is poor correlation between biochemical (laboratory) and clinical
ASA resistance [39]. Thus, the results of the ex vivo platelet reactivity tests do not always translate
to the therapeutic effect of the antiplatelet drug. Agayeva et al. [40] suggested that the reason for
this may be the heterogeneity of the pathophysiological basis of ischemic brain stroke. One should
also remember the anti-inflammatory and neuroprotective activities of ASA, which take place by
mechanisms independent of the platelets [41]. Another limitation seems to be the lack of assessment
of the potential impacts of other drugs used by stroke patients (such as statins, which are routinely
recommended in the secondary prevention of stroke) and the ASA dose itself on platelet reactivity.
Due to the low detectability of atrial fibrillation as a cause of stroke, the authors of the study are also
uncertain whether there was a small percentage of patients in the study population with embolic
cerebral ischemia. In turn, for formal reasons (i.e., conscious consent for the study given to the Bioethics
Committee), the analysis did not include patients with a severe neurological deficit (e.g., patients with
impaired consciousness); hence, the study does not include a full cross-section of patients with stroke,
but only patients with milder clinical conditions.

5. Conclusions

In stroke patients with large-vessel disease, high on-treatment platelet reactivity is associated with
a larger extent of acute ischemic focus and chronic ischemic lesions in the brain. The important roles of
etiopathogenesis of stroke in the occurrence of significant relationships between platelet reactivity and
the extent of both acute and chronic brain lesions have been highlighted. Further research is needed to
determine the optimal therapeutic strategies in stroke due to large-vessel disease coexisting with high
on-treatment platelet reactivity.
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Abstract: Background and purpose: Rapid thrombectomy for acute ischemic stroke caused by
large vessel occlusion leads to improved outcome. Optimizing intrahospital management might
diminish treatment delays. To examine if one-stop management reduces intrahospital treatment
delays and improves functional outcome of acute stroke patients with large vessel occlusion.
Methods: We performed a single center, observational study from June 2016 to November 2018.
Imaging was acquired with the latest generation angiography suite at a comprehensive stroke center.
Two-hundred-thirty consecutive adults with suspected acute stroke presenting within 6 h after
symptom onset with a moderate to severe National Institutes of Health Stroke Scale (≥10 in 2016;
≥7 since January 2017) were directly transported to the angiography suite by bypassing multidetector
CT. Noncontrast flat-detector CT and biphasic flat-detector CT angiography were acquired with
an angiography system. In case of a large vessel occlusion patients remained in the angiography
suite, received intravenous rtPA therapy and underwent thrombectomy. As primary endpoints,
door-to-reperfusion times and functional outcome at 90 days were recorded and compared in a
case-control analysis with matched prior patients receiving standard management. Results: A total
of 230 patients (123 women, median age of 78 years (Interquartile Range (IQR) 69–84)) were
included. Median symptom-to-door time was 130 min (IQR 70–195). Large vessel occlusion was
diagnosed in 166/230 (72%) patients; 64/230 (28%) had conditions not suitable for thrombectomy.
Median door-to-reperfusion time for M1 occlusions was 64 min (IQR 56–87). Compared to
43 case-matched patients triaged with multidetector CT, median door-to-reperfusion time was
reduced from 102 (IQR 85–117) to 68 min (IQR 53–89; p < 0.001). Rate of good functional outcome was
significantly better in the one-stop management group (p = 0.029). Safety parameters (mortality, sICH,
any hemorrhage) did not differ significantly between groups. Conclusions: One-stop management
for stroke triage reduces intrahospital time delays in our specific hospital setting.

J. Clin. Med. 2019, 8, 2185; doi:10.3390/jcm8122185 www.mdpi.com/journal/jcm123
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1. Introduction

Swift and complete reperfusion of the occluded vessel territory is the key of every revascularization
therapy in stroke patients with large vessel occlusion (LVO) [1,2]. Thrombectomy became the new
standard of LVO-therapy after publication of multiple trials showing higher reperfusion rates and
improved functional outcomes in patients receiving the combination of thrombectomy and medical
therapy as opposed to medical therapy alone [3–7]. However, door-to-groin times have been consistently
longer than one hour, even in trials focusing on rapid treatment of stroke patients [2,6]. The primary
limitation leading to time-delays in the treatment of LVO-patients is the lack of a fast, reliable and
affordable prehospital screening tool in stroke treatment akin to e.g., the electrocardiogram in patients
with an acute coronary syndrome. While STEMI-patients with a positive electrocardiogram are directly
transported to the angiography-suite, stroke patients are usually first triaged with a noninvasive
imaging method in one room, or even hospital, and then transported to a different room, or even
different hospital, for thrombectomy.

In order to minimize intrahospital times at the treating hospital, we recently proposed a method
of noninvasive triage with a flat-detector computed tomography (FDCT) capable angiography-suite,
IV lysis and thrombectomy in the same room (one-stop management) with the potential of significant
reduction of door-to-groin and door-to-reperfusion times [8]. We demonstrated in prior work, that a
rather simple, fast and commercially available non-enhanced FDCT protocol can be used to detect
intracranial hemorrhage (ICH) with a very high sensitivity, which is comparable to multi-detector CT
(MDCT) [9]. Furthermore, biphasic FDCT angiography enabled us to reliable detect LVOs and grade
collaterals [10]. These advancements made the aforementioned paradigm feasible for the triage of
mothership, who are eligible for IV lysis, as well as transfer patients.

In this study, we report the first 230 consecutive stroke patients diagnosed and treated with a
one-stop management and analyze the 90 days functional outcomes, compared to patients managed
with an optimized stroke workflow previously published [11].

2. Materials and Methods

2.1. Patient Selection

This observational study includes all 230 consecutive adult patients treated with one-stop
management in our hospital from June 2016 to November 2018. All patients presented with clinical
signs of an ischemic stroke within 6 h after symptom onset and a National Institutes of Health Stroke
Scale (NIHSS) (≥10 in 2016; ≥7 since January 2017) were included in our study. Unknown symptom
onset, prolonged time from symptom onset, a low NIHSS (<10 in 2016; <7 since January 2017)
or occupation of the FDCT-capable angiography-suite during admission were exclusion criteria.
Data were prospectively collected and documented in an Institutional Review Board-approved
database. A neurological assessment was performed (i) at hospital admission, (ii) hospital discharge
and (iii) 90 days after stroke by a certified stroke neurologist. The imaging data were documented by the
treating physician and re-evaluated by a core-team, consisting of an experienced neurointerventionalist
(>10 years of experience) and a neuroradiology resident. A patient’s consent for treatment was obtained
according to the institutional guidelines. The local ethics committee waived the need for a formal
application or a separate consent concerning the inclusion in our observational database.
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2.2. Image Acquisition and Processing

Images were acquired using an Artis Q angiography system (Siemens Healthcare GmbH,
Forchheim, Germany) as described before [8,12]. First, an FDCT was acquired to exclude intracranial
hemorrhage. A commercially available 20 s rotational acquisition was used (20 s DCT Head, 109 kV,
1.8 μGy/frame, 200◦ angle, 0.4◦/frame angulation step; effective dose ~2.5 mSv; Siemens Healthineers
AG, Erlangen, Germany) and raw data were instantly and automatically reconstructed in 5 mm
multiplanar reconstructions on a commercially available workstation (syngo ×Workplace; Siemens
Healthineers AG, Erlangen, Germany). Next, a commercially available biphasic FDCT-angiography
(biFDCTA) was acquired for detection of arterial occlusion and evaluation of intracranial collaterals
(2 × 10 s DSA, 70kV, 1.2 μGy/frame, 200◦ angle, 0.8◦/frame angulation step; effective dose ~ 2.5 mSv;
Siemens Healthineers AG, Erlangen, Germany) after intravenous injection of 60 mL contrast media
(Imeron 400; Bracco Imaging Inc, Konstanz, Germany) at a flow rate of 5 mL/s followed by 60 mL
saline chaser at 5 mL/s. Both FDCTA datasets were instantly and automatically reconstructed on
the aforementioned workstation and 24 mm transversal maximal intensity projections of the first
and second phase were simultaneously viewable on the workstation. Timing for the start of the first
(arterial) phase acquisition was determined using a bolus-tracking acquisition. The second (venous)
phase was acquired automatically with a delay of 5 s from the end of the first rotation. The acquisition,
reconstruction and evaluation of all datasets do not require more than 2 min.

2.3. Management After Imaging

Patients with no hemorrhage and with an LVO were treated, if eligible, with intravenous
recombinant tissue plasminogen activator (IV rtPA) and with thrombectomy. As per institutional
guidelines, a low Alberta Stroke Program Early CT Scale (ASPECTS) or low collateral score was not an
exclusion criterion for thrombectomy in the first 6 h after symptom onset. Patients with no hemorrhage
and with a small vessel occlusion (SVO) were treated with IV rtPA only, if eligible. Patients with
no hemorrhage and with no arterial occlusion were started on IV rtPA, if eligible, and received an
additional stroke MRI to decide on further treatment. Patients with an intracranial hemorrhage and no
occlusion were treated as per institutional standards. Lastly, patients with an intracranial hemorrhage
(ICH) and LVO were treated with thrombectomy after an individualized case discussion between the
neurologist, interventional neuroradiologist and patient or his/her next of kin.

2.4. Statistical Analysis

Characteristics and time-metrics of the one-stop database are reported by descriptive statistics.
Time-intervals are documented with median, interquartile range (IQR) and 90th percentile, as recently
proposed [13]. A case-matched analysis is performed between the one-stop database and the standard
workflow (multidetector CT (MDCT)-triaged patients) database with the following criteria: patient’s
age, admission NIHSS, ASPECTS and symptom-to-door time. Only standard-workflow-patients
that arrived in our hospital with an NIHSS ≥7 while the angiography-suite was not occupied were
included in the case-matched analysis in order to simulate a similar scenario for matching purposes.
The maximum allowed difference for case-matching was chosen arbitrarily and was 10 years for age,
six points for NIHSS, 3 points for ASPECTS and 45 min for symptom-to-door time. Continuous variables
were compared between one-stop management and optimized workflow patients either by t-test,
in the case of normal distribution, or by the Wilcoxon test, in the case of non-normal or ordinal
distribution. Categorical variables were compared between the 2 groups by the Fisher’s exact test.
The probability of favorable outcome (modified Rankin scale (mRS) ≤ 2) between the two groups at
90 days was further assessed by logistic regression using selected variables. Statistical analyses were
performed with the MedCalc Statistical Software version 18 (MedCalc Software bv, Ostend, Belgium;
http://www.medcalc.org; 2018).
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3. Results

Two-hundred-thirty one-stop managed patients were included in our study (123 women; median
age of 78 years (IQR 69–84)). The overall admission NIHSS was 15 (IQR 12–19) and 166/230 (72%)
patients were diagnosed with an LVO, 25/230 (11%) with an SVO, 24/230 (10%) with an ICH, 11/230
(5%) with a Todd’s paresis and 4/230 (2%) with a recanalized LVO after transfer, respectively (Table 1).
One-hundred-twenty-seven out of 230 (55%) cases were direct admissions, while 103/230 (45%) were
transfer patients from a peripheral stroke center with a confirmed LVO. Of the 127 direct admission
patients 74/127 (58%) were LVOs, 19/127 (15%) were SVOs, 23/127 (18%) were ICHs and 11/127 (9%)
were Todd’s paresis. Of the 103 transfer patients, 61/103 (59%) received IV rtPA at the peripheral stroke
center (“drip and ship”), 1/103 (1%) was diagnosed with a new subdural hematoma on FDCT that
was not present on the initial external MDCT and 4/103 (4%) showed complete revascularization on
baseline FDCTA at our center. The median time required between the external MDCT and the FDCT
was 124 min (110–155; 90th percentile 218).

The overall door-to-FDCT time was 15 min (IQR 10–20; 90th percentile 26) and door-to-IVrtPA
was 22 min (IQR 20–30; 90th percentile 41). The median door-to-groin time for LVO patients was
29 min (IQR 22–39; 90th percentile 50) with a median door-to-reperfusion time of 72 min (IQR 58–91;
90th percentile 117; Table 2). Patients with an M1 occlusion had a median door-to-reperfusion time of
64 min (IQR 56–87; 90th percentile 102). Any hemorrhage was depicted in 25/166 (15%), a parenchymal
hematoma type-2 in 2/166 (1%) and a symptomatic intracranial hemorrhage (sICH) in 6/166 (4%) of the
LVOs on follow-up imaging. Overall mortality was 22%. A favorable outcome was documented in
65/166 (39%) of the LVO patients at discharge. Nineteen LVO patients were lost to follow-up; favorable
outcome and mortality for mothership patients with a pre-stroke mRS less than three were 57% and
31% while overall favorable outcome and mortality of mothership LVO patients were 51% and 32%
respectively at 90 days after stroke onset.

The case-control analysis revealed 43 LVO matches for each group (one-stop vs. traditional
management). Matching variables were not significantly different between one-stop and traditional
workflow patients; other baseline and imaging characteristics (e.g., collaterals) were also balanced
between the two groups (Table 3). We observed a significant reduction of door-to-groin and
door-to-reperfusion times, both during working and off-duty hours, for direct admission and transfer
patients. Safety variables, such as sICH, any hemorrhage on follow-up imaging or mortality were
comparable between the two groups. Median discharge and 90 d mRS in the one-stop group was
three (IQR 1–5) and two (IQR 1–5), respectively. The rate of good functional outcome at 90 days was
significantly higher in the one-stop management group with 58% (25/43) as compared to 33% (14/43)
in the normal workflow group (p = 0.029). In the logistic regression model comparing predictors of
favorable clinical outcome in the matched population, the one-stop management (odds ratio (OR)
3.75; 95% confidence interval (CI) 1.13–12.44; p = 0.031) and successful reperfusion (OR 2.58; 95% CI
1.19–5.55; p = 0.015) were significant contributors to the prediction of a favorable outcome (Figure 1).
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Table 2. Procedural details of one-stop-management patients with large vessel occlusion.

Direct Admission n = 74 Min (IQR; 90th Percentile)

Door to FDCT 15 (12–20; 24)

Door to IV–rtPA 22 (20–29; 38)

Door to groin 34 (28–45; 51)

Groin to reperfusion 41 (26–55; 73)

FDCT to reperfusion 61 (47–81; 93)

Door to reperfusion 76 (61–92; 116)

Door to reperfusion of M1 68 (58–89; 101)

Occluded vessel ICA-T 13 (18%), M1 42 (58%), M2 9 (12%)

Tandem occlusions 15 (20%)

Transfer patients n = 92

extCT to FDCT 124 (110–155; 218)

Door to FDCT 10 (8–17; 25)

Door to groin 25 (19–33; 41)

Groin to reperfusion 38 (29–65; 87)

FDCT to reperfusion 56 (44–86; 110)

Door to reperfusion 68 (53–90; 126)

Door to reperfusion of M1 59 (52–84; 118)

Occluded vessel ICA-T 28 (30%), M1 46 (50%), M2 6 (7%)

Tandem occlusions 19 (20%)

Working hours n = 68

Door to FDCT 12 (7–16; 21)

Door to IV–rtPA 22 (20–26; 34)

Door to groin 25 (19–33; 41)

Groin to reperfusion 38 (25–53; 85)

FDCT to reperfusion 61 (42–69; 101)

Door to reperfusion 66 (52–85; 105)

Off-hours n = 98

Door to FDCT 15 (10–21; 27)

Door to IV–rtPA 23 (19–29; 38)

Door to groin 33 (25–42; 60)

Groin to reperfusion 38 (25–53; 86)

FDCT to reperfusion 52 (42–69; 101)

Door to reperfusion 66 (52–85; 105)
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Table 3. Case-control study of FDCT vs. MDCT patients, n =86.

MDCT, n = 43 FDCT, n = 43 p-Value

Age median (IQR) * 77 (69–81) 77 (69–82) 0.962

Admission NIHSS * 17 (14–20) 16 (13–20) 0.796

CT ASPECTS * 8 (7–9) 9 (7–10) 0.138

Onset to door, min (IQR; 90th) * 129 (76–200; 244) 160 (74–202; 221) 0.511

Female 26 (61%) 26 (61%) 1.000

IV-rtPA 36 (84%) 30 (70%) 0.201

Hypertension 35 (81%) 33 (77%) 0.791

Hyperlipidemia 14 (33%) 20 (47%) 0.266

PAD 2 (5%) 5 (12%) 0.433

DM 11 (26%) 17 (40%) 0.249

Collateral grading 7 (5–8) 7 (4–8) 0.699

Direct admissions 30 (70%) 18 (42%) 0.016

Working hours 22 (51%) 19 (44%) 0.666

Door to CT, min (IQR; 90th) 15 (11–20; 24) 9 (6–14; 16) <0.001

Door to IV-rtPA 27 (22–34; 35) 19 (12–22; 34) 0.016

Door to groin 60 (48–68; 79) 25 (19–30; 38) <0.001

Working hours 60 (42–65; 85) 21 (17–25; 41) <0.001

Off-hours 62 (53–69; 75) 25 (21–32; 38) <0.001

Direct admissions 61 (54–67; 83) 26 (25–38; 44) <0.001

Transfer patients 40 (30–69; 75) 21 (19–26; 35) <0.001

Groin to reperfusion 42 (27–62; 94) 43 (33–60; 78) 0.866

CT to reperfusion 84 (71–99; 144) 59 (44–75; 96) <0.001

Door to reperfusion 102 (85–117; 166) 68 (53–89; 104) <0.001

Working hours 102 (79–145; 191) 62 (52–81; 104) 0.006

Off-hours 103 (93–116; 126) 74 (55–90; 109) <0.001

Direct admissions 103 (85–121; 184) 72 (58–87; 103) 0.001

Transfer patients 102 (68–109; 120) 64 (51–88; 108) 0.05

ICA-T 7 (16%) 13 (30%) 0.179

M1 26 (61%) 25 (58%) 0.888

M2 9 (21%) 3 (7%) 0.117

Tandem occlusion 6 (14%) 7 (16%) 1

Successful reperfusion (mTICI2b-3) 31 (72%) 38 (88%) 0.102

sICH 3 (7%) 2 (5%) 1

Any hemorrhage 11 (26%) 7 (16%) 0.427

PH–2 hemorrhage 1 (2%) 1 (2%) 1

Discharge mRS 4 (2–5) 3 (1–5) 0.374

90d mRS 4 (1–5) 2 (1–5) 0.153

90d mRS of 0–2 14 (33%) 25 (58%) 0.029

Mortality 9 (21%) 10 (23%) 1

* Matching variables.
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Figure 1. Logistic regression model comparing predictors of favorable clinical outcome in the matched
population (one-stop management vs. normal management with MDCT).

4. Discussion

Our observational study establishes on a large scale the results from prior brief reports with
median door-to-groin times under 30 min and median door-to-reperfusion times under 90 min for
patients triaged with a one-stop management [8]. The proposed fast and commercially available
protocol is safe for both direct admission and transfer patients. Intravenous rtPA was administered
in 63% of our patients, with rates of any hemorrhage, symptomatic ICH and mortality comparable
to larger trials. Regarding outcome results it should be noted that our observational study had no
restrictions regarding pre-stroke mRS or initial ASPECTS. Compared to the thrombectomy trial from
2015 with focus on rapid endovascular treatment we observed markedly lower door-to-groin times
with a 90th percentile of 50 min in our study vs. 147 min in the ESCAPE trial [6]. Door-to-reperfusion
times were also markedly lower in our study with a 90th percentile of 117 min compared to 190 min
in the ESCAPE trial [6]. Even in comparison to recent trials published in 2018 and performed in
large-volume centers with daily training and standardized workflows, our median intrahospital times
were more than 30 min lower with 29 min door-to-groin time (106 min in the 3D-Separator trial) and
59 min imaging-to-reperfusion time (97 min in the DEFUSE 3 trial) in our study [14,15].

In the period from 2014 to 2015 we were able to significantly reduce intrahospital times from a
median door-to-groin time of 121 to 64 min by standardizing interdisciplinary operating procedures,
conducting frequent team meetings, and providing mutual feedback [11]. However, despite the
increased workload and training in the consecutive years we were not able to further reduce the
intrahospital times through the MDCT-route [16]. The current case-matched analysis shows, indeed,
that a one-stop management allows for and additional reduction of intrahospital times (Table 3).
The decreased handling times together with the increased rates of successful reperfusion in the one-stop
arm patient pool led to a significant increase in rates of favorable functional outcome at 90 days.

While the increased reperfusion rates are probably a result of increased use of sophisticated
thrombectomy techniques [17], the earlier groin puncture times may also play a role in increased
rates of complete reperfusion in one-stop patients. A recent study of the HERMES dataset has
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shown a decreased probability of successful reperfusion with prolonged intrahospital times in LVO
patients [18]. Another interesting aspect of the one-stop management in stroke is the interaction
of IV rtPA and remaining thrombi after incomplete thrombectomy. In the meta-analysis of the five
positive thrombectomy trials in 2015, the median door-to-needle time was 35 min and the median
door-to-reperfusion time 148 min [2]. As the thrombolytic effect of IV lysis is rapidly lost after
termination of the 60 min infusion there is usually no effect of IV rtPA on distal emboli after incomplete
mechanical reperfusion. In our setting, both the IV rtPA infusion and thrombectomy are initiated
within a narrow time frame which frequently leads to substantial reperfusion prior to completion of
the IV rtPA infusion. This fact could lead to resolution of emboli in new territories or distal emboli
with a positive effect on functional outcome.

In order to establish a one-stop management of stroke patients with the proposed protocol there
is obviously a need for angio-time capacity within the stroke center. Angiography suite capacity
should not be a problem in off-hours. We did not encounter a relevant problem in our effort to
establish a one-stop management as more than half of the interventions performed in our center are
mechanical thrombectomies. For other centers with limited angiography availability, possible solutions
include the installation of a dedicated stroke angiography or a pre-notification system. Even with a
dedicated stroke angiography-suite there is always the possibility of another stroke patient arriving
while performing mechanical thrombectomy on the ‘stroke machine’. Regarding workload and safety,
it should be noted that we decided to involve the senior physician in the exclusion of an ICH on
FDCT images at all times, after a case of profound ICH which was missed by the resident on duty
during off-hours (Figure 2). Discrepancies between residents and seniors in the interpretation of
overnight head CTs and the detection of hemorrhages have been studied before for MDCT. The reported
frequency of 1/230 cases in our study is comparable to the 141/22,590 cases in a study by Vagal et al. [19].
The workload of the stroke angiography can also be influenced by the NIHSS threshold chosen for the
one-stop management. As of January 2017, we lowered our one-stop threshold to an admission NIHSS
of ≥7 as a recent publication suggested that the best predictor for LVO is the NIHSS score with the
aforementioned cut-off [20]. Other possibilities for a one-stop management include the combination of
MDCT and C-arm in one room (so called MIYABI system) or the use of a mobile C-arm within the CT
room [21]. Both systems have the disadvantages of a monoplanar angio system. The first solution has
an additional drawback due to the increased costs for two machines, while with the second option
the usually heavily utilized CT scanner is being blocked during thrombectomy. Our door-to-groin
times were slightly higher (29 min) compared to the time metrics reported by Ribo et al. (17 min) and
Jovin et al. (22 min). However, their door-to-reperfusion times (73 and 66 min respectively) were
similar to ours (72 min) [22,23]. Furthermore, as we used non-invasive FDCT angiography for the
delineation of LVOs, no unnecessary groin punctures were performed compared to a reported rate of
7% by Ribo et al. [24].

The main limitation of our study is the observational single-center design. All time metrics
are prospectively documented in a stroke database, but the documentation is not performed in a
blinded fashion. As this study was performed in a comprehensive stroke center, the number of
LVO may be increased compared to regional stroke centers, which leads to an increased number of
ischemic strokes compared to other centers. However, based on the observations including a significant
reduction of door-to-groin times and secure triage of patients with hemorrhagic strokes, we have
started a prospective, randomized trial in order to prove the effectiveness and safety of the proposed
one-stop protocol.
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Figure 2. FDCT scan of intracranial hemorrhage which was missed by resident during off-hours.

5. Conclusions

One-stop management of stroke patients with a modern, FDCT-supporting angiography suite is
feasible and allows for significantly shorter intrahospital times.
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Abstract: Background: Occult paroxysmal atrial fibrillation (PAF) is a common and potential
treatable cause of cryptogenic stroke (CS). We sought to prospectively identify independent
predictors of atrial fibrillation (AF) detection in patients with CS and sinus rhythm on baseline
electrocardiogram (ECG), without prior AF history. We had hypothesized that cardiac arrhythmia
detection during neurosonology examinations (Carotid Duplex (CDU) and Transcranial Doppler
(TCD)) may be associated with higher likelihood of AF detection. Methods: Consecutive CS
patients were prospectively evaluated over a six-year period. Demographics, clinical and imaging
characteristics of cerebral ischemia were documented. The presence of arrhythmia during spectral
waveform analysis of CDU/TCD was recorded. Left atrial enlargement was documented during
echocardiography using standard definitions. The outcome event of interest included PAF detection
on outpatient 24-h Holter ECG recordings. Statistical analyses were performed using univariate and
multivariate logistic regression models. Results: A total of 373 patients with CS were evaluated
(mean age 60 ± 11 years, 67% men, median NIHSS-score 4 points). The rate of PAF detection of any
duration on Holter ECG recordings was 11% (95% CI 8%–14%). The following three variables were
independently associated with the likelihood of AF detection on 24-h Holter-ECG recordings in both
multivariate analyses adjusting for potential confounders: age (OR per 10-year increase: 1.68; 95%
CI: 1.19–2.37; p = 0.003), moderate or severe left atrial enlargement (OR: 4.81; 95% CI: 1.77–13.03;
p = 0.002) and arrhythmia detection during neurosonology evaluations (OR: 3.09; 95% CI: 1.47–6.48;
p = 0.003). Conclusion: Our findings underline the potential utility of neurosonology in improving
the detection rate of PAF in patients with CS.
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1. Introduction

The etiology of acute cerebral ischemia (ACI) remains undetermined in more than one-third of all
ischemic stroke (IS) patients upon discharge [1,2]. According to Trial of ORG 10172 in Acute Stroke
Treatment (TOAST) classification, an IS is classified as cryptogenic stroke (CS) when no cause can
be identified after the baseline diagnostic workup [3]. A well-defined etiopathogenic mechanism is
cardioembolism, which actually accounts for 17% to 30% of all IS, with more than half of cardioembolic
strokes being attributed to atrial fibrillation (AF) [4–6]. However, paroxysmal AF (PAF) is frequently
undetected, due to episodic and asymptomatic nature and short duration [7]. It is therefore evident
that a proportion of strokes labeled as CS are cardioembolic in origin because of occult PAF [8].

The detection of PAF is of utmost importance in order to provide the most suitable treatment for
stroke secondary prevention. Antiplatelet treatment, advocated by current guideline recommendations
for patients with CS [9], is known to provide inadequate protection from future cardioembolic events
in patients with AF [10]. On the contrary, it has been estimated that the administration of anticoagulant
therapy reduces the annual IS recurrence risk by 8.4% compared with antiplatelet therapy in IS patients
with AF [11]. Both ESO/AHA guidelines recommend at least 24-h Holter monitoring in patients with
CS to detect PAF [9,12].

Neurovascular imaging is also essential for accurate delineation of the stroke mechanism and
the development of acute stroke therapies [13]. Carotid duplex ultrasound (CDU) and transcranial
doppler ultrasound (TCD) are ancillary diagnostic tests in support of the etiological workup of IS and
the evaluation of neurovascular status [14,15]. Both neurosonological modalities can be performed at
the bedside in the very early stages of IS and are relatively inexpensive and noninvasive. Additionally,
they allow monitoring and provide actual hemodynamic information. Thus, CDU and TCD may
detect heart rhythm alterations in real-time during spectral waveform analysis [16,17] and provide
complementary information to 24-h Holter-ECG recordings.

In view of former considerations, we sought to identify independent predictors of AF detection in
patients with CS and sinus rhythm on baseline cardiac evaluation (electrocardiogram (ECG) and 24-h
Holter-ECG recordings), without prior AF history. More specifically, we had hypothesized that cardiac
arrhythmia detected during neurosonology evaluation (CDU and TCD) may be associated with higher
likelihood of AF detection.

2. Methods

Consecutive patients with CS, no prior AF history and sinus rhythm on the baseline ECG
and the 24-h Holter-ECG recordings were prospectively evaluated at a tertiary care stroke center
(“Attikon” University Hospital, National and Kapodistrian University of Athens, Athens, Greece)
over a six-year period. CS was defined according to TOAST criteria [3], following an extensive
diagnostic workup of all patients presenting with symptoms of ischemic stroke (IS) or transient
ischemic attack (TIA). More specifically, all patients underwent the following laboratory and imaging
examinations: brain CT-scan or MRI-scan, full blood count, biochemical blood analysis (cholesterol and
glucose values included), ECG, cardiac ultrasound, 24-h Holter heart-rhythm monitoring, CDU and
TCD. Additional information regarding the diagnostic workup of CS patients in our center has been
previously described [18,19].

Stroke severity at hospital admission was documented using National Institute of Health Stroke
Scale (NIHSS) score [20] by certified vascular neurologists [18,19]. Baseline characteristics including
demographics, vascular risk factors, admission NIHSS-scores, neuroimaging and neurosonology
findings, echocardiographic measurements, and number of 24-h Holter monitoring evaluations were
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recorded. Radiologists blinded to the patients’ clinical data analyzed neuroimaging examinations
and cerebral infarctions were subsequently categorized according to their location as either cortical or
non-cortical including subcortical, brainstem and cerebellar location [21].

CDU and TCD examinations were performed by a certified neurosonologist (GT) with a
Refurbished Philips® CX50 portable ultrasound machine, using L12-3 and S5-1 ultrasound transducer
probes respectively. Neurosonology examinations were performed in each patient within 48 h from
hospital admission. Irregular duration of the intervals between consecutive peak-systolic velocities
during spectral waveform analysis of extra- or intra-cranial arteries in at least three complexes indicated
the presence of cardiac arrhythmia and this finding was prospectively documented. (Figure 1) [16,17].
Echocardiogram was performed by certified cardiologists and left atrial (LA) diameter was measured
using standardized methodology as previously described [22]. LA enlargement was classified into
mild, moderate or severe, according to the guidelines of the American Society of Echocardiography
(ASE) [23].

 

Figure 1. Detection of cardiac arrhythmia during spectral waveform analysis of external carotid artery
in cervical duplex ultrasound.

Twenty-four-hour Holter ECG was performed using a 12-channel Holter monitoring Mortara
H12+™ instrument. The inpatient recordings were completed within 96 h from hospital admission.
It should be emphasized that sinus rhythm on baseline 24-h Holter ECG was a prerequisite for patients’
inclusion in our study and for the diagnosis of CS [3]. During the follow-up period that varied between
three to 60 months, CS patients underwent ≥1 outpatient 24-h Holter ECG recordings, based on the
presence of premature atrial contractions on the baseline 24-h Holter ECG and that decision was not
related to the neurosonology findings. The primary outcome event of interest included PAF detection of
any duration as previously described [18]. Two blinded investigators using dedicated analysis software
analyzed all ECG recordings [18]. Total time in AF was calculated as the sum of each individual AF
episode for patients with multiple episodes during monitoring. The secondary outcome of interest
included the current definition of PAF according to ACC/AHA/ESC guidelines, which applies to AF
episodes without a reversible cause lasting >30 s [24].

The study protocol was approved by the ethics committee of our hospital and signed informed
consent was obtained from the patient or legal representative before enrollment in all cases.
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Statistical Analyses

Continuous variables are presented as mean ± SD (normal distribution) and as median with
interquartile range (skewed distribution). Categorical variables are presented as percentages with
their corresponding 95% Confidence Intervals (95% CI). Statistical comparisons between two groups
were performed using χ2 test, or in case of small expected frequencies, Fisher’s exact test. Continuous
variables were compared by the use of the unpaired t-test or Mann–Whitney U test, as indicated.
Univariable and multivariable binary logistic regression models were used to evaluate associations
between baseline characteristics (demographics, vascular risk factors, stroke severity, neuroimaging
and neurosonology findings, echocardiographic measurements, and number of 24-h Holter monitoring
evaluations) with the likelihood of detecting AF on Holter monitoring in patients with CS before
and after adjusting for potential confounders. A cut-off of p < 0.1 was used to select variables for
inclusion in multivariable analyses that were conducted using backward stepwise selection procedure.
To confirm the robustness of multivariable models, we repeated all multivariable analyses using a
forward selection procedure. Associations are presented as odds ratios (OR) with corresponding 95%
confidence intervals (CI). Statistical significance was achieved if the p value was ≤0.05 in multivariable
logistic regression analyses. The Statistical Package for Social Science (SPSS Inc., Armonk, NY, USA;
version 23.0 for Windows) was used for statistical analyses.

3. Results

A total of 373 patients with CS (mean age 60 ± 11 years, 67% men, median NIHSS score on
admission: four, IQR: 3–10) underwent 24-h Holter-ECG evaluations during the six-year study period.
The baseline characteristics of the study population are presented in Table 1. The mean CHA2DS2-VASC
score and the mean number of outpatient 24-h Holter-ECG recordings were 3.8 ± 1.3 and 1.5 ± 1.5
respectively. Moderate or severe left atrial enlargement were present in 6% of the study population,
while in 20% we detected cardiac arrhythmia during neurosonology evaluations.

Table 1. Baseline characteristics of the study population (n = 373).

Variable Overall

Age, years (mean ± SD) 60 ± 11
Female sex (%) 122 (33%)

NIHSS-Score, points (median, IQR) 4 (3–10)
Hypertension (%) 230 (62%)

Diabetes (%) 82 (22%)
Hyperlipidemia (%) 215 (58%)

Current Smoking (%) 158 (22.5%)
Coronary Artery Disease (%) 58 (16%)
Excessive Alcohol Intake (%) 37 (10%)

Previous History of TIA or Stroke (%) 74 (20%)
Heart Failure (%) 17 (5%)

Peripheral Arterial Disease (%) 15 (4%)
Vascular Disease (%) 70 (19%)

CHA2DS2-VASc Score, Points (mean ± SD) 3.8 ± 1.3
Left Atrial Enlargement (%) 155 (42%)

Mild 133 (36%)
Moderate 17 (5%)

Severe 5 (1%)
Cortical Location of Infarction (%) 76 (20%)

Cardiac Arrhythmia Detected during Neurosonology Evaluation (%) 66 (18%)
Number of 24-h Holter Recordings (mean ± SD) 1.5 ± 1.5

1 254 (68%)
2 85 (23%)
≥3 34 (9%)

IQR: interquartile range, TIA: transient ischemic attack.
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AF of any duration was documented on outpatient 24-h Holter-ECG recordings in 40 patients with
CS (11%, 95% CI: 8–14%). The mean duration of AF was 4940 ± 1043 s, while in 12 patients (30% of AF
patients) AF duration was ≤30 s. The detection rate of AF ≥30 s was 8% (95% CI: 5–11%) in our cohort.
AF detection rates differed significantly (p < 0.001) according to the degree of left atrial enlargement
(Table 2). More specifically, the rates of AF detection were 7%, 12%, and 36% in patients with no, mild,
moderate, or severe left atrial enlargement respectively (p for linear trend <0.001). AF detection rates
also differed significantly (p = 0.048) according to the number of 24-h Holter-ECG recordings (Table 3).
More specifically, the rates of AF detection were 8%, 14%, and 21% in patients with 1, 2, and ≥3 Holter
recordings respectively (p for linear trend 0.014).

Table 2. Prevalence of atrial fibrillation detection on 24-h Holter monitoring stratified by degree of left
atrial enlargement.

Left Atrial Enlargement Atrial Fibrillation (−) Atrial Fibrillation (+) p-Value *
p-Value for

Linear Trend **

None (%) 93% 7%

<0.001 <0.001Mild (%) 88% 12%

Moderate or Severe (%) 64% 36%

* Pearson chi-square: 17.952 (df = 2); ** Linear by linear association: 12.887 (df = 1).

Table 3. Prevalence of atrial fibrillation detection on 24-h Holter monitoring stratified by the number of
24-h Holter-ECG recordings.

Number of 24-h Holter
ECG Recordings

Atrial Fibrillation (−) Atrial Fibrillation (+) p Value *
p-Value for

Linear Trend **

1 (%) 92% 8%

0.048 0.0142 (%) 86% 14%

≥3 (%) 79% 21%

* Pearson chi-square: 6.079 (df = 2); ** Linear by linear association: 6.057 (df = 1).

Further evaluation regarding the cardiac structure was also conducted in a subset of our patients.
Fifty-three percent of our patients (199/373) had undergone transesophageal echocardiogram (TEE).
Cardiac CT and/or cardiac MRI were performed in three cases only, since these two investigations
were not readily available in our hospital. All TEE, cardiac CT, and cardiac MRI investigations did not
disclose any cardiogenic source of embolization in our cohort.

The univariable and multivariable associations of baseline characteristics with the likelihood of
AF detection on 24-h Holter-ECG recordings are presented in Table 4. The following variables were
associated with AF detection on initial univariable analyses using a p value of <0.1 as threshold for
inclusion in multivariable models: age (OR per 10-year increase: 1.81; 95%CI: 1.31–2.50; p < 0.001),
heart failure (OR: 2.74; 95% CI: 0.85–8.83; p = 0.093), CHA2DS2-VASC score (OR per 1-point increase:
1.53; 95% CI: 1.20–1.941; p = 0.001), ≥3 Holter recordings (OR: 2.40; 95% CI: 0.97–5.95; p = 0.058),
moderate or severe left atrial enlargement (OR: 5.70; 95% CI: 2.22–14.61; p < 0.001), and cardiac
arrhythmia detection during neurosonology evaluations (OR: 3.77; 95% CI: 1.87–7.60; p < 0.001).
The following three variables were independently (p < 0.05) associated with the likelihood of AF
detection on 24-h Holter-ECG recordings in multivariable logistic regression analyses conducted by
backward selection procedure: age (OR per 10-year increase: 1.68; 95% CI: 1.19–2.37; p = 0.003),
moderate or severe left atrial enlargement (OR: 4.81; 95% CI: 1.77–13.03; p = 0.002), and cardiac
arrhythmia detection during neurosonology evaluations (OR: 3.09; 95%CI: 1.47–6.48; p = 0.003).
We repeated the multivariable analyses using the forward selection procedure and obtained identical
results. The independent associations of age (OR per 10-year increase: 1.68; 95% CI: 1.19–2.37; p = 0.003),
moderate or severe left atrial enlargement (OR: 4.81; 95%CI: 1.77–13.03; p = 0.002) and cardiac
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arrhythmia detection during neurosonology evaluations (OR: 3.09; 95% CI: 1.47–6.48; p = 0.003) with
the likelihood of AF detection persisted also on multivariable logistic regression analyses conducted
by the forward selection procedure.

Table 4. Univariable and multivariable logistic regression analyses depicting the associations of baseline
characteristics with the likelihood of atrial fibrillation detection during 24-h Holter monitoring.

Univariable Logistic
Regression Analysis

Multivariable Logistic
Regression Analysis

Variable Odds Ratio (95%CI) p * Odds Ratio (95%CI) p

Age (per 10-year increase) 1.81 (1.31–2.50) <0.001 1.68 (1.19–2.37) 0.003

Female Sex 1.43 (0.73–2.80) 0.300

NIHSS-Score at Admission (per 1-point increase) 0.97 (0.91–1.03) 0.295

Hypertension 1.51 (0.74–3.08) 0.254

Diabetes Mellitus 1.40 (0.67–2.94) 0.374

Hyperlipidemia 1.60 (0.80–3.21) 0.185

Previous History of TIA or Stroke 1.20 (0.54–2.64) 0.655

Coronary Artery Disease 1.17 (0.49–2.80) 0.719

Congestive Heart Failure 2.74 (0.85–8.83) 0.093 2.74 (0.85–8.83) 0.165

Current Smoking 1.22 (0.63–2.35) 0.558

Excessive Alcohol Intake 1.34 (0.49–3.67) 0.565

Peripheral Arterial Disease 1.30 (0.28–5.96) 0.739

Vascular Disease 1.09 (0.48–2.49) 0.833

CHA2DS2-VASc Score (per 1-point increase) 1.53 (1.20–1.94) 0.001 1.15 (0.80–1.66) 0.451

≥3 (24-h) Holter Evaluations 2.40 (0.97–5.95) 0.058 1.62 (0.58–4.52) 0.354

Cortical Location of Infarction 1.35 (0.63–2.90) 0.444

Cardiac Arrhythmia Detected during
Neurosonology Evaluation 3.77 (1.87–7.60) <0.001 3.09 (1.47–6.48) 0.003

Moderate or Severe Left Atrial Enlargement 5.70 (2.22–14.61) <0.001 4.81 (1.77–13.03) 0.002

* cutoff of p< 0.1 was used for selection of candidate variables for inclusion in multivariable logistic regression models.

4. Discussion

Our prospective single-center cohort study showed that detection of PAF in patients with CS
is independently associated with increasing age, LA enlargement, and cardiac arrhythmia detection
during neurosonology evaluations. In addition, the detection rates of AF of any duration and AF ≥ 30 s
on outpatient 24-h Holter-ECG recordings were 11% and 8% respectively in our cohort.

There is mounting literature suggesting that newly diagnosed AF is identified in ≈5% of patients
with stroke in the inpatient setting [25], while the rate of PAF detection in CS patients varies between
5–20%, according to different studies and prolonged Holter-ECG monitoring [26–28]. Repetition of
24-h Holter recording can detect AF at a higher rate, as it was also demonstrated in the present
study, but it still carries lower diagnostic yield compared to continuous arrhythmia monitoring [29].
The detection of occult PAF has important therapeutic implications in CS patients, as anticoagulation
is the optimal treatment for secondary stroke prevention in AF-associated stroke and can substantially
reduce recurrent stroke and systemic embolism compared to antiplatelet therapy [30–34]. Furthermore,
secondary prevention in CS includes oral anticoagulation when AF is detected, regardless of AF pattern
(paroxysmal or chronic). Notably, the benefit of oral anticoagulation therapy in secondary stroke
prevention in patients with AF has been established both for chronic and intermittent AF [35].
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Another important finding is that AF duration was ≤30 s in 30% of the patients recognized
with AF in outpatient Holter monitoring in our study, while the current American College of
Cardiology/American Heart Association definition of PAF requires >30 s as a threshold for AF
diagnosis [24]. However, AF of any duration should be considered clinically relevant in patients with
CS, as recognized bursts of PAF may be markers of longer periods of AF that occur outside of the
monitoring period. Interestingly, prior studies in CS patients have used a variety of time thresholds,
ranging from 0 s to 5 minutes, reflecting the lack of consensus regarding AF duration yield [36–38].

Our study also disclosed an association between advancing age and detection of PAF in patients
with CS, which persisted on multivariable analysis. This finding is consistent with other cohort studies,
which demonstrated that older age was an independent predictor of occult PAF in CS patients [39,40].

AF detection on 24-h Holter monitoring is also associated with LA enlargement. According to our
study, the rates of AF detection were 7%, 12% and 36% in patients with no, mild, moderate or severe left
atrial enlargement respectively and that association was statistically significant. However, the metric
used for indicating LA in our study was the LA diameter, whereas LA volume indexed to the subjects’
body surface area, which represents a three-dimensional size of the LA is thought to be a superior
metric of LA dimension in terms of predicting cardiovascular outcomes [41]. A recent study outlined
the association of higher LA volume index with cardioembolic stroke and the rate of AF detection in
patients with embolic stroke of undetermined source (ESUS), who completed four-week outpatient
cardiac event monitoring [42]. ESUS is a subtype of CS and is used to describe non-lacunar CS in which
embolism is a likely underlying mechanism [43]. However, ESUS constitutes a heterogenous group
of patients, in whom other embolic mechanisms (patent foramen ovale, aortic plaque, non-stenosing
unstable carotid plaque, cardiac valve disorders, coagulation disorders in patients with occult cancer)
might be responsible for stroke, except for occult AF. Those underlying mechanisms mandate different
management than oral anticoagulation, thus clinical utility of ESUS is debatable [44]. Consequently,
our findings lend support to the recent concept that LA diameter measurement may help stratify ESUS
patients with the greater benefit from anticoagulation due to underlying occult AF [44].

The potential diagnostic utility of neurosonology examinations (CDU and TCD) in the early
detection of PAF in patients with CS is also supported by our results. Specifically, it was shown
that cardiac arrhythmia detection during spectral waveform analysis in CDU/TCD evaluations was
associated with the likelihood of AF detection on outpatient 24-h Holter-ECG recordings. A plausible
explanation for this association may be related to the psychological stress induced by the TCD and
CDU examinations to the patients that in turn may provoke episodes of arrhythmia, thus increasing the
neurosonology rates of arrhythmia detection [45,46]. Being inexpensive, readily available, performed
by-the-bed in the early stages of IS, even before the first 24-h Holter recording has been completed,
CDU/TCD examination can be a useful tool for delineating stroke etiology in a multifactorial
approach; both evaluating extracranial/intracranial vascular stenosis or occlusion and detecting cardiac
arrhythmias in real-time [15–17]. One limiting factor is that, although neurosonology examinations
can detect arrhythmias, it is not possible to differentiate them among the many different types and
provide a certain diagnosis of AF. Abnormal neurosonology examination can represent AF as simple
extra-systolic beats and consequently the specificity of this examination as a predictor of AF appears
low. However, AF appears to account for a substantial proportion of rhythm abnormalities [47]. Even if
the cardiac arrhythmia detected by neurosonology examinations is finally diagnosed as paroxysmal
supraventricular tachycardia (PSVT) in ECG studies, this is also clinically relevant information, as PSVT
patients have higher prevalence rate of AF [48]. Consequently, arrhythmia detection by CDU/TCD
can be used as a potential marker that may assist in the identification of CS patients that should
undergo prolonged cardiac monitoring using implantable cardiac monitors. If the present findings are
externally validated, the echocardiographic and neurosonology findings may be included in current
risk stratification scores (e.g., HAVOC) and other schemata for AF detection in CS [49,50].
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Certain limitations of the present study need to be acknowledged. First, the sample size of the
present single center study was moderate (n = 373). Second, there was no core laboratory analysis of
CDU/TCD recordings for arrhythmia detection and no central adjudication of neuroimaging parameters.
However, considering that investigators evaluating neuroimaging and neurosonology studies were
blinded to the AF status of each patient, it is unlikely that this may have led to significant bias. Third,
ECG detection of AF in CS patients was assessed by repetitive short-term (24-h) external monitoring
devices in an outpatient setting and such an intermittent monitoring strategy has lower sensitivity
and lower negative predictive value than continuous arrhythmia monitoring. Moreover, patients
were not under continuous ECG monitoring during hospitalization, since the policy of our institution
did not allow prolonged cardiac monitoring with repeated 24-h Holter-ECG recordings or cardiac
telemetry or implantable cardiac monitoring during hospitalization. Fourth, the optimal duration of
CDU/TCD recording for arrhythmia detection was not assessed in our study. It may be postulated
that a more prolonged recording, for example continuous 1-h TCD monitoring using a headframe in
search of arrhythmia and microembolic signals as well, could have identified more episodes of rhythm
abnormalities, making the correlation with AF detection on ECG recordings even stronger. Finally,
data about other possible confounders, such as secondary prevention therapies or patients’ body mass
index (BMI) were not collected.

5. Conclusions

In conclusion, to the best of our knowledge, this is the first study demonstrating an independent
association between arrhythmia detection during neurosonology examinations in the early stages of IS
and the detection of AF on outpatient 24-h Holter-ECG recordings in CS patients. Our findings appear
to expand the utility of CDU/TCD studies in determining stroke etiology. However, our study was not
designed to evaluate the diagnostic utility of neurosonology in comparison to outpatient prolonged
cardiac monitoring. Further external validation of the present findings in larger cohorts of patients
with more extensive duration of cardiac monitoring is required.
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Abstract: Background: Atrial fibrillation (AF) shares several risk factors with atherosclerosis.
We investigated the association between total carotid plaque number (TPN) and long-term prognosis
in ischemic stroke patients with AF. Methods: A total of 392 ischemic stroke patients with
AF who underwent carotid ultrasonography were enrolled. TPN was assessed using B-mode
ultrasound. The patients were categorized into two groups according to best cutoff values for TPN
(TPN ≤ 4 vs. TPN ≥ 5). The long-term risk of major adverse cardiovascular events (MACE) and
mortality according to TPN was investigated using a Cox hazard model. Results: After a mean
follow-up of 2.42 years, 113 patients (28.8%) had developed MACE and 88 patients (22.4%) had
died. MACE occurred more frequently in the TPN ≥ 5 group than in the TPN ≤ 4 group (adjusted
hazard ratio [HR], 1.50; 95% confidence interval [CI], 1.01–2.21; p < 0.05). Moreover, the TPN ≥ 5
group showed an increased risk of all-cause mortality (adjusted HR, 2.69; 95% CI, 1.40–5.17; p < 0.05).
TPN along with maximal plaque thickness and intima media thickness showed improved prognostic
utility when added to the variables of the CHAD2DS2-VASc score. Conclusion: TPN can predict the
long-term outcome of ischemic stroke patients with AF. Adding TPN to the CHAD2DS2-VASc score
increases the predictability of outcome after stroke.

Keywords: atrial fibrillation; cerebral infarction; carotid stenosis; ultrasonography; outcomes

1. Introduction

Atrial fibrillation (AF) is the most common cause of cardioembolic stroke and is associated with
poor prognosis in survivors after ischemic stroke. AF was reported to increase the annual risk of
cardiovascular events by 5-fold [1,2]. In efforts to prevent cardiovascular events due to AF, researchers
have focused on the identification of patients at high risk of developing cardiovascular events [3].
Several studies have suggested that atherosclerosis is associated with both the development and
the outcome of AF [4]. For example, among the components of the CHAD2DS2-VASc score, age,
hypertension, diabetes, history of stroke/transient ischemic attack, and vascular disease are known to
be the important risk factors for atherosclerosis [5,6].

Carotid atherosclerosis ≥ 50% in patients with AF is well known to be an independent risk factor
for future ischemic stroke and vascular events [7–9]. However, the prognostic implication of carotid
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atherosclerosis < 50% is not well known. Carotid ultrasonography can easily detect mild carotid
atherosclerosis through measurements of the carotid intima media thickness (IMT) and carotid plaque
thickness [8–10]. However, little is known about the prognostic impact of the number of carotid
plaques on the outcome of patients with AF. In this regard, we evaluated the association between the
total carotid plaque number (TPN) and long-term prognosis in ischemic stroke patients with AF.

2. Materials and Methods

2.1. Study Population

This is a hospital-based observational study in ischemic stroke patients who were prospectively
registered to a stroke registry from January 2007 to December 2013 in Severance Hospital, Seoul, South
Korea. [11]. The registry enrolled consecutive patients with acute ischemic stroke within 7 days of
onset. During admission, all patients were evaluated with brain magnetic resonance imaging and/or
computed tomography, as well as cerebral angiography (magnetic resonance angiography, computed
tomography angiography, or digital subtraction angiography). Systemic evaluation included 12-lead
electrocardiography (ECG), chest radiography, standard blood tests, lipid profile, and continuous
ECG monitoring during stay in the stroke unit. Specific evaluation for finding the cardioembolic
source, such as transthoracic echocardiography, transesophageal echocardiography, and 24-h Holter
monitoring was done.

The stroke subtypes according to the Trial of ORG 10172 in Acute Stroke Treatment (TOAST)
classification [12] and the presence of angiographic abnormalities were prospectively determined using
neuroradiologist reports and the consensus of stroke specialists in weekly stroke conferences, and
prospectively entered into a computerized database.

This study was approved by the institutional review board of Severance Hospital, Yonsei
University Health System, which waived the requirement for informed consent from patients owing to
the retrospective nature of the analysis.

2.2. Clinical Variables

We collected data on demographics and risk factors of stroke including hypertension, diabetes,
hyperlipidemia, coronary artery disease, peripheral artery disease, history of stroke, transient ischemic
accident or thromboembolism, and smoking habit. Hypertension was defined as a systolic blood
pressure of≥ 140 mmHg or a diastolic blood pressure of≥ 90 mmHg, or any history of anti-hypertensive
agent use. Diabetes was defined as fasting glucose level ≥ 7.0 mmol/L, random blood glucose
level ≥ 11.0 mmol/L, glycated hemoglobin ≥ 6.5%, or a history of oral hypoglycemic agent or
insulin use. Hyperlipidemia was defined as serum total cholesterol ≥ 6.21 mmol/L, low-density
lipoprotein cholesterol ≥ 4.14 mmol/L, or any history of use of lipid-lowering agents after a diagnosis
of hyperlipidemia. AF was diagnosed on the basis of the findings of routine ECG, Holter monitoring,
or continuous ECG monitoring on the current admission or before admission. Paroxysmal AF was
also considered the presence of AF. Congestive heart failure was determined from the history of heart
failure diagnosis, treatment with loop diuretics, and ejection fraction ≤35% on echocardiography.
Coronary artery occlusive disease (CAOD) was defined as any history of unstable angina, myocardial
infarction, and CAOD. Peripheral artery occlusive disease was defined as any history of a diagnosis
of peripheral artery disease at any hospital regardless of the presence or absence of intervention
or medication for peripheral artery disease. Patients were considered current smokers if they had
smoked any cigarettes within 1 year before admission. Medication history including anti-coagulant,
anti-platelet, anti-hypertensive, and lipid-lowering agent use was collected. Laboratory data were
also obtained for complete blood count, lipid profile, blood urea nitrogen level, and creatinine level.
The severity of stroke was determined using the National Institute Health Stroke Scale (NIHSS) score
at admission.
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2.3. Carotid Artery Assessment

Carotid artery plaques were assessed using B-mode ultrasound (iU22 ultrasound system; Philips,
Bothell, WA, USA) with a 3-9-MHz multifrequency linear array transducer. All measurements were
done in a semi-dark room by two trained ultrasonographers. Bilateral longitudinal and transverse
images of the common carotid arteries (CCAs) and internal carotid arteries (ICAs) were always obtained
and the presence of plaque was decided after comparison of longitudinal and transverse images.
The IMT in the CCAs was defined as the distance of the interface between the lumen-intima and the
media-adventitia. The far wall of the carotid artery was visualized bilaterally in the CCAs (20–50 mm
proximal to the bifurcation of blood flow), carotid bulb (0–20 mm proximal to the bifurcation of blood
flow), and internal and external carotid arteries (0–20 mm distal to the bifurcation of blood flow). At 20,
25, and 30 mm proximal to the bifurcation of blood flow, IMT was bilaterally measured at the far wall
of the CCAs during end-diastole, and calculated as the mean value for each patient. According to the
Mannheim criteria [13], carotid plaque was defined as a focal structure encroaching into the arterial
lumen by at least 0.5 mm, > 50% of surrounding IMT values, or thickness ≥ 1.5 mm above the distance
of the interface between the lumen-intima and the media-adventitia.

The thickness of each plaque in the carotid arteries in the whole scanned area was also bilaterally
measured. The TPN was determined by simply counting (bilaterally) the number of plaques in
proximal ICAs and CCAs. The best cutoff values for TPN were determined using the Contal and
O’Quigley method, which calculates the maximum hazard ratio (HR) based on log-rank statistics [14].

2.4. Follow-Up and Outcomes

After discharge, each patient was followed up with regularly at 3 months, 1 year, and yearly
thereafter. At each follow-up visit, medical information including occurrence of any cardiovascular
events, newly detected vascular risk factors, lifestyle modification after stroke, and re-admission
to another hospital was obtained via face-to-face interviews with neurologists or through clinical
research associates in the outpatient clinic. When the patients missed a scheduled visit, we obtained
the information from the patients or their proxy through a telephone interview with a structured
questionnaire [15]. In addition, we also obtained mortality data based on death certificates from the
Korean National Statistical Office (http://www.kostat.go.kr).

The primary end point was major adverse cardiovascular events (MACE; cardiovascular
mortality, non-cardiovascular mortality, and occurrence of non-fatal stroke or myocardial infarction).
Cardiovascular mortality was defined as any mortality due to stroke, myocardial infarction, other
cardiac disease, or unobserved sudden death. The secondary outcome was all-cause mortality. The
censoring date was December 31, 2013.

2.5. Statistical Analysis

The data were presented as mean ± standard deviation or medians (interquartile range [IQR]), as
appropriate. Differences between the two groups were compared with the chi-square test, Fisher’s
exact test, Student’s t-test, and the Mann–Whitney U-test, as appropriate. Survival analysis was
conducted, and survival curves were plotted using Kaplan–Meier analysis. The difference of survival
time between groups was analyzed using a log-rank test. To determine the independent predictor of
MACE and all-cause mortality, Cox proportional hazard regression analysis was used, and HR and
95% confidence interval (CI) values were summarized. Cox proportional hazard regression analysis
was conducted with adjustments for age, sex, initial NIHSS score, and variables with p < 0.1 in the
univariate analysis.

To evaluate the added value of carotid plaque burden for the prognosis of ischemic stroke caused
by AF, we constructed the model incorporating variables in the CHA2DS2-VASc score and other
variables associated with carotid plaque burden such as IMT, maximal carotid plaque thickness, and
TPN. We compared the following five models: (1) CHA2DS2-VASc score variables alone; (2) addition
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of IMT; (3) addition of maximal carotid plaque thickness; (4) addition of TPN; and (5) addition of
IMT, maximal carotid plaque thickness, and TPN. For internal validation of the newly developed
model, time-dependent receiver-operating characteristic curves and areas under the curve (AUCs)
were determined based on Heagerty’s incident / dynamic AUCs during the median follow-up time [16].
A boot strapping method with 1000 re-samplings for calculating the 95% CI and the difference between
the c-indices of each model was applied [17]. All tests were two-sided, and p < 0.05 was considered
statistically significant. Statistical analysis was performed using R software, version 3.1.3 (R Foundation
of Statistical Computing, Vienna, Austria).

3. Results

3.1. Patients’ Characteristics

A total of 3727 consecutive ischemic stroke/transient ischemic attack patients were enrolled during
the study period. After the exclusion of 2896 patients without AF, a total of 831 patients with AF
remained. Among them, 150 patients without carotid ultrasonography and 76 patients with valvular
heart disease were excluded. Patients who had > 50% stenosis in the intracranial or extracranial
arteries (n = 143), complex aortic atheroma (≥ 4 mm or mobile atheroma) (n = 6), lacunar infarction
(n = 50), and other rare etiologies (n = 14) according to the TOAST classification were also excluded.
Finally, a total of 392 patients were analyzed (Figure 1).

 
Figure 1. Flow sheet for study patients’ selection.
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The baseline characteristics of the enrolled patients are summarized in Table 1. The mean age
of the total enrolled patients was 69.2 ± 10.3 years, and 225 (57.5%) patients were men. The median
NIHSS score at admission was 5.5 (IQR 2–13). Before admission, 88 (22.4%) patients were taking oral
anticoagulants. Carotid plaques were found in 343 (87.5%) patients. The median TPN was 3 (IQR 2–6).
The median IMT and plaque thickness was 0.8 (IQR 0.7–0.9) and 2.1 (IQR 1.7–2.9), respectively. The
inter-rater reliability based on the intraclass correlation coefficient (ICC) between ultrasonographers
for carotid duplex sonography parameters was excellent, as follows: TPN (ICC: 0.983, p < 0.001), IMT
(ICC: 0.966, p < 0.001), and maximal plaque thickness (ICC: 0.892, p = 0.001). In case of disagreement
between ultrasonographers regarding parameters of the carotid duplex sonography, any disagreement
was resolved by consensus. Following the Contal and O’Quigley method, the patients were categorized
into two groups according to the best cutoff values for TPN (TPN ≤ 4 vs. TPN ≥ 5). The TPN ≤ 4 group
consisted of 239 (71.0%) patients, and the TPN ≥ 5 group comprised 153 (39.0%) patients. Patients in the
TPN≥ 5 group were older and more likely to have hypertension, CAOD, statin use, or anti-hypertensive
drug use. In addition, the TPN ≥ 5 group had higher IMT (0.9 ± 0.2 vs. 0.8 ± 0.2, p < 0.001) and larger
maximal plaque thickness (3.0 ± 0.9 vs. 1.7 ± 1.1, p < 0.001) than the TPN ≤ 4 group.

Table 1. Clinical characteristics of study patients according to the total carotid plaque number (TPN).

TPN ≤ 4
(N = 239)

TPN ≥ 5
(N = 153)

P Value

Demographics

Age, years 66.4 ± 10.5 73.5 ± 8.4 < 0.001
Sex, men 134 (56.1) 91 (59.5) 0.575

Initial NIHSS score 5 (2–13) 6 (2–13) 0.639
Risk factors

Hypertension 155 (64.9) 126 (82.4) < 0.001
Diabetes mellitus 53 (22.2) 46 (30.1) 0.102

Smoking 38 (15.9) 23 (15.0) 0.930
Hyperlipidemia 38 (15.9) 37 (24.2) 0.057

PAOD 5 (2.1) 7 (4.6) 0.275
CAOD 47 (19.7) 50 (32.7) 0.005
CHF 33 (13.8) 21 (13.7) 1.000

Laboratory findings

Hemoglobin, g/dL 14.1 ± 2.1 13.5 ± 1.5 0.001
White blood cell, × 109/L 8202.7 ± 2827.0 7830.1 ± 2939.5 0.211

Platelet, × 109/L 225.6 ± 69.9 224.6 ± 70.0 0.885
Blood urea nitrogen, mmol/L 17.4 ± 6.3 18.8 ± 9.6 0.190

Creatinine, μmol/L 1.0 ± 0.8 1.3 ± 1.6 0.128
Total cholesterol, mmol/L 170.8 ± 35.8 167.2 ± 39.4 0.361

Triglyceride, mmol/L 96.2 ± 50.2 89.5 ± 45.3 0.184
HDL-cholesterol, mmol/L 45.0 ± 11.5 44.8 ± 11.9 0.865
LDL-cholesterol, mmol/L 106.5 ± 32.3 103.6 ± 35.7 0.399

Premorbid medication

Antiplatelet agent 98 (41.0) 76 (49.7) 0.114
Anticoagulants 60 (25.1) 28 (18.3) 0.147

Statin 36 (15.1) 44 (28.8) 0.002
Antihypertensive agent 93 (38.9) 81 (52.9) 0.009

Carotid duplex measurement

IMT, mm 0.8 ± 0.2 0.9 ± 0.2 < 0.001
Maximal plaque thickness, mm 1.7 ± 1.1 3.0 ± 0.9 < 0.001

Total plaque number, n 2 (1–3) 7 (5–10.5) < 0.001

Data are shown as n (%), mean ± SD, or median (IQR). SD, standard deviation; IQR, interquartile range; NIHSS,
National Institute of Health Stroke Scale; PAOD, peripheral artery occlusive disease; CAOD, coronary artery
occlusive disease; CHF, congestive heart failure;; HDL, high density lipoprotein; LDL, low density lipoprotein; IMT,
intimal medial thickness.
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3.2. Outcome

The mean follow-up period was 2.42 ± 1.83 years. During the follow-up, a total of 113 (28.8%)
MACE occurred in 60 (25.1%) patients of the TPN ≤ 4 group and in 53 (34.6%) patients of the TPN ≥ 5
group. In Kaplan–Meier analysis, the TPN ≥ 5 group showed a higher MACE rate than the TPN ≤ 4
group (log-rank test, p< 0.001) (Figure 2A). Multivariate Cox proportional regression analysis showed
that the TPN ≥ 5 group had a significantly higher MACE rate than the TPN ≤ 4 group after adjusting
for age, sex, and variables with p < 0.1 in univariate analysis (adjusted hazard ratio [HR], 1.50; 95% CI,
1.01–2.21; p < 0.05) (Table 2).

 
Figure 2. Kaplan–Meier analysis for (A) major adverse cardiovascular event (MACE); (B) all-cause
mortality according to the total carotid plaque number (TPN).

In terms of all-cause mortality, 88 (22.4%) patients had died during the follow up period.
In Kaplan–Meier curve analysis, the TPN ≥ 5 group showed a higher mortality rate than the
TPN ≤ 4 group (log-rank test, p < 0.001) (Figure 2B). In multivariate Cox proportional regression
analysis after adjusting for age, sex, and variables with p < 0.10 in univariate analysis, patients in the
TPN ≥ 5 group showed an increased risk of all-cause mortality (adjusted HR, 2.69; 95% CI, 1.40–5.17;
p < 0.05) compared with patients in the TPN ≤ 4 group (Table 2).
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Table 2. Unadjusted and adjusted hazard ratio for MACE and all-cause mortality according to the total
carotid number of plaque.

MACE All-Cause Mortality

Univariate Analysis
Multivariate

Analysis
Univariate Analysis

Multivariate
Analysis

HR (95%
CI)

P Value
HR (95%

CI)
P Value

HR (95%
CI)

P Value
HR (95%

CI)
P Value

Demographics

Age 1.05
(1.03–1.07) 0.000 1.04

(1.01–1.06) 0.002 1.07
(1.05–1.10) 0.000 1.05

(1.02–1.08) 0.003

Sex 0.66
(0.45–0.95) 0.027 1.03

(0.67–1.59) 0.887 0.66
(0.43–1.00) 0.051 0.95

(0.49–1.84) 0.874

Initial NIHSS
score

1.06
(1.03–1.08) 0.000 1.05

(1.02–1.08) 0.001 1.07
(1.04–1.00) 0.446 1.07

(1.03–1.11) 0.000

Risk factors

Hypertension 1.32
(0.86–2.04) 0.208 1.21

(0.74–1.96) 0.446

Diabetes mellitus 1.02
(0.66–1.56) 0.933 1.10

(0.68–1.78) 0.106

Smoking 1.18
(0.72–1.93) 0.512 1.16

(0.66–2.02) 0.603

PAOD 1.70
(0.69–4.18) 0.247 2.68

(1.08–6.65) 0.033 1.25
(0.36–4.41) 0.727

CAOD 1.51
(1.01–2.26) 0.046 1.14

(0.75–1.75) 0.532 1.74
(1.11–2.73) 0.016 1.18

(0.64–2.16) 0.588

CHF 1.66(1.05–2.61) 0.029 1.22
(0.76–1.97) 0.411 2.31

(1.43–3.72) 0.001 1.72
(0.83–3.57) 0.148

Laboratory findings

Hemoglobin 0.88
(0.80–0.95) 0.002 0.91

(0.82–1.01) 0.909 0.86
(0.79–0.94) 0.001 0.94

(0.79–1.11) 0.466

White blood cell 1.00
(1.00–1.00) 0.831 1.00

(1.00–1.00) 0.836

Platelet 1.00
(1.00–1.00) 0.361 1.00

(0.99–1.00) 0.040 1.00
(0.99–1.00) 0.998

BUN 1.02
(0.99–1.05) 0.157 1.03

(1.01–1.06) 0.018 1.01
(0.98–1.05) 0.590

Creatinine 1.05
(0.88–1.24) 0.600 1.08

(0.91–1.28) 0.371

Total cholesterol 1.00
(0.99–1.00) 0.089 0.99

(0.99–1.00) 0.067

Triglyceride 1.00
(1.00–1.00) 0.929 1.00

(0.99–1.01) 0.184 1.00
(1.00–1.00) 0.974

HDL–cholesterol 1.00
(0.98–1.01) 0.844 1.00

(0.98–1.02) 0.987

LDL–cholesterol 0.99
(0.99–1.00) 0.071 1.00

(0.99–1.00) 0.234 0.99
(0.99–1.00) 0.051

Premorbid medication

Antiplatelet agent 1.03
(0.71–1.49) 0.867 1.02

(0.67–1.56) 0.916

Anticoagulants 0.78
(0.49–1.23) 0.288 0.83(0.50–1.40) 0.494

Statin 1.41
(0.92–2.16) 0.117 1.28

(0.78–2.11) 0.330

Antihypertensive
agent

1.45
(0.99–2.13) 0.056 1.75

(1.13–2.70) 0.011 1.73
(0.89–3.38) 0.106

Total plaque
number
TPN ≤ 4

(reference) 1 1 1 1

TPN ≥ 5 1.82
(1.25–2.64) 0.002 1.50

(1.01–2.21) 0.044 2.16
(1.41–3.29) < 0.001 2.69

(1.40–5.17) 0.003

MACE, major adverse cardiovascular events; HR, hazard ratio; CI, confidential interval; National Institute of Health
Stroke Scale; PAOD, peripheral artery occlusive disease; CAOD, coronary artery occlusive disease; CHF, congestive
heart failure; BUN, blood urea nitrogen; HDL, high density lipoprotein; LDL, low density lipoprotein; IMT, intimal
medial thickness.
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3.3. Prognostic Utility of Carotid Plaque Burden on Ischemic Stroke Caused by AF

During the median follow-up period, the c-indices of Heagerty’s incident/dynamic AUC of each
model were calculated (Table 3 and Supplementary Figure S1). The baseline model consisted of age,
sex, congestive heart failure, diabetes mellitus, CAOD, and peripheral artery occlusive disease, which
are the same variables of the CHAD2DS2-VASc score. The c-index for the baseline model was 0.651
(95% CI, 0.605–0.705) in MACE and 0.712 (95% CI, 0.658–0.766) in all-cause mortality. In model 5,
including of all parameters of carotid plaque burden including TPN, maximal plaque thickness, and
IMT improved prognostic utility that with the CHAD2DS2-VASc score alone in MACE (c-index, 0.686,
95% CI, 0.638–0.737, p = 0.045) and all-cause mortality (c-index, 0.734, 95% CI (0.686–0.786, p = 0.025).

Table 3. C-indices of Heagerty’s incident/dynamic AUC for predicting MACE and all-cause mortality

MACE All–Cause Mortality

c–Index
(95% CI)

Difference P–Value c–Index Difference P–Value

Model 1 ∗ 0.651
(0.605–0.705) Reference 0.696

(0.647–0.753) Reference

Model 2 † 0.661
(0.613–0.714)

0.010
(−0.005–0.033) 0.267 0.712

(0.658–0.766)
0.016

(−0.005–0.046) 0.218

Model 3 ‡ 0.672
(0.626–0.726)

0.020
(0.001–0.049) 0.214 0.716

(0.670–0.769)
0.019

(0.001–0.045) 0.113

Model 4 § 0.657
(0.609–0.710)

0.006
(0–0.022) 0.317 0.701

(0.651–0.756)
0.005

(−0.001–0.021) 0.405

Model 5 ‖ 0.686
(0.638–0.737)

0.034
(0.006–0.071) 0.045 0.734

(0.686–0.786)
0.038

(0.006–0.075) 0.025

AUC, area under the curve; MACE, major adverse cardiovascular events; CI, confidence interval. ∗ Model 1:
CHA2DS2-VASc variables (age, sex, hypertension, diabetes mellitus, congestive heart failure, coronary artery
occlusive disease, peripheral artery occlusive disease) †Model 2: Model 1 plus carotid intima medial thickness; ‡
Model 3: Model 1 plus total number of plaque; § Model 4: Model 1 plus maximal thickness of plaque; ‖Model 5:
Model 1 plus carotid intima medial thickness plus maximal plaque thickness plus total number of plaque.

4. Discussion

The present study revealed that carotid plaque burden of < 50% carotid stenosis was a strong
prognostic marker in patients with AF. Among the parameters of carotid plaque burden, TPN is easily
counted during carotid ultrasonography examination. It showed an impact on the outcome of ischemic
stroke patients with AF. Moreover, the carotid plaque burden improved the predictive value of the
CHAD2DS2-VASc score in predicting cardiovascular events and mortality in ischemic stroke patients
with AF.

AF is the most common cause of cardioembolic stroke. Patients with AF had markedly reduced
survival compared with those without AF. In the Framingham Heart Study, the risk factor-adjusted
odds ratio for death was 1.5 and 1.9 in men and women, respectively [18]. Patients with AF frequently
have concomitant cerebral atherosclerosis (20–50% of cases) [19,20]. It is well known that atherosclerosis
is a systemic disorder that plays an important role in the prognosis of patients with AF [4]. It can be
assumed that patients with AF are more likely to have additional atherosclerotic burden and may have
poor prognosis. We previously reported that patients who have both large artery atherosclerosis (>50%
atherosclerotic stenosis in the relevant artery) and cardioembolism showed higher cardiovascular
mortality than patients with a single cause of either large artery atherosclerosis or cardioembolism [21].
Thus, it can be inferred that concomitant carotid atherosclerosis with AF is associated with the
development of cardiovascular events despite the presence of < 50% stenosis.

To date, little is known about the impact of < 50% atherosclerotic stenosis of the carotid artery
on the outcome of ischemic stroke patients with AF. The presence of large artery atherosclerosis can
be screened using luminography including computed tomography angiography, magnetic resonance
angiography, or digital subtraction angiography. However, arterial wall changes including small
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plaques or increased IMT in the carotid artery cannot be detected using luminography. Carotid
ultrasonography is a noninvasive imaging examination that can easily and accurately evaluate carotid
plaques and IMT in the arterial lumen.

We found that the TPN ≥ 5 group had a 1.5-fold higher MACE rate than the TPN ≤ 4 group after
adjustments. Moreover, considering all parameters of carotid plaque burden, including TPN, maximal
plaque thickness, and IMT, contributed to the improvement of the risk stratification of ischemic
stroke patients with AF over that with the CHAD2DS2-VASc risk score alone. The components of the
CHAD2DS2-VASc score are clinical variables including old age, hypertension, diabetes, and vascular
disease. These variables are also well-known risk factors for atherosclerosis [6]. Therefore, adding the
carotid plaque burden to the model improves the risk prediction.

In line with our findings, cohort studies including non-stroke patients also reported similar
results. In ARAPACIS (Atrial Fibrillation Registry for Ankle-brachial Index Prevalence Assessment:
Collaborative Italian Study), a prospective nationwide observational cohort study in patients with
non-valvular AF, the investigators reported that carotid plaque detection improves the predictive
value of the CHAD2DS2-VASc score in patients with AF [22]. The ARIC (Atherosclerosis Risk in
Communities) study investigators also reported that carotid IMT and the presence of carotid plaque
are associated with an increased risk of ischemic stroke in patients with AF. The addition of carotid
IMT and carotid plaque to the model provided an incremental predictive value for the risk of stroke
over the CHAD2DS2-VASc score alone in adults with AF who had no prior ischemic stroke. Although
we reached similar findings, a difference of the present study from the two cohort studies is that we
enrolled only ischemic stroke patients with AF. Another difference is that we adopted TPN because
this variable can be easily and acutely measured on routine carotid ultrasonography [10].

Currently, the method for the secondary prevention of ischemic stroke caused by AF is
anticoagulation with a vitamin K antagonist or a direct oral anticoagulant (DOAC) [23]. However,
vitamin K antagonists can prevent only 67% of future ischemic stroke events and DOAC did not show
superiority over vitamin K antagonists [24,25]. Identification of high-risk patients for future events
despite anticoagulation treatment is important. Carotid atherosclerosis and atherosclerotic burden
can be easily detected using carotid duplex ultrasonography. Although TPN is less accurate and
operator-dependent method than quantification measurement of carotid plaque such as total plaque
area [26,27], TPN can be easily counted and may be helpful in identifying high risk patients in daily
clinical practice. Our study has several limitations. First, unstable plaque morphology and hypoechoic
plaque are associated with an increased risk of ischemic stroke; however, we did not analyze the
characteristics of individual plaques. Nevertheless, unstable carotid plaque is known to be prevalent
in advanced carotid atherosclerosis, and our study did not include patients with >50% stenosis in an
intracranial or extracranial artery. Thus, the influence of the morphologic feature of carotid plaques
may be little. Second, carotid duplex ultrasonography was conducted by two ultrasonographers;
however, the measurement agreement between them was high. Third, potential selection bias may
exist. To minimize selection bias, we recruited consecutive ischemic stroke patients with AF.

5. Conclusions

In conclusion, TPN is an important risk predictor in ischemic stroke patients with AF. In addition,
considering all parameters of carotid plaque burden including TPN, maximal plaque thickness, and
IMT may contribute to improving the risk prediction in ischemic stroke patients with AF, compared
with the prediction with the clinical variables of CHAD2DS2-VASc score alone. These findings suggest
that carotid ultrasonography may be useful in reclassifying these patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/11/1897/s1,
Figure S1. The c-indices of Heagerty’s incident/dynamic AUC of each model (A) major adverse cardiovascular
event (MACE); (B) all-cause mortality.
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Abstract: Over the past 20 years, ultrasonic cerebral perfusion imaging (UPI) has been introduced
and validated applying different data acquisition and processing approaches. Clinical data were
collected mainly in acute stroke patients. Some efforts were undertaken in order to compare different
technical settings and validate results to gold standard perfusion imaging. This review illustrates the
evolution of the method, explicating different technical aspects and milestones achieved over time.
Up to date, advancements of ultrasound technology as well as data processing approaches enable
semi-quantitative, gold standard proven identification of critically hypo-perfused tissue in acute
stroke patients. The rapid distribution of CT perfusion over the past 10 years has limited the clinical
need for UPI. However, the unexcelled advantage of mobile application raises reasonable expectations
for future applications. Since the identification of intracerebral hematoma and large vessel occlusion
can also be revealed by ultrasound exams, UPI is a supplementary multi-modal imaging technique
with the potential of pre-hospital application. Some further applications are outlined to highlight the
future potential of this underrated bedside method of microcirculatory perfusion assessment.

Keywords: ultrasound; acute ischemic stroke; perfusion imaging; contrast agent; intracerebral
hematoma; subarachnoid hemorrhage

1. Introduction: Cerebral Ultrasound Perfusion Imaging (UPI), First Clinical Applications

Ultrasound imaging is a key diagnostic tool in clinical medicine. Even if an expert examiner is
needed to obtain and interpret the images, it is advantageous to other diagnostic entities for various
reasons, two of them being the mobile bedside character of the examination and the absence of
radiation exposure. Besides gray-scale B-mode imaging for tissue characterization, vessel imaging by
Doppler-based duplex-sonography is the basis in most diagnostic work-up settings. After application
of specific contrast enhancing substances, improved vessel imaging and contrast-enhanced tissue
imaging (CEUS) can provide sophisticated information like vascular occlusion or tissue perfusion
imaging in various indications. In neurosonology, ischemic stroke and its diagnostic work up is the
leading indication for ultrasound imaging questioning the vessel status of extra- and intracranial
arteries. With the invention of contrast-enhanced perfusion imaging, the question of transferability to
cerebral imaging quickly emerged. In 1998, the first report on the ability of tracing contrast enhancer in
the cerebral microcirculation of healthy volunteers by transient harmonic imaging was published [1],
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followed by a case report on two acute stroke patients displaying impaired contrast increase in later
infarcted areas in 1999 [2]. The technical approach was adapted from echocardiography, where size
of myocardial infarct had been visualized before [3]. Various case series could reproduce the initial
results by demonstrating missing signal increase in affected ischemic brain areas [4–6]. In the cerebral
application, the temporal bone hampers ultrasound transmission resulting in relatively poor imaging
quality. Therefore, different variations of harmonic imaging techniques and data acquisition and
processing approaches have been introduced since to improve imaging quality [7–10]. Hereby, a novel
approach displaying both hemispheres in one examination for isochronal comparison of normal
and ischemic brain areas (bilateral or mirror approach) was introduced in 2003 [11] (compare “Data
Acquisition and Processing” below for comparison of unilateral and bilateral approach). Using a
bolus kinetic approach, time-based parameters such as TPI (time-to-peak intensity) could distinguish
between areas of normal, impaired, and nullified parenchymal perfusion [12,13]. Figure 1 illustrates the
conventional transversal insonation plane using the transtemporal bone window. Figure 2 illustrates
an early unilateral examination of an acute stroke patient displaying missing contrast enhancement
in later infarction, and Figure 3 an up-to-date bilateral examination of a normal person and an acute
stroke patient displaying different areas of impaired perfusion. A systematical review of the literature
on the method has recently summarized an overview until early 2017 [14].

 

Figure 1. Schematic representation of insonation plane in transtemporal ultrasound imaging (a),
adapted from [13] (with permission of copyright owner) with a corresponding “bilateral” B-mode
image (b) with explanatory anatomical landmarks: white arrows = frontal horns of side ventricles;
* =midline, third ventricle; red arrows = contralateral skull. Infarcted areas cannot be displayed in
B-mode ultrasound. For orientation, comparison to conventional cerebral computed tomography scan,
CCT, (c) with plane shifted by 90◦ accordingly, with an infarction in the hemisphere “contralateral” to
the probe.
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Figure 2. Ultrasound perfusion imaging in the course of time. Early “unilateral” gray-scale imaging in
a healthy volunteer (a) and an acute stroke patient (b) corresponding to Figure 1: at baseline (0 s) and
after contrast enhancer application at the time of maximal contrast enhancement (16 s). The thalamic
region (red arrows) is marked with increase of brightness in both examples (*), whereas the regions of
the lentiform nucleus and temporoparietal lobe are spared (yellow arrows), where later infarction was
demonstrated in CCT follow-up. (T) indicates the third ventricle, adapted from [15] with permission
from Elsevier.

 

Figure 3. Up to date “bilateral” perfusion imaging corresponding to Figure 1: parametric image of
time-to-peak intensity (TPI) in a healthy volunteer (a) with homogeneously distributed greenish parts
of parenchymal structures (TPI 16 to 20 s) and the depiction of frontal and posterior horns of side
ventricles as well as third ventricle (white arrows), and pineal gland (black arrow), adapted from [12].
Note the near field artifact. TPI parameter image of an acute stroke patient 2.5 h after symptom onset
(b) of a severe stroke caused by occlusion of the M1 segment of the middle cerebral artery. Note the
core of infarction (pink area, surrounded by black line) and hypo-perfused nature, and potentially
salvageable area (orange area, surrounded by white line) due to collateral flow; adapted from [12] with
the publisher’s permission.
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2. Technical Aspects

2.1. Microbubbles and Harmonic Imaging

The use of ultrasound contrast enhancers (US-CE) is a prerequisite in the application of ultrasound
perfusion imaging (UPI). US-CEs consist of gaseous microbubbles (diameter ranging between 1 and
10 μm), which are stabilized by various types of shells, aiming to provide high microbubble stability
with improved signal-to-noise ratio and a sufficient examination time [16]. These microbubbles show
strong backscattering of beamed ultrasound pulses, not only with linear scattering, but mainly with
non-linear scattering, which usually is not relevantly present in most tissues. The different composition
of the US-CEs that have been used so far in UPI are displayed in Table 1.

Table 1. Ultrasound contrast enhancers having been used in brain perfusion studies (adapted from
[16]).

Name First Approved Gas Shell Material Producer/Distributor

Levovist® 1993, withdrawn Air Galactose
microparticles

Schering AG,
Berlin, DE

Optison® 1998 Octafluoropropane, C3F8
Cross-linked serum

albumin
GE healthcare,

Buckinghamshire, UK

SonoVue® 2001 Sulphurhexafluoride, SF6 Phospholipid Bracco diagnostics,
Milano, Italy

With increasing acoustic power, the microbubbles can be set into resonance vibrations, a process that
results in the additional emission of harmonic frequencies—multiples of the fundamental frequency.
This attribute enables various contrast harmonic imaging modes to detect the US-CE with high
sensitivity and to differentiate it from the surrounding tissue. This goal is usually achieved by a band
pass filter, which suppresses the fundamental frequencies.

Depending on the applied acoustic power, various interactions between the ultrasound beam and
the US-CEs occur. By further increasing the ultrasound energy, the microbubbles can burst. This effect
is referred to as “stimulated acoustic emission”, since bursting microbubbles emit their own ultrasound,
which in turn can be used for ultrasound imaging. The mechanical index (MI), originally defined to
predict the onset of cavitation in fluids, gives an on-screen indication of the likelihood of microbubble
destruction during examination. MI is defined as maximum value of the peak negative pressure
divided by the square root of the acoustic center frequency. The threshold between a low MI and high
MI is not clearly defined in cerebral imaging; however, an MI > 1.0 is needed for the destruction of the
microbubbles to compensate for the ultrasound absorption of the skull [10]. Therefore, actual acoustic
intensity in brain parenchyma is far less than in other organs as expected by mere MI values because of
the strong absorption of the skull. Overall, data acquisition modes can be divided in “non-destructive”
and “destructive” imaging modes:

2.1.1. “Non-Destructive Imaging Modes”:

Conventional Harmonic Imaging
Conventional harmonic imaging is a single pulse modality based on the described stronger

non-linear oscillation of US-CEs compared to the surrounding tissue. The non-linear oscillation results
in harmonic frequencies (multiples of the fundamental frequency), enabling the differentiation between
the signals of tissue and microbubbles by the use of band pass filters (Figure 4).
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Figure 4. The basic principle of harmonic imaging. (a) When an ultrasound wave passes through tissue,
the predominantly linear scattering of the erythrocytes results in a frequency, which is reflected back
to the probe, which is equal to the transmitted frequency (here: fundamental frequency of 1.8 MHz).
(b) “Harmonic imaging” due to non-linear scattering of the microbubbles: the resonance frequency of
the microbubbles is typically a multiple of the transmitted (or fundamental) frequency. The harmonic
frequencies are sent back to the probe, where they are used to create the image. Specifically, the second
harmonic frequency (2f0) is used. The fundamental component is filtered out, so that that the received
frequency of 3.6 MHz is two-fold higher than the transmitted frequency of 1.8 MHz.

Phase Inversion Harmonic Imaging
In phase (or pulse-) inversion harmonic imaging (PIHI), two echoes are acquired per line,

resulting from a pair of mirror-inverted transmit pulses. An acoustic wave in a medium (i.e., the first
transmit pulse) shows sinus-wave characteristics, so that a zone of overpressure is followed by a
symmetric zone of negative pressure. In case of a linear scatterer, the summation of the two scattered
and acquired echoes results in a reciprocative elimination, so that the fundamental is cancelled out.
With the use of US-CEs, the non-linear oscillation changes according to the absolute pressure, so that
the summation of the two echoes results in a mismatch, as the overpressure in the first echo will not
be equal to the negative pressure in the second echo. This mismatch is the same for both half cycles,
so that the result of the summation, in principle, is the second harmonic. Only this mismatch is
visualized, so that PIHI performs the separation of the second harmonic from the fundamental [8].

Power Modulation Harmonic Imaging
Like in PIHI, power modulation harmonic imaging (PMHI) represents a further multi-pulse

technique. Using multiple pulses with differences in amplitude, PMHI aims to detect the harmonic
response by sending several pulses and subtracting the responses, as the linear response reduces with
multi-pulsing and the harmonic response remains.

2.1.2. “Destructive Imaging modes”:

Contrast Burst Imaging and Time Variance Imaging
Contrast burst imaging (CBI) and time variance imaging (TVI) are derived from Power Doppler

in which pulses are broadband with high acoustic power. Power Doppler uses the Doppler shift in
frequency induced by the movement of the scattering objects, displaying the amplitude of the Doppler
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signal, instead of displaying this frequency shift. This technique can also be combined with a harmonic
bandpass filter. In this context, CBI detects the changes in the acoustic properties of microbubbles
that are caused by ultrasound-induced destruction, while suppressing tissue and clutter signals by
multiple echo measurements. TVI also depicts the time variant acoustic properties of microbubbles by
analyzing multiple pulse echo measurements, but TVI uses a contrast-agent-specific analysis strategy
to improve the suppression of noise and artifacts [9,17].

2.2. Data Acquisition and Processing

In order to detect the distribution of contrast enhancer in the micro vascular space,
various approaches of data acquisition as well as data processing have been applied [14].
Data acquisition, in this context, means the kind of ultrasound application, i.e., the specific harmonic
imaging technique used (see above). This can be done either with a constant setting during the
examination as well as with varying, e.g., the mechanical index (MI) in the course of the examination
in order to achieve specific effects on the course of received (“reflected”) noise. Data processing, on the
other hand, means the kind of analysis of the expected course of received noise alterations followed by
specific US-CE application (either as a bolus application or as a constant infusion) according to the
applied harmonic imaging regimen.

First reports were based on second harmonic imaging following a single application of US-CE
(bolus kinetics) [1,2,4–7]. Depth of insonation was initially restricted to 10 cm due to technical
constraints, i.e., only one hemisphere of the brain could be analyzed by the time (later called the
“unilateral” approach). Received time intensity curves (TIC) were analyzed by dedicated algorithms,
which derive specific parameters of wash-in and wash-out (such as time-to-peak intensity, TPI) by
fitting the actual information (TIC) to the expected course defined by pre-described mathematical
model functions [15] (compare Figure 5). Subsequent studies initially analyzed different harmonic
imaging modes like phase inversion harmonic imaging (PIHI) [8] and also adapted “destructive”
modes (applying higher MI) with the aim to increase signal-to-noise ratio (CBI and TVI) [10,17].
Due to the unilateral character of the examination, only qualitative information was extracted, i.e.,
perfusion could be classified as either normal or constricted. Another technical constraint of the
unilateral approach is the fact that tissue close to the probe cannot be analyzed due to nearfield artifacts.
Therefore, cortical areas of the brain cannot be evaluated.

 

Figure 5. Theoretical course-of-time intensity curves in three different kinetic models as measured in
models. Dotted lines represent measured concentration and straight lines represent course of fitted
model function. (a) Bolus kinetic [8], (b) refill kinetic [18], and (c) depletion kinetic [15] with permission
of the original publishers.

Further technical approaches intended to extract qualitative information (i.e., the degree of
perfusion restriction) by applying different acquisition and processing approaches. The refill kinetics
approach applied a combination of low MI and high MI imaging during a constant infusion of contrast
enhancer [18]. The hypothesis was to destroy the US-CE by an ultra-quick series of high MI pulses
and then to display the “refilling” of tissue perfusion by low MI imaging, which should be dependent
on the state of perfusion. A given algorithm extracts specific parameters, which have been proven to
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represent semi-quantitative parameters in myocardial perfusion imaging. A different approach was
to apply a longer series of relatively slow frequent and high MI pulses during a constant infusion of
US-CE and thereby to evaluate the “depletion” of tissue perfusion, which should also be dependent on
the state of perfusion (CODIM) [9]. Figure 5 displays considerations on the mathematical function
describing three theoretical courses of time intensity curves of different kinetic models.

Another attempt to extract (semi-) quantitative data was introduced as the so-called bilateral
approach [8]. Here, imaging depth was set to 15 cm, visualizing not only one but both hemispheres in one
examination (compare Figures 2 and 3). This became possible due to improved ultrasound machines and
the introduction of second generation US-CEs (Optison®, SonoVue®), improving signal-to-noise ratio.
Two potential advantages were claimed. First, utilizing the so-called mirror approach, intra-individual
comparison of perfusion parameters in both affected and unaffected hemispheres could facilitate
semi-quantitative analyses. A prerequisite would be the depth-independence of at least one relevant
parameter, which could especially be proven for the time dependent parameter, time-to-peak intensity
(TPI) [11]. Second, once the affected hemisphere was on the far side of the probe, cortical areas of
the affected hemisphere could also be evaluated for perfusion impairments. Since cortical areas are
frequently involved in territorial infarction, this was seen as a relevant improvement.

Irrespective of data acquisition and processing modality, the evaluation of specific parameters
can be performed two-fold, either by the analysis of pre-defined regions of interest (ROI) or by the
presentation of parametric images, where data analysis is carried out by pixel-wise presentation
according to one specific parameter (e.g., time-to-peak intensity) [8]. Both processing modalities are
offered by industrial providers by now and have been tested against dedicated solutions recently [13].
Figure 6 displays both ROI-wise analysis and a parametric image in an acute stroke patient.

 

Figure 6. Perfusion MRI time-to-peak (TTP) map of an acute stroke patient with expanded penumbral
perfusion delay in the territory of the middle cerebral artery (MCA) omitting basal ganglia (a).
Ultrasonic cerebral perfusion imaging UPI parametric image with a corresponding depiction of
time-to-peak intensity (TPI) delay in the MCA territory omitting basal ganglia (b). Exemplary depiction
of ROI-wise course-of-time intensity curve in normal perfused brain tissue (yellow curve corresponding
yellow box in (c) in basal ganglia of the unaffected hemisphere) and penumbral tissue (green curve and
box) in an acute stroke patient with MCA occlusion and apparent collateral compensation.

3. Validation to Standard Imaging

Validating different UPI approaches to standard imaging has been crucial from the beginning.
In the early studies, patients presenting with ischemic strokes were evaluated in a sub-acute time
window up to 24–48 h after symptom onset [1,2,4–7]. Therefore, the actual target was the identification
of already infarcted tissue, which was tested mainly against follow-up, non-contrast CCT. Since the focus
of interest shifted toward the differentiation between ischemic and penumbral tissue, validation tools
needed to become more sophisticated. However, CT (or MRI) perfusion imaging has not always been
as well accessible as it is today. Hence, one approach was to define parenchymal tissue as normal,
delayed-, or not-perfused in the acute UPI examination and correlate this classification to infarcted
and non-infarcted tissue in follow-up CCT according to early clinical course [12]. The hypothesis was
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that both delayed- and not-perfused tissue of initial UPI should be infarcted in follow-up CCT once
there had not been clinical improvement in the meantime. Once there had been distinctive clinical
improvement, only not-perfused tissue of the initial UPI exam should be infarcted in the follow-up CCT.

As a matter of fact, especially CT perfusion imaging gained a lot of interest at that time and started
its impressive road of success not just in clinical stroke medicine. Nowadays, CT perfusion imaging is
widely accessible, probably being the most important factor why the significance of UPI has not further
evolved. However, later UPI studies employed timely, correlated CT or MRI perfusion imaging and
recently proved that the bilateral approach of high MI bolus imaging, in particular, could distinguish
between unimpaired, delayed, and nullified perfusion [19]. Pre specified ROIs in both hemispheres
were determined; TPI values of the unaffected hemisphere served as an intra-individual normal value.
Values of the affected hemisphere yielded the perfusion status, either for specified ROIs or displayed
as parameter image for the whole imaging plane. Once TPI was within ±4 s as compared with the
intra-individual normal value, perfusion was unimpaired; a delay of more than 4 s indicated critically
hypo-perfused tissue, and nullified rise of TIC indicated infarction. Hereby, the ability of the method
to detect penumbral tissue in acute stroke was claimed.

4. Clinical Applications up to Date and Future Indications

Most of the UPI studies have been so far performed in acute stroke patients as described above.
Besides contrast-enhanced imaging of cerebral vessels, UPI has already been mentioned in the EFSUMB
guidelines and recommendations on the clinical practice of contrast-enhanced ultrasound (CEUS) in
2012 [20]. Studies have mainly been performed in territorial infarction due to main vessel occlusion.
One study proved that infarctions as small as 2 cm in diameter can be reliably detected [21]. Case series
have demonstrated detectable perfusion impairments in non-occlusive diseases as well [22,23]. In these
applications, the bilateral approach utilizing a high MI setting following a bolus application of contrast
enhancer seems to deliver the most robust information on the clinical questioning, focusing on vessel
occlusion and penumbral imaging. Future challenges of UPI in acute stroke should focus on multicenter
validation of up-to-date study results as well as the potential of mobile application. First attempts of
mobile cerebral ultrasound imaging in acute stroke have focused on vessel imaging [24], but also basic
perfusion imaging is challenged in one industrial project [25]. In addition to being a bedside method,
UPI may also be used for serial studies in order to follow-up on brain perfusion. One indication may
be early detection of successful recanalization. Serial assessment of UPI may also be used for the
guidance of hemodynamic therapy to optimize cerebral perfusion with UPI as a surrogate marker. In a
small study in stroke patients, improvement of cerebral perfusion detected by UPI was achieved due
to systemic hemodynamic optimization [26].

However, different indications may require different technical settings. Whilst ischemic stroke
remains the domain of UPI, it also has been used for identifying different acute or subacute cerebral
lesions other than ischemic. There are a few studies on patients with intracranial hemorrhage (ICH)
where UPI was used either to improve sonographic detectability of ICH or to describe perihemorrhagic
penumbral perfusion (compare Figure 7). ICH can be detected as a hyperechogenic mass lesion within
the brain parenchyma with a high sensitivity and specificity [27]. Detection and especially clear
distinction of ICH from the adjacent tissue may be difficult in severe cerebral microangiopathy, in lobar
hemorrhage, or in only small lesions. Comparable to CT-perfusion studies with a recess or severe
hypo-perfusion of contrast media within the hemorrhagic lesion [28], UPI shows a recess of ultrasound
contrast media especially within the ICH core and massive reduction of contrast media within the
hemorrhagic lesion. Consecutively, ICH appears hypo-echogenic compared to the adjacent tissue,
which is perfused normally as shown by the contrast agent with a clear delineation of the border
of ICH from the surrounding tissue. Thus, detection of ICH volume may be improved significantly,
especially in serial measurements [29]. Despite perihemorrhagic edema, the area of hypo-perfusion or
non-perfusion in ICH is fairly restricted to the hemorrhagic lesion itself with no or a very narrow area
of hypo-perfused tissue, e.g., perifocal penumbral perfusion. Conversely, parenchymal hemorrhagic
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transformation of ischemic stroke due to early spontaneous recanalization is difficult to distinguish
from primary ICH on native scan but is characterized by a significantly larger perifocal penumbral
zone of hypo-perfused tissue exceeding the hemorrhagic lesion by far [30]. Thus, UPI not only helps
delineating the border of ICH for more valid volume measurement but also allows distinction of
primary ICH from PHI.

 

Figure 7. Perfusion imaging in intracerebral hemorrhage and hemorrhagic transformation of cerebral
infarction. Cerebral CT of intracerebral hemorrhage (ICH) of the right basal ganglia, (a) native
transcranial gray-scale sonography with hyperechogenic depiction of ICH (a1) and UPI with relative
hypo-echogenicity of ICH compared to contrast perfusion of cerebral tissue (a2) due to non-perfusion
constricted to the hemorrhagic lesion (c,c1). Cerebral CT of ICH due to hemorrhagic transformation (b),
native transcranial gray-scale sonography with hyperechogenic depiction of hemorrhagic transformation
(b1) and UPI with persistent hyperechogenicity of the hemorrhagic lesion due to omitted perfusion of
the surrounding tissue due to acute stroke (b2) with slowed or missing tissue perfusion (b2,d,d1).

Even though bedside monitoring of cerebral perfusion in brain trauma and acute or chronic
subdural hematoma is extremely interesting and theoretically may help in guiding therapy—for
instance by defining a surgical need in chronic SDH by detection of cortical hypo-perfusion due to
venous compromise—studies on UPI are lacking and data on brain perfusion in these patients generally
are scarce. Another application of UPI currently under scientific evaluation is the setting of aneurysmal
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subarachnoid hemorrhage (NCT02907879). UPI is evaluated with respect to its potential to diagnose
cerebral hypo-perfusion in the course of cerebral vasospasm.

Various authors have evaluated cerebral tumors and their ultrasound perfusion patterns [31–35].
UPI is not only able to increase the differentiation of normal brain tissue from brain tumors but
it is also helpful to differentiate different tumor types according to their perfusion pattern [32].
Tumor tissue shows a dramatic rise of contrast enhancement and high peak intensities compared
to normal brain parenchyma [32]. When comparing benign and malignant tumors, there were no
significant differences in peak intensities of the time–intensity curves, yet malignant tumors showed
shorter times-to-peak intensities [32]. In the eyes of the authors, UPI is a rapid, practical and
cost-effective technique, especially in critically ill patients or if multiple consecutive examinations
are necessary. During intraoperative application, ultrasound allows the surgeon to localize a lesion
in real-time even before the opening of the dura. This facilitates the surgical access and is a useful
add-on to neuronavigation [36,37]. In addition, UPI enables the surgeon to assess tumor enhancement,
vascularity, and perfusion, and to control for completeness of resection [38–40]. UPI has been applied
in a variety of different brain tumors, e.g., gliomas and metastases [40,41]. In a recent study, Prada et
al. characterized intraoperative contrast-enhanced ultrasound images of various brain tumors [40].
They also found a high accuracy between US-based real-time neuronavigation and preoperative MRI
findings. The authors concluded that contrast application is useful for the localization, definition of
borders, and depiction of the vascularization and perfusion pattern of brain tumors [40]. In another
study, UPI was specifically evaluated in brain space-occupying lesions and could identify specific
patterns of brain perfusion [42]. It could be shown that meningeomas and glioblastomas, if no large
areas of necrosis were present, showed an increased perfusion, while in tumors with necrosis the
perfusion was reduced as compared to normal tissue, although in total only 15 brain tumors were
evaluated. In another study, it was shown that the differentiation between tumor and normal brain
tissue was superior after administration of US-CE [41]. US-CE also enabled the control of completeness
of resection, yet this was dependent on technical aspects like the position of the resection cavity.
UPI has the potential to become a helpful tool for the surgeon during intraoperative application,
yet larger studies are needed.

5. Restrictions of the Method and Safety Considerations

Despite the proven evidence of reproducibility and robustness, especially of time-based parameters
of the bolus kinetic, no widespread application of UPI modalities has yet been achieved. Partly, this may
be due to some well-known limitations of the method. First, a sonolucent transtemporal bone window
is needed. Up to 15%–20% of the elderly patients present with an insufficient bone window, so that
UPI is not applicable. Second, patients need to be compliant, so that the transducer can be held in
position for the 45–60 s of data acquisition. Especially, severely affected patients may be agitated
and therefore unsuitable for the method, bearing in mind that the procedure is hand-held. Third,
using the bolus kinetic approach only one two-dimensional imaging plane can be evaluated per bolus
application. Therefore, quantification is restricted to an investigation plane that has to be chosen
beforehand. However, future development of three-dimensional insonation systems may overcome
these limitations. Fourth, quantification is yet only semi-quantitative, i.e., no absolute values can
be determined. However, quantification (in acute stroke) as described above utilizes the mirror
approach, which is also common in CT and MRI perfusion imaging. In addition, quantification
has only been proven for one parameter (TPI). Other parameters have to be challenged in future
studies. Regarding safety of UPI, there have been apprehensions of side effects of both US-CE
and administration of ultrasound pulses on brain integrity. These have mainly been triggered
by results of studies applying long-lasting, whole brain, low-frequency insonation in the setting
of ultrasound-enhanced thrombolysis, resulting in massive hemorrhage and blood–brain barrier
disruption [43,44]. However, applying standard settings of transcranial insonation, UPI is regarded
safe with no evidence of blood–brain barrier affection [45,46].
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6. Conclusions

Cerebral ultrasound perfusion imaging has the potential to serve as a supplementary tool
to conventional diagnostics in various clinical questionings. As long as temporal bone window
is present, a multi-modal approach of vascular imaging for the detection of vessel occlusion,
microvascular perfusion impairment or intracerebral hemorrhage is covered by the method. In addition,
conventional contrast-enhanced imaging omitting the quantification of perfusion may serve as an
extension of diagnostic properties. The unique feature of mobility facilitates application at the bedside.
This could enable pre-hospital diagnostics, but also easy-to-apply follow-up diagnostics in the intensive
care unit or stroke unit as well as in the operating room. Future developments should focus on
multi-center studies to validate the findings described in this manuscript and the development of
automated algorithms for examiner independence.
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