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SYNOPSIS

Stroke is a public health emergency worldwide. Despite successful
recanalization by intravenous thrombolysis (IV rt-PA) or endovascular thrombectomy
(EVT), some patients may not achieve favorable outcomes due to the occurrence of
post-stroke complications such as hemorrhagic transformation (HT). HT occurs in 10-
40% of patients and is characterized by bleeding in the ischemic area either
spontaneously or post-recanalization, leading to poorer outcomes with significant
morbidity and mortality. The severity of neurological deficits, large ischemic core,
advanced age, hyperglycemia, higher baseline systolic blood pressure, and
anticoagulant use are some of the known risk factors of HT. Although the
pathophysiology is not well established, it is speculated that disruption of the blood-
brain barrier leads to HT. Various components of the barrier contribute to its selective
and protective function which, during disintegration, may be expressed as circulating

biomarkers.

Plasma biomarkers may act as adjuncts for clinical decision-making, and few
have been correlated with HT. However, there is not enough evidence to establish their
predictive roles and their clinical applicability owing to the heterogeneity in the data
and the variability in the methodology across studies that have made their validation

uncertain in a clinical setting.

Based on this hypothesis, the objectives of the thesis were:

XXVi



1. To identify the biomarkers that predict hemorrhagic transformation in
a South Indian cohort of patients with acute ischemic stroke: (1a) to conduct a
systematic review and meta-analysis of the biomarkers that predict hemorrhagic

transformation, (1b) to investigate the temporal relationship of the biomarkers in HT.

2. To examine the relationship of the biomarkers with short-term

functional outcome in acute ischemic stroke.

For the first sub-objective, a systematic review and meta-analysis were
conducted to determine the biomarkers with greater diagnostic accuracies. Based on a
search of publications available between 1 October 2000 and 30 November 2020 in
the CENTRAL, MEDLINE, and Web of Science databases, relevant studies were
screened and data extraction was done. These studies were full-text publications in
English, that enrolled AIS patients above 18 years with HT confirmed by follow-up
CT or MRI and biomarkers measured in pre-treatment or baseline blood samples

collected within 24 h from stroke onset.

Thirty quality-appraised articles were selected for the systematic review with
most studies employing Trial of ORG 10172 in acute stroke treatment (TOAST)
classification for diagnosing the ischemic stroke etiology and European Cooperative
Acute Stroke Study (ECASS) criteria for assessing HT subtypes. The systematic
review found that Caveolin-1, Thrombin Activatable Fibrinolysis Inhibitor,
Plasminogen Activator Inhibitor-1, and soluble Serum Stimulation - 2 (sST2) were

found to be potential biomarkers for HT risk prediction.

Among the articles selected for the review, sixteen studies were meta-analyzed

that investigated the biomarkers namely, Matrix Metalloproteinase-9 (MMP-9),

XXVii



Ferritin, cellular-Fibronectin, S100 Calcium-binding protein B (S100B), and
Neutrophil-lymphocyte ratio (NLR). The proteolytic enzyme, MMP-9 with serum
levels greater than 140 ng/mL had 29.5 times greater risk of developing symptomatic
HT after stroke with a high pooled sensitivity of 84.9% and a low false positivity rate,
signifying that MMP-9 had a higher diagnostic accuracy for predicting risk of HT.
Cellular-Fibronectin showed the highest sensitivity which when combined with MMP-
9 increased the positive predictive value and specificity for predicting severe subtypes
of HT. The marker had the highest discriminative power with an area under the curve
(AUC) of 0.972, however, it yielded a wide confidence interval in the univariate
analysis thereby affecting its reliability as a marker. Similarly, a wide confidence
interval was also reported for Ferritin levels despite the high sensitivity of 80.2%,
whereas, both S100B and NLR yielded lower pooled sensitivity of 78.2% and 67.2%,
respectively, with S100B having the highest false-positive rate. Baseline levels of
MMP-9, Ferritin, and NLR also predicted poor functional outcome at 90 days from

stroke onset.

Based on these findings MMP-9, S100B, sST2, and the tight junction proteins
namely, Claudin-5 and Occludin were selected for the second sub-objective, which

was to analyze the temporal profile of the biomarkers in patients with HT.

Consecutive AIS patients enrolled in the study were above 18 years of age,
with first-ever ischemic stroke admitted within 24 hours of symptom onset. Patients
with the absence of hemorrhage on baseline brain CT or MRI, serum creatinine levels
less than 2 mg/dL at the time of admission, no history of anticoagulant use, with the

absence of central nervous system diseases, infections, systemic inflammations, or
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malignant diseases were considered eligible for the study. The demographics, vascular
risk factors, medical history, and diagnostic workup were documented. Ischemic
stroke was classified using the TOAST classification. Baseline stroke severity was
documented using the National Institutes of Health Stroke Scale (NIHSS) and
functional outcome at 90 days was assessed using the modified Rankin Scale (mRS)
with an unfavorable outcome defined as a score greater than 2. CT or MRI was
performed on all patients upon admission and at 24-48 h after admission. HT, if
detected, was documented and defined according to the ECASS criteria. Plasma
samples were quantified at three time-points — at admission or before the intervention,

at 12 h, and 24 h from stroke onset using commercially available immunoassays.

One hundred and eleven consecutive AIS patients were enrolled in the study
after receiving informed consent with a mean age of 62.3+£11.7 years and 70% being
male. The mean time of arrival at the hospital was 4.2 h with a median baseline NIHSS
score of 12. Among these, IV tPA was administered to forty-three patients, and thirty-

five patients underwent EVT.

Thirty patients (27%) were detected with HT which was significantly
associated with Atrial fibrillation, low baseline ASPECTS (Alberta Stroke Program
Early CT Score), high baseline NIHSS scores, Cardioembolism etiology, reperfusion

therapies and delayed time of arrival.

The temporal profile indicated a maximum elevation of MMP-9, and Claudin-
5 at the 12-hour time-point in HT. The median 12-hour MMP-9 level of 153.9 ng/mL
[IQR:110.6 - 309 ng/mL] showed a trend toward statistical significance in HT (P =

0.05). MMP-9 showed a good sensitivity of discrimination at baseline (85.7%) which
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was maintained at 12 hours and declined by the 24 h time-point signifying that an
earlier measurement of the marker would predict the risk of HT. Claudin-5 levels were
elevated at 12 h as compared to the other two time-points but were not found to be
statistically significant. Similarly, Claudin-5 had an optimum sensitivity of 62% and
specificity of 62.3% at the 12 h time-point for a cut-off of 50 pg/mL (AUC = 0.552).
Although this elevation was not statistically significant, Claudin-5 (OR 9.46; 95%
Cl:1.97-64.6; P = 0.01) and low baseline ASPECTS score (OR 20.3; 95% CI:3.46-
193; P = 0.003) emerged as an independent predictor after adjusting for covariates in
the multiple logistic regression model. These findings supported the presence of
Claudin-5 in blood after the ischemia-reperfusion injury as an important indicator of

HT and are influenced by the activation of MMP-9.

There was no correlation between any biomarkers at baseline or at the 24 h
time-point with HT possibly owing to the variability in the baseline samples collected
from patients admitted at different times from onset. There was no significant
difference in the sST2, S100B, and Occludin levels between both groups and did not
yield any association with HT. The temporal distribution of sST2 showed a delayed
increase from onset indicating its role in the inflammatory phase of the ischemic
cascade. Although the highest sensitivity was observed at baseline (95.2%), the low

cut-off value of 8.8 ng/mL may affect its discriminative capacity.

Furthermore, baseline stroke severity significantly correlated with the median
MMP-9 levels at 12 h (160 ng/mL [IQR: 107.0-285.9]; P = 0.04) in patients with

moderate to severe baseline NIHSS scores thereby establishing a relevant relationship
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between stroke severity and increased expression of MMP-9. No other markers were

found to correlate with stroke severity.

The second objective was to investigate the relationship of these biomarkers
with short-term functional outcome in AIS. Following the same methodology, the
temporal profiles of MMP-9, Claudin-5, and sST2 presented an overall increase in the
plasma levels at 12 h in patients with unfavorable outcomes at 90 days. Notably, sST2
levels showed a gradual increase in the concentration across the three time-points, and
the maximum levels were obtained at the 24 h time-point. Poor outcome was
significantly associated with sST2 levels at 12 h and 24 h with mean levels of
50.4451.0 ng/mL (P = 0.047) and 81.8+101.3 ng/mL (P = 0.001), respectively. This
temporal profile was consistent with previous findings that showed an increase in its
activity beyond 24 hours from onset associated with its role in the inflammatory phase

of ischemia. Both S100B, and Occludin were not associated with functional outcome.

Although MMP-9 and Claudin-5 levels were elevated at 12 h, there was no
significant correlation of either marker with the outcome. The diagnostic accuracy of
plasma sST2 levels at 24 h was 67% for a cut-off value of 71.8 ng/mL with 96.9%
specificity. MMP-9 levels showed higher sensitivity at all three time-points with an
optimum cut-off value of 77.212 ng/mL at the 12 h (sensitivity: 86.1%, specificity:
44.2%). The highest sensitivity (92.3%) was attained at 24 h for a cut-off value of
50.663 ng/mL but the diagnostic accuracy was only 56.6%. Claudin-5 had the lowest

AUC values with the lowest sensitivity at all three time-points.

sST2 levels assessed at 24 h from onset emerged as an independent predictor

of poor functional outcome at 3 months with the probability of an unfavorable outcome
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being six times higher when the cut-off value at 24 h was applied to the model

generating better discriminative capacity and high specificity.

The significance of the findings of the study were that the tight junction protein,
Claudin-5 measured at 12 h from stroke onset was an independent predictor of the risk
of HT in AIS. Although MMP-9 was not associated with HT, it was positively
correlated with baseline stroke severity in AlS when assessed within 12 h. MMP-9 and
Claudin-5 followed similar time courses of expression indicating the direct role of
MMP-9 in the degradation of Claudin-5 leading to blood-brain barrier disruption
causing an early occurrence of HT. The association of poor functional outcome and
increased expression of sST2 in a proinflammatory context at 12 h from stroke onset
indicated sST2 may be considered a prognostic marker for predicting short-term
outcomes in AIS. Temporal distribution is an essential factor of biomarker expression
relative to the pathophysiological mechanism, hence, conducting sequential analyses
of the markers from stroke onset, rather than at the time of admission or at a single
time-point, as adopted in earlier studies. This helped understand the dynamic changes
in the biomarker expression over time. Some limitations of the study are the
monocentric design and the small sample size, making it difficult to appropriately
assess the differences in biomarker levels between the groups, leading to wide
confidence intervals in the regression analyses. A prospective study with a larger
sample size and evaluation of these proteins at specific time intervals from the onset

may help establish their predictive roles in HT.
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1 INTRODUCTION

The chapter begins with an overview of stroke. The epidemiology, etiology,
pathophysiology, and interventional treatments for acute ischemic stroke are explored.
This is followed by a brief account of hemorrhagic transformation as a major
complication in acute ischemic stroke, its classification, known predictors, and its
mechanism. The role of biomarkers in stroke and its implications as a possible
adjunctive therapy in stroke and hemorrhagic transformation is explored. The rationale
of looking into biomarkers as predictors of hemorrhagic transformation is finally

justified.

1.1 Global burden of stroke

Stroke is the second leading cause of death and the third leading cause of
disability worldwide and is considered one of the most devastating neurological
conditions (Feigin et al., 2021; Owolabi et al., 2021). The Global Burden of Disease
(GBD) reported 12.2 million incident strokes, a whopping estimate of 101 million
prevalent strokes, and 6.5 million deaths in 2019 (Feigin et al., 2021). A stroke is an
abrupt focused lesion to the brain, retina, or spinal cord that has a vascular origin and
results in neurological disability (Sacco et al., 2013). In clinical practice, it refers to
the disease condition arising from either an occlusion, attributable to arterial blockage
or due to hemorrhage of the blood vessels supplying to the brain caused due to the
arterial rupture in the cerebral parenchyma or the subarachnoid region (Campbell and

Khatri, 2020). Based on regional epidemiology, the worldwide incidence of stroke
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accounts for around 70-80% of ischemic strokes and the remaining 20%—-30% of

hemorrhagic strokes (Feigin et al., 2021; Johnson et al., 2019).

Although stroke continues to affect developed and developing nations alike,
mortality and disability resulting from stroke are higher in low- and middle-income
countries (LMICs) as shown in Fig. 1.1, indicating a higher incidence particularly in

the Asian and African countries (Krishnamurthi et al., 2013).

Incidence rates per 100000 people
M <64-0 [ 1417t0 <158.0
B 64-0t0 <855 [ 158.0t0 <175-8
C855t0<1005 B 175810 <196-2
[J1005t0 <1243  H 196210 <2183

[01243t0<1417 22183 Eastern
Caribbean and central America West Africa Mediterranean

0 <
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Fig. 1.1 The global distribution of stroke incidence as reported by the GBD in 2019.

(Source: Feigin et al., 2021)

With the impact of urbanization, changing lifestyles, and aging populations, the
burden of stroke in the LMICs is expected to rise over the next decade (Thrift et al.,
2017). Noteworthy, the mean age of patients with stroke in the LMICs was 15 years

younger than that of the high-income countries (HICs).
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1.2 The burden of stroke in India

Stroke is a public health emergency in India and is currently the fourth leading
cause of death and the fifth leading cause of disability (Jones et al., 2022). The Indo-
USA National Stroke Registry revealed that stroke incidence had a lower mean age
when compared to Western nations (Sylaja et al., 2018). In India, the yearly incidence
of stroke varied from 108 to 172 per 100,000 people (Jones et al., 2022). The reported
case fatality rates were likewise higher than those for HICs; several community-based
studies found substantial variation across the subcontinent, ranging from 18% to 42%
(Jones et al., 2022). As more stroke units and imaging facilities become available to
people living in cities, stroke patients in rural locales may be impacted as a result of

their limited access to specialized stroke care services (Pandian and Sudhan, 2013).

The age-adjusted prevalence rate ranged from 84 to 262 per 100,000 persons
and 334 to 424 per 100,000 persons in rural and urban populations, respectively (Jones
et al., 2022). Although intravenous thrombolysis was the major therapy for acute
stroke in India, only 11% of patients received thrombolytic treatment (Sylaja et al.,
2018). Most ischemic strokes in the subcontinent were reported to be caused by large-
artery atherosclerosis (29.9%), particularly the intracranial atherosclerosis subtype
(Sylaja et al., 2018; Kaul et al., 2018). Obesity, hypertension, diabetes mellitus,
alcoholism, and sedentary lifestyles are snowballing the illness burden in India and
might be attributed to the rapid socioeconomic changes causing lifestyle changes, job-

related stress, and adjusting dietary habits (Sylaja et al., 2018).
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1.3 Acute ischemic stroke

Acute ischemic stroke (AIS) involves the abrupt depletion of blood supply in
the region of the brain due to arterial occlusion blocking blood flow either by an in situ
thrombus or embolus (Campbell et al., 2019; Caplan, 2016). The extent of metabolic
and functional impairments during ischemia may depend on the artery that is occluded.
(Jayaraj et al., 2019). A decline in glucose and oxygen levels results from the occlusion
triggering a series of molecular events leading to cell death (Lo et al., 2003). Energy
levels plummet in the affected tissue thereby impairing the energy-dependent ion
transport system followed by the disruption of the cell volume, cerebral hypoxia,
apoptosis, and necrosis of the brain tissue (Xing et al., 2012; Lo et al., 2003). A stroke
patient may exhibit typical symptoms such as impairments in vision and motor
movement, acute facial paresis, speech deficits, coordination challenges,
disorientation, and unconsciousness that range from moderate to severe depending on

the cortical area affected (Goldstein and Simel, 2005).

The Trial of Org 10172 in acute stroke treatment (TOAST) classifies ischemic
stroke into five subtypes namely, large vessel disease (LVD), cardioembolism (CE),
small vessel disease (SVD), stroke of other determined causes, and stroke of
undetermined etiology, based on the cause of the occlusion (Adams et al., 1993).
Treatment of AIS may be directed according to the time of onset and severity of
symptoms. The gold standard for diagnosing acute stroke is neuroimaging i.e., non-
contrast head computed tomography (CT), magnetic resonance imaging (MRI), and
more recently, diffusion-weighted imaging (DWI). Intravenous thrombolysis is one of

the major treatments opted for AlS patients brought within 4.5 hours of symptom onset
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(Xiong et al., 2022; Bivard et al., 2013). For patients who do not qualify for
thrombolysis, endovascular therapy (EVT) may be conducted to mechanically retrieve
the clot following imaging evaluation (Campbell and Khatri, 2020). Medical
intervention includes dual antiplatelet therapy administered within 24 hours thereby
benefitting patients with mild strokes and those that do not qualify for either

thrombolysis or EVT (Xiong et al., 2022).

1.4 Hemorrhagic transformation

Hemorrhagic transformation (HT) is a frequent complication reported in 10%
to 40% of AIS patients and accounts for adverse clinical outcomes in patients with a
mortality rate of 13.4% and significant morbidity in the survivors (Spronk et al., 2021).
HT may occur spontaneously as a part of the natural history of ischemic stroke (Khatri
et al., 2007; Zhang et al., 2014). However, a 10-fold increase was reported in patients
after receiving thrombolytic treatment which offsets potential worsening (Wardlaw et
al., 2014; Alberts, 2012; Thomalla et al., 2006). Apart from thrombolysis,
anticoagulation medication, and EVT may also exacerbate HT (Zhang et al., 2014).
Symptomatic HT involves clinical deterioration and is associated with a higher risk of
clinical complications, prolonged hospital stays, mortality, and poor clinical outcomes
(Andrade et al., 2020). HT may also develop asymptomatically after AlS, which is not
as benign as once believed, making it challenging to diagnose based on only clinical

manifestations.

Consequently, the widely used classification system developed by the
European Cooperative Acute Stroke Study (ECASS) makes use of the radiographic

characteristics to distinguish petechial hemorrhagic infarctions (HI) from the far more
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severe forms of parenchymal hematomas (PH) and symptomatic intracranial
hemorrhage (sICH) (Hacke et al., 1998; Hacke et al., 2008). The PH subtypes occur
rarely, in about 4% of the patients, but are closely associated with poor outcomes often
resulting in midline shift and mass effect in the cerebral hemisphere (Alvarez-Sabin et

al., 2013).

Some of the known clinical, imaging, and biochemical predictors of HT are
older age, hyperglycemia, higher systolic blood pressure, renal impairment, and
cardiac risk factors such as atrial fibrillation and congestive heart disease (van
Kranendonk et al., 2019; Kablau et al., 2011; Spronk et al., 2021; Thanvi et al., 2008).
Medium- and large-sized cardioembolic infarcts and large vessel occlusion strokes
frequently exhibit HT (Hornig et al., 1993; Iwamoto et al., 2021). Cerebral
microbleeds and leukoaraiosis have been identified as imaging biomarkers that are

linked to severe forms of HT (D'Anna et al., 2021).

Due to its complex nature, the pathophysiology of HT is still up for debate.
The principal cause of HT is the blood-brain barrier disruption, which results in the
loss of integrity of the neurovascular unit, comprising the endothelial cells, tight
junction proteins, the pericytes, extracellular matrix (ECM), astrocyte endfeet, and
microglia (ladecola, 2017; Hawkins and Davis, 2005). The ischemia-reperfusion
damage and an increase in oxidative stress in the ischemic zone are the major causes
of barrier disruption (Kalogeris et al., 2016). In addition, coagulation, angiogenesis,
and inflammation equally play important roles in the pathophysiology of HT (Thanvi
et al., 2008). An overview of the mechanism of the pathogenesis of HT based on the

current knowledge is illustrated in Fig. 1.2.
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Fig. 1.2 Overview of the mechanisms involved in hemorrhagic transformation.

It has been discovered that several proteins associated with these pathways
affect the timing and severity of the onset of HT (Jickling et al., 2014). This is
extremely important in locating molecular markers relevant to predicting HT. There
are many uncertainties regarding the pathophysiology of HT, and more research is

needed to define the underlying biochemical mechanisms.

1.5 Implications of biomarkers in stroke

In its simplicity, the term ‘biomarker’ denotes the measurement of a biological
function of a healthy or a disease condition (Atkinson et al., 2001). Biomarkers are
necessary for the rational development of medical interventions, and their applicability
underpins their use in clinical practice and research, particularly in the context of
chronic diseases. For instance, in the assessment of myocardial infarction, Troponin
and Creatine Kinase MB levels are monitored in an acute clinical setting (Laskowitz

et al., 2009). But unlike Creatine Kinase-MB, the Troponin test has virtually hundred
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percent specificity for the cardiac tissue and high sensitivity, which has in turn
contributed to its widespread use in clinical therapy (Maas and Furie, 2009). Other
biomarkers have also been incorporated into routine clinical practice for the
assessment of other major diseases like pulmonary embolism and congestive heart
failure (Laskowitz et al., 2009). These include circulating D-dimer - a fibrin
degradation product that indicates clot formation - and the cardiac neurohormone
biomarker, B-type natriuretic peptide, which is secreted from the heart ventricles
during increased stress (Bounameaux et al., 1991; Gibler et al., 2003; de Lemos et al.,

2003).

Approaches to accurately identify patients at risk for stroke and post-stroke
complications are necessary, in addition to improving patient diagnosis and prognosis
following a stroke. Clinicians are adept at assessing stroke and its causes, and
biomarkers may be used adjunctively for risk stratification, clinical decision-making,
therapeutic response assessment, and for better prognosis (Jickling and Sharp, 2011,
Whiteley et al., 2012a; Maas and Furie, 2009). Acute stroke diagnostic approaches,
mostly rely on neuroimaging techniques and may benefit from the supplementary
evaluation of circulating blood-based biomarkers (Kim et al., 2013; Jickling and Sharp,

2011).

Several blood-borne biomarkers have been examined for their ability to predict
long-term outcomes, aid in the diagnosis, and to be associated with prospective risk
for stroke. These include tissue injury-specific markers such as S100 calcium-binding
protein B (S100B), glial fibrillary acid protein (GFAP), Neuron-specific enolase

(NSE), inflammatory markers such as C-reactive protein (CRP), interleukin-6 (IL-6),

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum 8



Tumor necrosis factor (TNF-a) and coagulation pathway markers such as Fibrin and
fibrinogen degradation product (FDP), von Willebrand factor (VWF), and D-dimer
based on their pathophysiological role in stroke (Foerch et al., 2006; Whiteley et al.,
2008; Montaner et al., 2011; Jickling and Sharp, 2011). However, the brain presents
several difficulties despite the vast literature examining the significance of these
biomarkers in cerebral ischemia. These comprise the existence of the blood-brain
barrier, various cell types, and their locations throughout the central nervous system,
as well as their ischemic tolerance and ischemic cascade complexity (Laskowitz et al.,

2009).

1.6 Biomarkers of hemorrhagic transformation

Currently, assessing the risk of HT largely relies on clinical conditions and
neuroimaging. The development of adjunct therapeutic approaches, such as the
identification of individuals at risk of developing HT either post-intervention or
spontaneously by using highly discriminative biomarkers, is crucial to accurately
predict HT (Jickling and Manolescu, 2012). Increased blood-brain barrier permeability
primarily accounts for post-stroke HT. Hence, degradation and subsequent leakage of
protein components conducive to the integrity of the blood-brain barrier may affect the
overall stability of the neurovascular unit (NVU) (Steliga et al., 2020). Proteins
activated during dysregulated extracellular proteolysis post-thrombolysis involve the
matrix metalloproteinases (MMP) specifically MMP-2, MMP-3, and MMP-9 (Yang
and Rosenberg, 2015; Lakhan et al., 2013). MMPs play a direct role in the blood-brain
barrier breakdown through the degradation of the extracellular protein components

(Planas et al., 2001; Kurzepa et al., 2014). Moreover, the tight junction proteins restrict
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the paracellular transport of particles such as Claudin-5, Occludin, and Zonula
occludens-2. There are currently no clinically used HT-related biomarkers. Potential
blood biomarkers may be utilized to identify high-risk groups for HT in both acute
ischemic stroke patients who had undergone thrombolytic intervention and those who

had not.

1.7 Statement of the problem

Several clinical and imaging markers are available for predicting HT.
Biomarkers may be useful in providing adjunctive information for medical decision-
making. However, despite extensive research conducted, their clinical predictability
has not been well represented. Although various circulating biomarkers have been
reported, the data have been conflicting possibly owing to heterogeneity in the clinical,
methodological, or statistical approaches. Additionally, potential biomarkers may be
useful in further identifying HT severity among patients, screening for high-risk
patients, and offering a better understanding of the pathophysiological process of HT

and outcome in ischemic stroke.

1.8 Hypothesis

1. Elevated baseline circulating levels of matrix metalloproteinase-9 (MMP-9),
S100 calcium-binding protein B (S100B), Claudin-5, Occludin, and soluble
Serum stimulation-2 (sST2) may be associated with HT in AlS, independent
of known stroke risk factors.

2. HT severity can be distinguished by the heterogeneity of circulating levels of

each of the above markers.
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1.9 Broad objectives and sub-objectives of the study

1. To identify the biomarkers that predict hemorrhagic transformation in a
South Indian cohort of patients with acute ischemic stroke: (1a) to conduct a
systematic review and meta-analysis of the biomarkers that predict
hemorrhagic transformation, and (1b) to investigate the temporal relationship

of the biomarkers in HT.

2. To examine the relationship of the biomarkers with short-term functional

outcome in acute ischemic stroke.
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2 REVIEW OF LITERATURE

The chapter provides an elaborate account of the epidemiology, classification,
and pathophysiology of acute ischemic stroke and hemorrhagic transformation - as a
major complication of acute ischemic stroke. The role of biomarkers in stroke and
hemorrhagic transformation as provided in the literature is explored by discussing the

gaps and controversies in the research.

2.1 Epidemiology of stroke

Globally, stroke is the second leading cause of death, accounting for mortality
of 6.5 million each year, and the third leading cause of disability and mortality
combined, with at least 12.2 million new strokes reported each year (Feigin et al.,
2021; Feigin et al., 2022). Over the past three decades, the number of stroke survivors
has doubled with an estimated 67% of the global population surviving a stroke under
the age of 70 years (Kim et al., 2020; Feigin et al., 2022). By 2019, it was reported by
the Global Burden of Disease (GBD) study that the absolute stroke incidence had
increased by 70% within the past two decades, prevalent strokes increased by 85%,
stroke fatalities climbed by 43%, and the disability-adjusted life-years (DALY'S)
attributable to stroke increased by 32% (Feigin et al., 2021). According to estimates,
one in four people will experience a recurrent stroke during their lifetime (Feigin et

al., 2022).

Ischemic strokes account for 7.6 million cases every year, with an incidence of
at least 61% in those under the age of 70 years and a mortality rate of 19% (Feigin et

al., 2022). Stroke rates have undoubtedly increased with increased exposure to several
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key risk factors, such as high fasting plasma glucose, high systolic blood pressure,
alcohol intake, high basal metabolic rate (BMI), ambient particulate matter pollution,
lack of physical activity, kidney dysfunction, and high temperature (Feigin et al.,
2021). Despite a decline in mortality and incidence over time in high-income countries
(HICs), no similar shift was observed in the low- and middle-income countries

(LMICs), which account for more than 85% of the global burden (Thrift et al., 2017).

In India, stroke is the fourth leading cause of death and the fifth leading cause
of disability (Jones et al., 2022). According to a comprehensive analysis of the
epidemiology of stroke in the urban and rural regions of India, the annual incidence of
stroke ranged from 108 to 172 per 100,000 persons (Jones et al., 2022). The
Trivandrum Stroke Registry had documented an overall incidence rate of stroke as 135
per 100,000 persons in the state of Kerala alone (Sridharan et al., 2009). Several
community-based studies found substantial regional variation, with rural regions

reporting higher case fatality rates than urban areas (18% to 42%) (Jones et al., 2022).

Predominant comorbidities of ischemic stroke prevalent in India consisted of
hypertension (60.8%), diabetes mellitus (35.7%), tobacco use (32.2%), and alcohol
intake (34.2%) followed by cardiac risk factors such as coronary artery disease
(16.9%), hypercholesterolemia (14.4%), nonvalvular atrial fibrillation (4.0%),
rheumatic heart disease (5.6%), previous transient ischemic attack (7.7%) and familial
history of stroke and ischemic heart disease (Sylaja et al., 2018). An overview of the
incidence prevalence and case fatality rates reported in the subcontinent are given in

Fig. 2.1.
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Crude annual Sex-disaggregated Age-adjusted

No. of cases Imaging not Mean age incidence/ incidence rate Sex-disaggregated incidence/ Crude Age-adjusted One-month
Study and of stroke available Stroke type (years) Female 100,000N male/100,00 incidence rate female/ 100,000 N prevalence/ prevalence/ case fatality
publication year identified N (%) N (%) N (SD) N (%) (95% Cl) N (95% CI) 100,000N (95% Cl) (95% Cl) 100,000N (95% ClI) 100,000N (95% Cl) % (95% Cl)
Bhattacharya et al.”? 128 NS NS 61 (NS) 60 (47) 124 (NS) 124 (NS) 123 (NS) 108 (88-130)* 618 (509-1707) NS 18 (NS)
Das et al.”? 247 81 (33) IS 108 (65) NS 110 (45) 123 (103-233) 100 (75-130) 149 (117-166) 145 (120-175) 472 (41-534) 545 (479-617) 41 (31-54)
ICH 58 (35)
Dalal et al.”’? 456 0 (0) IS 366 (80) 66 (14) 218 (48) 145 (120-170) 149 (120-170) 141 (120-160) 92 (74-113)* 291 (264-318)" NS 30 (NS)
ICH 81 (18)
Us 9 (2)
Sridharan et al.*® 541 169 (31) IS 311 (84) 67 (NS) 279 (52) 117 (NS) 115 (NS) 119 (NS) 135 (123-146) 58 (53-63)" 135 (123-146) 27 (NS)
ICH 43 (12)
SAH 18 (4)
Ray et al.” 763 NS NS NS 341 (45) 108 (88-131) 113 (86-146) 102 (75-136) 141 (114-171) 757 (702-817)* NS 42 (38-46)"
Pandian et al.>® 493 NS NS 58 (15) 185 (38) NS NS NS NS 53 (48-57)" NS NS
Pandian et al.?® 3441 2122 (62) IS 976 (74) NS NS 140 (133-147) I51 (141-161) 106 (97-115) 130 (123-137) 323 (312-334)° NS 22 (21-23)*
ICH 290 (22)
SAH 53 (4)
Kaur et al.** 4989 26 (0) IS 3260 (66) 59 (15) 1865 (37) NS NS NS NS 26 (25-27)" NS NS
ICH 1656 (33)
CVT 47 (1)
Singh et al.*® 596 NS NS 62 (15) 286 (48) 172 (NS) 170 (NS) 173 (NS) 209 (NS) 229 (211-248)" NS NS

NS: not stated; IS: ischemic stroke; ICH: intracerebral hemorrhage; CVT: cerebral venous thrombosis; NA: no scan available; US: unspecified stroke type; SD: standard deviation; Cl: confidence interval.
*Calculated manually based on information in article.

Fig. 2.1 An overview of the study characteristics appraising the incidence, prevalence, and one-month case fatality rates of stroke based

on the regional registries and community-based surveys in India. (Source: Jones et al., 2022).
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In comparison to the global mean age of people with stroke, at least 20% of the
people in India with first-ever strokes were younger (Pandian and Sudhan, 2013;
Sylaja et al., 2018). These data emphasize the problems of fewer in-hospital and
outpatient rehabilitation facilities, as well as the lack of public awareness (Owolabi et
al., 2021; Pandian and Sudhan, 2013). According to the Indo-USA National Stroke
Registry, there was a significant risk of postischemic bleeding (10.9%) and high stroke
severity, with a considerable percentage having big infarcts, especially after
thrombolysis (Sylaja et al., 2018). The functional outcome in patients after 28 days
from stroke onset did not vary among gender, age groups, or regions, and reported that

moderate disability was present in 43% of patients (Sylaja et al., 2018).

2.2 Acute ischemic stroke

The World Health Organization (WHO) defined stroke as a syndrome of
“rapidly developing clinical symptoms and/or signs of focal (or global) disturbance of
cerebral function lasting more than 24 hours (unless interrupted by surgery or death),
with no apparent cause other than of vascular origin” (Aho et al., 1980). Acute
ischemic stroke involves the occlusion of major arteries of the brain pertaining to a

sudden focal neurological deficit of the central nervous system (Sacco et al., 2013).

2.1.1 Clinical presentation

Clinical presentation of ischemic stroke primarily depends on the localization
of the affected vascular region (Goldstein and Simel, 2005). The middle cerebral artery
(MCA) is the most affected territory in almost 80% of ischemic strokes and is
characterized by contralateral hemiparesis, contralateral hemisensory loss,

hemianopia, aphasia — if the dominant hemisphere is involved — and neglect if the non-
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dominant hemisphere is involved (Chandra et al., 2017a). On the other hand, anterior
cerebral artery (ACA) territory infarcts are rare (~2%) and these patients present with
dysarthria, aphasia, unilateral, contralateral motor weakness, minimal sensory changes
(two-point discrimination), left limb apraxia and urinary incontinence (Goldstein and
Simel, 2005). In the case of lacunar infarcts, it is generally known to be an occlusion
in the small perforating artery resulting from an embolism or intrinsic vessel occlusion
although these mechanisms are being debated (Caplan, 2016; Chandra et al., 2017b).
Clinical presentation of this territory includes a pure motor or sensory loss,
sensorimotor deficit, or ataxia with hemiparesis (Chandra et al., 2017b; Goldstein and

Simel, 2005).

When the posterior cerebral artery (PCA) is involved, the patients may present
with ocular findings, hypersomnolence, cognitive deficits, ataxia, and to a lesser extent
homonymous hemianopsia (Chandra et al., 2017a). Basilar artery (BA) infarcts are
rare (~1%) but may have a devastating effect on the patient (Caplan, 2016). They are
characterized by sudden death or loss of consciousness, top of the basilar syndrome,
visual and oculomotor deficits, behavioral abnormalities, somnolence, and
hallucinations (Goldstein and Simel, 2005). Motor dysfunctions are often absent. If the
proximal and mid portions of BA are damaged, it may lead to one of the most complex
medical conditions known as the 'locked-in syndrome’ characterized by quadriplegia,
bulbar palsy, and whole-body sensory loss (Caplan, 2016). However, these individuals
may typically still have normal hearing, vertical eye movement, blinking, and
cognition (Caplan, 2016). Clinical symptoms of cerebellar infarctions might include

ataxia, vomiting, headaches, nausea, dysarthria, and vertigo (Goldstein and Simel,
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2005). These symptoms may also be exacerbated by the presence of edema followed

by rapid clinical deterioration (Goldstein and Simel, 2005).

2.1.2 Risk factors

Determinants of outcome in stroke include non-modifiable and modifiable risk
factors. Non-modifiable factors comprise age, gender, race, and genetics (Boehme et
al., 2017). Of these, age is the prime risk factor whereby advanced age is a predictor
of stroke (Singhal et al., 2013; Soriano-Tarraga et al., 2018). Modifiable risk factors
are hypertension, diabetes mellitus, heart disease, hypercholesterolemia, tobacco use,
alcohol intake, apolipoproteins B/A1 ratio, diet quality, and obesity (Feigin et al.,
2021; Johnson et al., 2019; O'Donnell et al., 2016). The major risk factor for all types
of strokes is high blood pressure or hypertension, particularly in middle-aged
individuals (Boehme et al., 2017). By maintaining optimal levels of arterial pressure,
stroke risk can be reduced by about 40% in these patients (Kannel, 2000). Diabetes
mellitus is another major risk factor responsible for the enhancing stroke rates in the
LMICs and may be in conjunction with metabolic syndrome, high cholesterol levels,
and obesity (Feigin et al., 2021). High blood sugar levels can damage the blood vessels,
which increases the chance of having a stroke by 1.5 to 3 fold (Ergul et al., 2012).
Atherosclerosis involves atheromatous plaque build-up in the major arteries and may
predispose an individual to carotid stenosis and large vessel disease (Campbell et al.,
2019). Increased levels of low-density lipoprotein cholesterol (LDL-C) may also
hasten the development of stenosis by forming plaque in the artery walls that is prone

to thrombus formation and obstructing blood flow (Chandra et al., 2017b).
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A proven risk factor for blood clot development from a potential intracardiac
cause of embolism includes coronary heart disease, valve disorders, cardiomyopathies,
arrhythmias including atrial fibrillation, and other conditions may be among them
(Chandra et al., 2017b; Campbell and Khatri, 2020). Dietary intake has a major
influence on the incidence of stroke as well, indicating that increased daily
consumption of fruits and vegetables may considerably reduce the risk of stroke
(Feigin et al., 2021). Other risk factors include peripheral artery disease, angiopathies,
congenital heart diseases, thrombophilia with stroke, and other causes specific to

certain age groups (Boehme et al., 2017).

2.1.3 Pathophysiology of stroke

Ischemic stroke has multifactorial pathophysiology encompassing the
functions of several cellular and protein components thereby challenging the
subsequent development of targeted therapy (Albers et al., 2011). Hence, therapeutic
options accessible for stroke patients are relatively limited due to the incomplete
information that exists even after decades of study dedicated to unraveling the

pathophysiological mechanisms of stroke (Xing et al., 2012).

The cerebral ischemia pathophysiology encompasses the cerebral blood flow
(CBF), the ischemic core and penumbra, collateral circulation, and the ischemic
cascade (Campbell and Khatri, 2020). Although the brain constitutes only 2% of the
total body weight, it consumes 20% of the oxygen and glucose intake of the body,
therefore, requiring its continuous supply for neurons to function (Lo et al., 2003). The
critical and undisrupted supply of energy derived from oxygen and glucose to the brain

is reflected in the extensive vascularization of the brain (Sarvari et al., 2020). When a
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stroke occurs, the supply is affected and death of neural cells ensues almost as rapidly

as within minutes after the occlusion has taken place (Lo et al., 2003).

2.1.3.1 Core and penumbra

Cerebral autoregulation is a regulatory mechanism that helps maintain constant
brain perfusion over a relatively wide range of cerebral perfusion pressures (CPPs)
(Caplan, 2016). During a stroke, disruption of the blood flow alters neurologic
metabolism in less than a minute leading to cell death (Deb et al., 2010; Jovin et al.,
2008). As a result, the center of ischemia is known as the ischemic core where
irreversible neuronal damage ensues due to low ATP (Adenosine triphosphate) levels,
low energy storage, severe ionic and metabolic failure, and other factors (Campbell et
al., 2019). The abrupt cessation of blood supply within the territory engenders the
ischemic core comprising dead tissue with minimal perfusion (<10 mL/100 mg/min)
which is the most affected region characterized by CBF less than 20% of the normal

blood flow to the brain (Chandra et al., 2017b).

The core is immediately surrounded by a hyperperfused region called the
penumbra harboring partially functioning cells with a critical supply of energy enough
for its survival, making this region salvageable and a target for reperfusion therapies
(Campbell et al., 2019). Autoregulation of blood flow in the penumbra is disturbed
(CBF 18-20 mL/100g /min) with carbon dioxide reactivity of blood vessels partially
preserved, a slight decrease of tissue glucose content, however, ATP levels are almost
normal providing cells with enough energy to survive (Campbell et al., 2019). With a
CBF range of 22-35 mL/100g/min, the penumbra's periphery designates the area of

oligemia, which contains hypoperfused tissue but is not in danger under typical
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conditions (Campbell et al., 2019). Fig 2.2 shows the infarct core surrounded by the

penumbra and oligemia and their respective CBF.

Penumbra  Infarct core

Normal Oligemia

Fig. 2.2 Depiction of the infarct core (red), penumbra (orange) and oligemia

(yellow). (Source: Jung et al., 2017)

2.1.3.2 Collateral circulation

When a major intracranial artery is occluded, cerebral collateral circulation or
a network of specialized endogenous bypass vessels that include the leptomeningeal
anastomoses allows alternative blood flow pathways to sustain the blood flow to the
penumbra for some time (Liebeskind, 2003). The extent of the collateral blood flow,
however, is variable across individuals based on genetic and environmental factors
(Campbell et al., 2019). The ischemic core would be lesser than the territory supplied
by the occluded artery for an individual with a good collateral system whereas, in the
case of poor collaterals, the ischemic area is equal to the territory supplied by the
occluded artery (Jung et al., 2017). Fig. 2.3 illustrates the collateral circulation of the

intracranial arteries.
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A B

Fig. 2.3 Collateral circulation of intracranial arteries shown in lateral (A) and frontal
(B) views depicting the (a) posterior communicating artery, (b) leptomeningeal
anastomoses between anterior and middle cerebral arteries, and (c) between posterior
and middle cerebral arteries, (d) the tectal plexus between posterior cerebral and
superior cerebellar arteries, (e) anastomoses of distal cerebellar arteries, and (f)

anterior communicating artery. (Source: Liebeskind, 2003)

2.1.3.3 Ischemic cascade

The pathophysiological mechanisms in response to ischemia occur temporally
and spatially spanning from hours to weeks (Brouns and De Deyn, 2009). Temporally,
ischemia may be observed in three distinct phases: acute, subacute, and chronic phase
(Qin et al., 2022). The basic mechanisms of the ischemic cascade involve energy
failure, neurotransmitter-mediated excitotoxicity, oxidative stress, hemostatic
activation, cell death, and post-ischemic inflammation (Caplan, 2016). The temporal
distribution of the major pathways involved in the ischemic cascade is given in Fig.

2.4.
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Fig. 2.4 The timeline of the key pathophysiological processes of the ischemic

cascade and their effect on the subsequent ischemic damage. (Source: Brouns and De

Deyn, 2009)

The extent to which these phases affect the region is a frequent cause of debilitating
disease and death (Jovin et al., 2008). Animal studies have shown that oxidative stress
may cause secondary damage involving Wallerian degeneration of the corticospinal
tracts associated with persisting impairment of motor functions and indicate pyramidal

tract damage (Campbell et al., 2019).
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i.  Energy failure

Ischemic stroke alters the cellular and molecular functions resulting in a
dereliction in the cellular function subsequently leading to deficits in oxidative
phosphorylation and ATP synthesis during the acute phase of stroke (Campbell et al.,
2019; Jovin et al., 2008). With severely depleted levels of ATP, the sodium-potassium
(Na*-K* ATPase) pump becomes dysfunctional, and neurons can no longer maintain
their transmembrane gradient as it leads to the influx of Na* and the release of K" ions
resulting in the depolarization of the neuronal plasma membrane (Deb et al., 2010).
Intracellular pH thereby decreases with the insufficient synthesis of ATP and the

increase in anaerobic metabolism and lactate accumulation (Campbell et al., 2019).

ii.  Glutamate excitotoxicity

A sudden and progressive anoxic depolarization at the presynaptic terminals
resulting from inadequate blood supply leads to untimely neurotransmitter release
(Campbell et al., 2019). The dearth of clearing of the excitatory neurotransmitter
molecules from the synaptic cleft leads to its accumulation (Deb et al., 2010). This
depolarization may often spread to the surrounding regions of the penumbral tissue
causing a rise in the metabolic demand and can transform this region into infarction
(Brouns and De Deyn, 2009). The glutamate receptor, N-methyl-d-aspartate (NMDA)
present on the surface of neurons and glial cells remains open due to the removal of
the Magnesium ion by membrane depolarization (Jovin et al., 2008). This causes an

influx of calcium ions (Ca?*) (Campbell et al., 2019).

As Calcium pumps malfunction, there is an abrupt rise in intracellular Ca?*

levels. This causes the activation of several Ca?*-dependent processes, including the
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production of free radicals by neuronal nitric oxide synthase and the induction of
apoptosis, necrosis, necroptosis, and autophagy in the cells (Belov Kirdajova et al.,
2020). This further depletes intracellular ATP levels by releasing proteases, pro-
apoptotic proteins, free radicals, and Ca?" ions into the mitochondrial cisternae
(Brouns and De Deyn, 2009). As a result, the cells' reliance on anaerobic glycolysis as
their only fuel source increases (Campbell et al., 2019). For the surrounding cells to
preserve ion homeostasis and carry out other crucial actions, this is only momentarily
accessible which causes the ischemic milieu to accumulate lactate - a by-product of
glycolysis - lowering intracellular pH (Kalogeris et al., 2012). The adult brain only has
a finite quantity of anaerobic glycolysis energy and time to sustain ion homeostasis
and other crucial functions before various events take place that results in brain cell

damage and death (Campbell et al., 2019).

iii.  Oxidative stress

An unwarranted accumulation of Ca?*, Na*, and adenosine diphosphate (ADP)
in cells of the ischemic region cause reactive oxygen species (ROS) formation that
target destroying the lipid, protein, nucleic acid, and carbohydrate components of these
cells (Qinet al., 2022). A steady state of increase in ROS and reactive nitrogen species
(RNS) which are highly reactive formed either enzymatically or non-enzymatically
within the cells when the anti-oxidative defense mechanism of the cell becomes
overwhelmed (Ramon and Julio César, 2016). ROS is produced within the
mitochondrial cisternae, during prostaglandin synthesis, and the degradation of
hypoxanthine (Campbell et al., 2019). Oxidative stress is a unified process that occurs
during the dysfunction of the mitochondria whereby free radicle formation and NO-

mediated oxidation, triggered by the oxidation of essential macromolecules, leads to
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cell damage in the early phase of ischemia i.e., within 24 hours from onset (Belov

Kirdajova et al., 2020).

iv.  Hemostatic activation

Hemostatic activation occurs during the acute phase of stroke, where critical
elements exposed to tissue factors cause endothelial damage, resulting in platelet
activation, the coagulation cascade, the generation of fibrin, and the suppression of
fibrinolytic activity by the carboxypeptidase U enzyme (Brouns and De Deyn, 2009).
During ischemia, shear stress causes the platelets to become activated, which is
followed by the activation of various biochemical mediators that interact with the
coagulation factors (Campbell et al., 2019). Within 72 hours after stroke onset, Factor
VIlla in the blood interacts with membrane phospholipids to synthesize fibrin by
activating thrombin, which then polymerizes the fibrin monomers and triggers
carboxypeptidase U (Brouns and De Deyn, 2009). Plasmin is subdued by the activity
of carboxypeptidase U and platelet activity. The inflammation in the ischemic zone
may be made worse by a variety of secondary hemostatic causes. Leukocyte migration
across the endothelium may be aided by thromboxane A2 and free radical generation
produced by platelets resulting in the "no reflow mechanism,” which may help explain
why cell damage in the ischemic zone is irreversible (Brouns and De Deyn, 2009). In
a study, it was shown that elevated blood levels of the fibrinolysis markers B-
thromboglobulin and von Willebrand factor might predict mortality following an
ischemic stroke (Carter et al., 2007). Fig. 2.5 illustrates the hemostatic mechanism

during stroke.
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Fig. 2.5 Hemostatic mechanism leads to clot formation. (Source: Brouns and De

Deyn, 2009)

v.  Cell death

The destabilization of the cell membrane and malfunctioning of organelles
collectively lead to four different types of cell death—apoptosis, necrosis, autophagy,
and recently emerging data identifying the phenomenon of necroptosis (Belov
Kirdajova et al., 2020). Apoptosis may be triggered by the activation of caspase-
dependent and caspase-independent pathways primarily in the ischemic penumbra as
functional activity of cells may persist due to the presence of a certain level of ATP in
the milieu (Ramon and Julio César, 2016). Apoptotic cell death may be brought on by
ionic imbalance, the production of ROS, the ligation of death receptors, the activation
of lysosomal proteins, and DNA damage (Belov Kirdajova et al., 2020). During the
first stage of reperfusion, the executioner caspase, Caspase-3, is cleaved within
damaged neurons; this is followed by the release of cytochrome ¢, which may promote
the formation of apoptosomes, boost the synthesis of gelsolin, and release Poly(ADP-
ribose) polymerase 1 (PARP1), which increases nucleosomal endonuclease activity

and DNA fragmentation (Xing et al., 2012; Deb et al., 2010).
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In addition to apoptosis, ischemic cells may experience necrosis, an
uncoordinated death in response to extreme stress that often entails swelling of the
cells and their accompanying organelles before it ruptures and intracellular debris
leaks out (Kalogeris et al., 2012). Necrosis may usually be predominant in the ischemic
core due to the extreme deficiency of glucose and oxygen (Ramon and Julio César,
2016). Under certain circumstances, necrosis may sometimes involve coordinated
specific signaling mechanisms which have been termed ‘programmed necrosis’ or
necroptosis (Qin et al., 2022). The fourth type of cell death seen during ischemia is
autophagy, which is often a cell survival strategy that is usually activated under
hunger, hypoxia, or mitochondrial failure, but may also be another tightly controlled

event leading to cell death (Kalogeris et al., 2012; Wang et al., 2018).

vi.  Post-ischemic inflammation

Apart from neurons, cells of the immune system are activated during ischemia
(Campbell et al., 2019). Neuroinflammation plays an important role throughout
ischemia, by recruiting a wide range of cells such as neutrophils, monocytes, T cells,
and macrophages which infiltrate into the ischemic region (Jayaraj et al., 2019). Recent
findings also suggested that innate and adaptive immunity may be involved in stroke
pathophysiology (Anrather and ladecola, 2016). The brain parenchyma is an immune-
privileged site involved in a complex interplay between the central nervous system
(CNS) and the immune system after an acute stroke (Enzmann et al., 2013). When
pericytes are associated with the blood-brain barrier, there is a complex interplay
between the CNS and immune system as acute stroke triggers the inflammatory
cascade in the ischemic zone of the brain parenchyma (Jin et al., 2010; Jayaraj et al.,

2019). The presence of the blood-brain barrier, the lack of cerebral lymphatic vessels,
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and the inefficiency of microglia and astrocytes for antigen presentation to T cells may
challenge a complete immune response in the brain parenchyma (Chamorro et al.,

2012).

The activation of neuroinflammation may exert either beneficial or detrimental
effects during ischemia (Shi et al., 2019). The recruitment of neutrophils and their
extravasation through the endothelial wall is a multistep process that involves the
activation of endothelium by cytokines such as tumor necrosis factor-a (TNF-a) and
Interleukin-1f (IL-1B) (Enzmann et al., 2013). Microglia are resident macrophages of
the cerebral cortex which when activated, produce cytokines, MMPs, and phagocytose
cellular debris. They may play a dual role by also causing secondary cell death in the
penumbral region (Jayaraj et al., 2019; Chamorro et al., 2012). On the other hand, its
depletion may exacerbate ischemia and neuronal deficits as they essentially promote
neurogenesis after ischemia increasing the expression of neurotrophic factors (Jayaraj
et al., 2019; Jin et al., 2010). Damage-associated molecular patterns (DAMPS) such as
chromatin-associated protein, high mobility group protein B1 (HMGB1), heat shock
proteins, and cytokines are highly expressed during this phase (Shi et al., 2019). These
mediators use putative pattern recognition receptors which are released from
necrotized cells (Enzmann et al., 2013). S100 proteins are activated when neural cells
are damaged during ischemia thereby initiating the innate and adaptive immune
responses (Rothermundt et al., 2003). The innate immune response begins with the
release of circulating neutrophils and monocytes to the site of ischemia whereby they
play a major role in modulating tissue repair and inflammation (Anrather and ladecola,
2016). Fig. 2.6 provides a summary of the pathways involved in the ischemic cascade

of stroke.
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Fig. 2.6 An illustration of the various molecular pathways of the ischemic cascade

leading to cell death in the infarct core. (Source: Xiong et al., 2022)

2.1.4 Etiology

A widely adopted system for classifying ischemic strokes is the Trial of Org
10172 in acute stroke treatment (TOAST) classification based on causal subtyping
(Adams et al., 1993). The subtypes are diagnosed based on the patient’s clinical
features, baseline neuroimaging, cerebral angiography, neurosonography, and
echocardiography (Caplan, 2016). TOAST classifies stroke into five subtypes: large
vessel disease (LVD), cardioembolism (CE), small vessel disease (SVD), stroke of
other determined causes, and stroke of unknown causes (Adams et al., 1993). These
stroke subtypes vary among each other with the medical management employed, the

prognosis, and the risk of recurrence (Chandra et al., 2017D).
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i.  LVD results from a blockage due to atherosclerotic plaques formed in the
major arteries of the brain and is one of the major subtypes of ischemic
strokes prevalent in India (Amarenco et al., 2009; Sylaja et al., 2018).

ii.  Cardioembolism denotes the presence of a potential intracardiac source of
embolism including atrial fibrillation, myocardial infarction, rheumatic
heart disease, and other underlying cardiac risk factors (Adams et al., 1993;
Campbell et al., 2019).

iii.  Small vessel disease is thought to result from pathologies in perforating
cerebral arterioles, capillaries, and venules, and the imaging changes
including the small subcortical infarcts, lacunes, white matter
hyperintensities (WMHSs), prominent perivascular spaces (PVS), cerebral
microbleeds (CMBs) and atrophy (Caplan, 2015).

iv.  Stroke of other determined etiology includes patients with an uncommon
cause of strokes such as arteritis, dissection, Moyamoya disease, and
vasculitis (Adams et al., 1993; Campbell et al., 2019).

v.  Ischemic strokes that occur without a well-defined etiology are categorized

under the stroke of undetermined etiology (Adams et al., 1993).

2.1.5 Diagnosis and evaluation

Neuroimaging methods are the mainstay of most diagnostic strategies for the
assessment of acute stroke, relying on neuroimaging modalities such as computed
tomography (CT) of the brain and magnetic resonance imaging (MRI) (Caplan, 2016;
Kim et al.,, 2014). This is followed by a CT or MR angiography to create high-

resolution images of the arteries of the brain that can be used for diagnosis, based on
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careful neurologic examination, the severity of the neurologic deficits is quantified by
using various scales that have been developed, mostly for use in research

investigations (Campbell and Khatri, 2020).

2.1.5.1 Alberta stroke program early CT score

A 10-point quantitative topographic CT scan score called the Alberta stroke
program early CT score (ASPECTS) is used for assessing stroke patients in the MCA
territory (Pexman et al., 2001; Barber et al., 2000). One point is deducted from the
initial score of 10 for every MCA region involved which includes the Caudate, Insular
ribbon, Internal capsule, Lentiform nucleus, M1 or the anterior MCA cortex, M2 or
the MCA cortex lateral to the insular ribbon, M3 or the posterior MCA cortex, and the
anterior (M4), the lateral (M5) and the posterior MCA (MB6) territories immediately

superior to M1, M2 and M3, rostral to basal ganglia (Barber et al., 2000).

2.1.5.2 National Institutes of Health Stroke Scale

The National Institutes of Health Stroke Scale (NIHSS) score is used for
evaluating stroke severity and comprises a 42-point scale for 15 individually appraised
components, which has become the “gold standard scale” in clinical trials (Brott et al.,
1989; Goldstein et al., 1989). Baseline NIHSS scores are indicators of the clinical
outcomes for patients with acute stroke (Goldstein et al., 1989). Patients with minor
strokes usually have a score of less than 5 and patients with moderate or severe strokes

greater than 5 as shown in Table 2.1.
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Table 2.1 The NIHSS scoring range.

NIHSS score range Deficits
0 No stroke or no deficits
1-4 Minor stroke
5-15 Moderate stroke
15-20 Moderate to severe stroke
21-42 Severe stroke

Note. (Adopted from Hage, 2011)

2.1.5.3 Modified Rankin Score

The Modified Rankin Score (mRS) is a 6-point scale to assess the outcomes of
stroke patients (Rankin, 1957; Sulter et al., 1999). It is also a frequently used endpoint
in randomized clinical trials and a clinician-reported measure of global impairment
and consists of a six-point scoring system (Banks and Marotta, 2007). The scoring

system of mRS is given in Table 2.2

Table 2.2 The modified Rankin scale scoring system.

mRS score Deficits
0 The patient has no residual symptoms
1 The patient has no significant disability; able to carry out all pre-

stroke activities.
2 The patient has a slight disability; unable to carry out all pre-stroke

activities but can look after themself without daily help.
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Table 2.2 The modified Rankin scale scoring system (contd.)

mRS score Deficits

3 The patient has a moderate disability; requiring some external help
but can walk without the assistance of another individual.

4 The patient has a moderately severe disability; unable to walk or
attend to bodily functions without the assistance of another
individual.

5 The patient has a severe disability; is bedridden, incontinent, and
requires continuous care.

6 The patient has expired (during the hospital stay or after discharge

from the hospital).

Note. (Adopted from Banks and Marotta, 2007).

2.1.6 Treatment and outcome

The treatment strategies for AlS have transformed in recent decades with the
introduction of effective recanalization therapies such as intravenous recombinant
tissue plasminogen activator (IV rtPA) and EVT or mechanical clot retrieval therapy
(Xiong et al., 2022). Apart from these, three other interventions which may greatly
improve the clinical outcome in patients with AIS are, (i) Aspirin given within the first
48 hours from onset (ii) the decompressive craniectomy procedure for the treatment of
elevated intracranial pressure and (iii) a dedicated stroke unit that manages AIS

patients (Dagonnier et al., 2021).
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2.1.6.1 Thrombolytic therapy

Reperfusion is pharmacologically administered using rt-PA also known as
chemical reperfusion (Bivard et al., 2013). It involves the use of a genetically modified
tissue plasminogen activator (tPA) administered within the first 4.5 hours of the onset
of stroke symptoms (Hacke et al., 2008). Early recanalization remains the keystone of
the treatment of AIS as an improved clinical outcome is associated with accelerated
reperfusion (Wardlaw et al., 2014). This treatment showed a better functional outcome
at 3 months from onset even among older patients above 70 years and was the first

FDA-approved treatment for AIS (Sandercock et al., 2008).

Various thrombolytic drugs have been developed in recent years to improve
reperfusion in acute stroke, some of which have shown greater efficacy in clot
dissolution (Bivard et al., 2013). In a meta-analysis of nine trials that investigated the
efficacy of alteplase, 31% of the patients achieved good outcomes when alteplase was
administered within 4.5 hours of onset with substantial improvement in disability
scores (Emberson et al., 2014). Recently, Tenecteplase, a genetically modified version
of alteplase, has gained popularity for its benefits over alteplase in terms of clot

specificity and extended half-life (Campbell et al., 2018).

Despite the efficacy of reperfusion therapies in improving functional outcomes
in AIS, a major complication arises in the form of intracranial hemorrhages leading to
increased morbidity and mortality (Thomalla et al., 2006). Patients with minor strokes
do not benefit from alteplase but have an increased risk of ICH after intervention
(Powers 2018). Another major factor that may limit its applicability in AIS is the

resistance of the thrombus to the t-PA (Bambauer et al. 2006). Other limitations
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include low recanalization rates for large vessel occlusion and the requirement for
continuous infusion. Moreover, due to the narrow time window required for the
efficacy of tPA, only 10% of patients admitted with AIS may be found eligible for
receiving the thrombolytic intervention. Reperfusion therapies will remain the
mainstay for AIS and so in the coming years, the main goal would be to improve
reperfusion rates and functional outcomes while at the same time reducing the risk of

hemorrhage.

2.1.6.2 Endovascular therapy

An endovascular intervention involves the removal of a thrombus under image
guidance. Originally established at 6 hours, it has recently been increased to 24 hours
from the known onset of symptoms following the criteria of the ischemic penumbra
having increased oxygen extraction fraction, a cerebral blood flow of approximately
18-20 ml/100 g/min, and a diffusion (DWI) and perfusion-weighted imaging (PWI)
mismatch (Albers, 2018; Camara et al., 2021). Patients brought in after the tPA time
window period may be eligible for EVT, which is one of this intervention's main

benefits for patients with large vessel occlusion.

According to the HERMES meta-analysis of major trials, early treatment with
EVT combined with medical therapy as opposed to medical therapy alone was related
to reduced degrees of impairment at 3 months in patients with large vessel occlusions
(Goyal et al., 2016). However, a major limitation is that it requires expertise and
infrastructure that are not evenly distributed across centers. Furthermore, like
thrombolysis, there is a risk of bleeding during the insertion of catheters and

guidewires into arteries (Spronk et al., 2021).
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2.1.6.3 Medical intervention

Secondary stroke prevention accounts for at least an 80% reduction in the risk
of recurrent strokes when initiated in the acute phase (Phipps and Cronin, 2020).
Patients who do not qualify for either 1V rtPA or EVT are administered dual
antiplatelet therapy including Aspirin and Clopidogrel within 24 hours of onset and
may be continued on the medication for 21 days to lower their risk of recurrence
(Phipps and Cronin, 2020). Lipid-lowering drugs known as statins are 3-hydroxy-3-
methylglutaryl (HMG)-coenzyme A (CoA) reductase inhibitors effective in the
primary, and secondary prevention of ischemic stroke even with minimal elevation
of blood lipid values when the treatment is initiated (Heart Protection Study

Collaborative Group, 2002).

2.2 Hemorrhagic transformation

The early clinical course and functional outcome of a patient are significantly
impacted by post-stroke complications such as hemorrhagic transformation (HT),
which is reported in 10% to 40% of AIS patients and increases morbidity and mortality
(Spronk et al., 2021). HT ensues after an ischemic event and usually develops in the
grey matter of the cerebral cortex characteristically resulting from the loss of vascular
integrity with clinical manifestations as in the case of a symptomatic HT (Jickling et
al., 2014). It is challenging to identify HT in infarcted tissues without neuroimaging,
such as CT or MRI, as HT can also develop asymptomatically after AIS, which is not
as innocuous as previously believed (Dzialowski et al., 2007). Although HT typically
is exacerbated with thrombolytic reperfusion (Hacke et al., 2004), anticoagulant

medication (Paciaroni et al., 2018), or EVT (Goyal et al., 2016), it can also occur
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spontaneously as part of the natural history of ischemic stroke (Khatri et al., 2007).
The duration of occlusion, reperfusion, and vascular risk factors are correlated with an

elevated risk of HT caused by thrombolysis (Spronk et al., 2021).

There is much uncertainty regarding the incidence, risk factors, and effect of
HT on the outcome of ischemic stroke patients (Paciaroni et al., 2008). Based on the
studies conducted so far, it is known that the post-ischemic blood-brain barrier
becomes abnormally friable due to the ischemic-reperfusion injury in the infarct region
resulting in the extravasation of blood components from the capillary endothelium

(Abdullahi et al., 2018; Bernardo-Castro et al., 2020; Kalogeris et al., 2016).

2.2.1 Classification systems

HT is classified depending on the radiographic appearance of the hemorrhage
and the existence of concomitant neurological impairment clinical and imaging
characteristics (Yaghi et al., 2017). The major clinical trials based on reperfusion
therapies classified HT into subtypes based on radiological and clinical criteria, both

of which, are widely adopted in clinical studies for assessing HT.

2.2.1.1 Radiological assessment

The European Cooperative Acute Stroke Study (ECASS) is the most widely
accepted classification of HT based on radiological standards (Hacke et al., 1998;
Hacke et al., 2008). Petechial hemorrhages are classified as hemorrhagic infarction
(HI-1 and HI-2) if they appeared as heterogeneous hyperdensity occupying the
ischemic infarct zone and parenchymal hematoma (PH-1 and PH-2), which is

characterized by a more homogeneous, dense hematoma with mass effect (Hacke et
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al., 1998; Fiorelli et al., 1999). HI-1 denotes small hyperdense petechiae along the
margins of the infarcts and HI-2 denoted confluent petechiae throughout the infarct
regions without any mass effect (Thomalla et al., 2006). Whereas, in PH-1, blood clots
are present within 30% of the infarcted area with a certain amount of mass effect; and
PH2 denotes more than 30% of blood clots in the infarcted area with a substantial
amount of mass effect (Thomalla et al., 2006). The incidence of HI is higher (~9%)
than that of PH (~3%) (Pascual-Figal et al., 2016; Zhang et al., 2014). Fig. 2.7 shows

the four subtypes of HT as reported by CT imaging.

Fig. 2.7 The four grades of hemorrhagic transformation are classified according to

the ECASS criteria. (Source: Kim et al., 2014)

Though HI-1 and HI-2 are mostly asymptomatic, PH-1 and PH-2 usually
appear to be symptomatic and are associated with adverse outcomes at 3 months, early
neurological deterioration, and mortality after ischemic stroke. Whereas HI-1 and HI-
2 were not usually associated with the poor outcome although conflicting reports exist
(Honig et al., 2022; van Kranendonk et al., 2019). Moreover, HI-2 and PH-1 have been
reported to occur in patients who underwent thrombolytic treatment (Berger et al.,

2001). A meta-analysis conducted on twenty-seven trials noted an increased rate
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(6.1%) of parenchymal hemorrhage type-2 (PH-2) in the alteplase group as compared

to 1.3% in the placebo arm (Wardlaw et al., 2014).

2.2.1.2 Clinical classification

HT has been clinically classified as symptomatic and asymptomatic in seminal
clinical trials (NINDS rt-PA Stroke Study Group, 1995; MAST Group, 1996). The
NINDS study defined symptomatic HT as “any CT-documented hemorrhage that was
temporally related to deterioration in the patient’s condition in the judgment of the
clinical investigator” (NINDS rt-PA Stroke Study Group, 1995). An asymptomatic
HT, on the other hand, is characterized by no visible clinical changes observed as a
result of the necrotic staining only to be detected at the time of CT imaging (Alvarez-
Sabin et al., 2013). A higher incidence of asymptomatic HT in the treatment arm was

reported in major IV rtPA clinical trials as given in Table 2.3.

Table 2.3 Rate of HT in major IV tPA clinical trials.

Clinical Sample Duration of aHT rate SHT rate PH-2rate Time to
trial size radiographic %(N) %(N) %(N) treatment
follow-up (median);
in hours
NINDS 312 7-10days 4.5 6.4 N/A 1.5
(14/312) (20/312)
ECASS-II 409 7days 39.6 8.8 8.1 N/A
(161/407) (36/407) (33/407)
ATLANTIS 272 18-30h 11.4 7.0 N/A 4.36
(31/272) (19/272)
SITS- 6483 22-36h 9.6 7.3 2.9 2.3
MOST (617/6438) (468/6483) (184/6352)
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Table 2.3 Rate of HT in major 1V tPA clinical trials (contd.)

Clinical Sample Duration of aHT SHT PH-2 Time to
trial size radiographic rate rate rate treatment
follow-up %(N) %(N) %(N) (median); in
hours
ECASS-III 418 36h 27 2.4 1.9(8/418) 3.98

(113/418)  (10/418)
IST-1II 1515 7 days N/A 6.9 N/A 4.2
(104/1515)

Note. NINDS, National Institute of Neurological Disorders and Stroke; ECASS, European
Cooperative Acute Stroke Study; ATLANTIS, Anti-Thrombotic Strategy After Trans-Aortic
Valve Implantation for Aortic Stenosis; SITS-MOST, Safe Implementation of Thrombolysis
in Stroke-Monitoring Study; IST, International Stroke Trial; aHT, asymptomatic HT; sHT,
symptomatic HT (Reprinted from Sussman and Connolly Jr., 2013).

2.2.1.3 Heidelberg bleeding classification

The Heidelberg bleeding classification was proposed recently during the XIlI
Thrombolysis Symposium on Thrombolysis, Thrombectomy, and Ischemic stroke
treatment (Yaghi et al., 2017). The ECASS classification has some limitations, such
as the absence of a precise definition for subarachnoid, subdural, or intraventricular
hemorrhages, as well as the inability to distinguish between parenchymal hematomas
located near or far from the site of infarction (Yaghi et al., 2017). This classification
altered the pre-existing subgroups in order to harmonize clinical practice and RCT
approaches. For instance, by placing symptomatic and asymptomatic HTs, localization
of the infarct and the intraparenchymal, subdural, and subarachnoid ICH topographies
were under one roof (Kummer et al., 2015). Whereas the PH2 subtype is categorized
as a separate entity due to its effects on the functional outcome and mortality (Kummer
et al., 2015). A summary of the classification systems used for HT is given in Table

2.4.
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Table 2.4. Classification systems of hemorrhagic transformation.

HT Classification Type Criteria
System
ECASS Hemorrhagic Small petechial hemorrhagic infarction
Infarction 1 (HI1)
Hemorrhagic Confluent petechial hemorrhagic infarction
Infarction 2 (HI2)
Parenchymal Small parenchymal hemorrhage (<30% of
Hematoma 1 (PH1) infarct, mild mass effect)
Parenchymal Large parenchymal hemorrhage (>30% of
Hematoma 2 (PH2) infarct, marked mass effect)
NINDS Symptomatic ICH Increase in the NIHSS by >4 points within the
(sICH) first 36 h of stroke onset
Asymptomatic ICH  Increase in the NIHSS by <4 points within the
(alCH) first 36 h of stroke onset
Heidelberg laHI1 Scattered small petechiae, no mass effect
Bleeding
Classification
1bHI2 Confluent petechiae, no mass effect
1cPH1 Hematoma within infarcted tissue, occupying
<30%, no substantive mass effect
2PH2 Hematoma occupies 30% or more of the
infarcted tissue, with obvious mass effect
3 Intracerebral hemorrhage outside the
infarcted brain tissue or intracranial-
extracerebral hemorrhage
3a Parenchymal hematoma remote from
infarcted brain tissue
3b Intraventricular hemorrhage
3c Subarachnoid hemorrhage

Note. (Reprinted from Spronk et al., 2021)
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2.2.2 Risk factors

Recent research has shown various clinical, imaging, and biochemical factors
linked to the inflammatory mechanism and activation of the immune system, such as
advanced age, the severity of stroke, hypertension, higher NIHSS scores, atrial
fibrillation, admission level hyperglycemia, and cardioembolic etiology, to increase

the risk of HT (Yang et al., 2016; Alvarez-Sabin et al., 2013; Thomas et al., 2021).

2.2.2.1 Clinical markers

Demographic factors such as age, gender, and race have been indicated as risk
factors for HT but with many discrepancies among studies (Thomas et al., 2021).
Advanced age was found to specifically predict PH-2 in many studies. A meta-analysis
consisting of 55 studies showed age as a determinant among older patients who had
undergone IV r-tPA (Whiteley et al., 2012b). However, the NINDS rt-PA trial there
reported no correlation between age and the occurrence of SICH (NINDS rt-PA Stroke
Study Group, 1995). This is contrary to the findings in the IST-3 trial that reported
elderly patients have a better outcome and fewer occurrences of HT post IV rt-PA as
compared to the younger group (Sandercock et al., 2008). Most studies have shown
that HT occurs in both men and women in equal proportion although some studies
have reported men to be at a greater risk than women (Wen et al., 2020). A recent
meta-analysis of 65 studies observed increased rates of the PH subtype of HT in East-
Asian patients who had undergone 1V r-tPA in comparison to non-East Asian patients

(Honig et al., 2022).

Hyperglycemia has a major association with severe forms of HT and was found

to predict an unfavorable outcome 3 months from stroke onset (Paciaroni et al., 2009).
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The mechanism of hyperglycemia is said to involve hypoxia and necrosis of the arterial
wall predisposing to the incidence of HT and as evidenced in animal models,
exacerbates thrombo-inflammation of the microvasculature leading to increased
blood-brain barrier permeability and infarct volume (Zhang et al., 2014; Desilles et al.,

2017)

Stroke severity was an independent predictor of HT in several studies
(Whiteley et al., 2012b; Thomas et al., 2021). Paciaroni et al. reported that patients
with a higher NIHSS score at presentation were at a greater risk of having HT
(Paciaroni et al., 2008). The risk of HT was remarkably higher in patients with large
vessel occlusions; the larger the size of the infarction the greater incidence of HT often
accompanied by cerebral edema leading to vascular compression (Spronk et al., 2021,
Zhang et al., 2014). Castellanos et al. found that large infarct volume predicted early

HT in AIS (Castellanos et al., 2003).

The risk of sICH is increased by other variables, such as renal impairment,
which is indicated by a rise in creatinine levels (>1.0 mg/dL) or estimated glomerular
filtration rate after thrombolysis (Marsh et al., 2013). Over 60% of AIS patients have
hypertension, and HT may develop as a result of the dysfunction of the cerebral

vasculature and endothelium (Spronk et al., 2021).

Hacke et al. reported that in a pooled study of six randomized trials, stroke
patients receiving rt-PA treatment had a 5.9% incidence of symptomatic HT compared
to a 1% risk in the control groups (Hacke et al., 2004). Tissue plasminogen is
responsible for the coactivation of matrix metalloproteinase (MMP) enzyme that is

involved in the breakdown of the blood-brain barrier. Kablau and colleagues found
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tPA treatment to be the main predictor of HT in their cohort (Kablau et al., 2011).
Higher rates of occurrence of severe subtypes of HT namely, PH-1 and PH-2 were
reported in thrombolysed patients (Honig et al., 2022). The frequency of PH as
reported from the pooled analysis of ATLANTIS, ECASS, and NINDS rt-PA stroke
trials given in Table 2.5 indicated that earlier thrombolysis dramatically reduced the

rates of PH in patients.

Table 2.5 Frequency of parenchymal hematoma within 6 hours after

thrombolytic intervention.

Placebo rt-PA
Onset to N Patients with N Patients with
treatment parenchymal hematoma parenchymal hematoma

(minutes) (90%, 95% Cl) (90%, 95% Cl)
0-90 150 0(o,--) 161 5(3.1, 1.6-5.6)
91-180 315 3(1.0,0.4-2.0) 302 17 (5.6, 3.9-7.9)
181-270 411 7(1.7,1.0-2.9) 390 23 (5.9, 4.3-8.0)
271-360 508 5(1.0,0.5-1.8) 538 37 (6.9, 5.3-8.7)

Note. CI, confidence interval; N, sample size; rt-PA, recombinant tissue plasminogen
activator. This data is taken from the review, “Association of outcome with early stroke
treatment: a pooled analysis of ATLANTIS, ECASS, and NINDS rt-PA stroke trials”
(Reprinted from Hacke et al., 2004).

A history of oral anticoagulant medication prior to having a stroke and EVT
has also been linked to HT (Zhang et al., 2014). Atrial fibrillation, which is the major
risk factor for cardioembolic strokes, was identified as an independent predictor of
spontaneous HT (Tan et al., 2014). Atrial Fibrillation was associated with the
occurrence of PH-2 in the ECASS trial (Kablau et al., 2011). Cardioembolic etiology

is said to develop higher rates of HT, especially in post-thrombolytic patients. On the
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other hand, the Lacunar etiology was least associated with HT (Honig et al., 2022).
Patients with a history of congestive heart failure were at a greater risk of developing
HT after stroke (Paciaroni et al., 2018). Cardioembolic etiology was found to have a
significant propensity towards HT in especially non-thrombolysed patients with
cardioembolic strokes who were found to have a greater risk of developing

spontaneous HT (Alexandrov et al., 1997).

2.2.2.2 Radiological markers

Leukoaraiosis or cerebral white matter lesions (WMLs) are associated with
sICH as intracerebral hemorrhage is one of the manifestations of small vessel stroke,
and WMLs are a surrogate sign for this condition (Bivard et al., 2016; Curtze et al.,
2015). WML in the chronic state is thought to result from incomplete infarction due to
hypoxic hypoperfusion, as the deep white matter is a watershed area, making it
susceptible to fluctuations in tissue oxygen levels (Yang and Rosenberg, 2015).
Additionally, it is thought that cerebral white matter abnormalities are a relative

contraindication to thrombolysis (Curtze et al., 2015).

MMPs produced in blood vessels may play a role in the secondary damage to
the white matter, disrupting the blood-brain barrier and causing vasogenic edema
(Yang and Rosenberg, 2015). Individuals detected with PH displayed WMLs with
Fazekas grade 3 (D'Anna et al., 2021). Brain parenchyma damage from cerebral
microbleeds (CMBs), a kind of subclinical bleeding, is caused by cerebral

microvascular dysfunction (Wang et al., 2021).
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2.2.2.3 Biochemical markers

Biochemical markers include high plasma glucose, thrombocytopenia, low
levels of plasminogen activator inhibitor (PAI-1), and low-density lipoprotein
cholesterol (Thanvi et al., 2008). A risk factor for HT after thrombolysis for ischemic
stroke is thrombocytopenia, therefore, thrombolysis treatment is contraindicated for
platelet counts below 100,000/mL (Fugate and Rabinstein, 2015). Lower baseline
platelet counts have been identified as independent risk factors for early HT (Zhang et
al., 2014). The baseline procoagulant or fibrinolytic states in individuals who are not
on any anticoagulants may have an impact on the risk of HI with thrombolysis (Zhang
et al., 2014). In one study but not in another, low levels of PAI-I are discovered to be
a risk factor for HT (Wang et al., 2015). Low levels of low-density lipoprotein (LDL)

were also associated with higher rates of early HT (Kim et al., 2009).

2.2.3 Pathophysiological mechanisms

The pathophysiology of HT is still a matter of discussion due to its complex
and multifactorial process (Jickling et al., 2014). HT primarily occurs within the
ischemic zone either in the deep grey nuclei or the cerebral cortex due to the presence
of dense capillary networks in these regions (Alvarez-Sabin et al., 2013). Nevertheless,
it has been proposed that two of the major conditions leading to HT are either preserved
collateral perfusion of adjacent vessels or the reperfusion of infarcted tissues which
have vessels with increased blood-brain barrier permeability resulting from
extravasation of blood components in the ischemic zone (Spronk et al., 2021). In the
development of HT, the ischemic cascade which involves metabolic derangements

disrupts the blood-brain barrier which is exacerbated by reperfusion of the ischemic
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zone as the presence of oxygen in blood leads to the increase in ROS further

compromising the vessel permeability (Sussman and Connolly Jr., 2013).

Several perspectives can be used to understand HT-related mechanisms as

shown in the schema of the pathogenesis of HT in Fig. 2.8.

Ischemic vasculopathy l ’ Ischemia-reperfusion injury ‘ Coagulopathy

Loss of microvascular integrity

Extravasation of blood leading to
hemorrhagic transformation

Parenchymal injury caused by
mechanical compression,
ischemia, and toxicity of blood
components

Fig. 2.8 The possible mechanisms leading to hemorrhagic transformation. Adapted
from the original figure from Thanvi BR et al. Haemorrhagic transformation in acute
ischaemic stroke following thrombolysis therapy: classification, pathogenesis and

risk factors. Postgrad Med J. 2008 Jul 1;84(993):361-7.

An abnormal permeability of the blood-brain barrier is caused by the
dysfunctional endothelium of the capillaries. This may be led by the fragmentation and
distal migration of the embolus that cause reperfusion of the ischemia-reperfusion near

the ischemic zone. Or it may result in HT occurring at the distal portion of an ischemic
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arterial territory by reperfusion via the Leptomeningeal collaterals (Alvarez-Sabin et
al., 2013). Whereas studies have also reported HT to be increased from the activation
of the collateral circulation into the ischemic territory due to the presence of

hypertension (Honig et al., 2022).

Most importantly, the pre-existence of risk factors may also influence the
expression of the molecular factors leading to HT (Spronk et al., 2021). Asymptomatic
HT occurs within the ischemic zone which is already necrotic, and no visible clinical
changes may be observed in the region (Hong et al., 2021). Hence, it requires a high-
precision microenvironment essential for the seamless electrical conduction of neurons
within the CNS to the spinal cord and its peripheries (Abbott et al., 2010; Reinhold

and Rittner, 2017).

2.2.3.1 Blood-Brain Barrier

The impermeability of the blood vessels in the brain is attributed to the unique
properties of the brain microvascular endothelial cells, the pericytes, and the astrocyte
end-feet that envelope the vessels forming the blood-brain barrier (Haorah et al., 2007,
Liddelow, 2011; Liebner et al., 2018; Obermeier et al., 2013). It represents a physical
as well as a metabolic barrier, at the capillary level, between the CNS and the
endothelium from the peripheral blood circulation protecting the brain from pathogens
and macromolecules such as albumin, plasminogen, and pro-thrombin present in the
plasma that are damaging to neuronal signaling (Alberts, 2012; Lochhead et al., 2010).
It is present at the interface of the cerebral circulation and neuronal tissue by forming
a specialized structure around the blood vessels, synapses, and axons critical for the

regulation of cerebral blood flow and reliable transmission (Abbott et al., 2010). Other
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functions of the blood-brain barrier include the regulated transport of molecules in and
out of the CNS, restricted paracellular, and an extremely low rate of transcytotic

vesicle diffusion (Wolburg and Lippoldt, 2002).

The structure of the blood-brain barrier is unique that it is composed of specific
junctional proteins, basement lamina, transporters, and receptor components that are
not only morphologically distinct but functionally different (Sweeney et al., 2018).
This is achieved by regulating the trafficking of ions, molecules, and leukocytes across
the barrier (Obermeier et al., 2013). Moreover, as the CNS and PNS use the same
neurotransmitters, the blood-brain barrier helps keep the central and peripheral
transmitter pools separate by minimizing ‘cross talk’ (Kalogeris et al., 2012). Fig. 2.9

illustrates the cross-section of the blood-brain barrier.

Astrocyte

Endothelial
cell |

‘X Basement
Microglia membrane Peg-socket

junction

Fig. 2.9 The blood-brain barrier. (Source: Obermeier et al., 2013)
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It is crucial in maintaining brain homeostasis and optimizes ionic
concentrations by employing specific ion channels and transporters thereby protecting
the brain from the dynamic milieu of the blood (Obermeier et al., 2013). The vessel's
distinctive lack of fenestrations to limit solute paracellular permeability is due to the
presence of specialized proteins at the junctional complex in the paracellular region of
the endothelial cells, which includes Tight junctions (TJs), Junctional adhesion
molecules (JAMs), and Adherens Junctions (AJs) (ladecola, 2017). These proteins
support the blood-brain barrier's structural integrity by having a strongly associated
with the endothelial cells of the barrier (Haorah et al., 2007). The major components

of the blood-brain barrier are described below.

i. Basal Lamina
The extracellular matrix (ECM) components including proteoglycans,
collagen, laminin, and heparin sulfate are found in the specialized, acellular layer
known as basal lamina or basement membrane (Bernardo-Castro et al., 2020). By
serving as a framework, anchoring the cellular components, and preserving the cellular
cross-talk among them, the basal lamina stabilizes the blood-brain barrier (Bernardo-

Castro et al., 2020).

ii.  Pericytes

Pericytes, which are found in the basal lamina, are crucial for preserving the
integrity of the blood-brain barrier (Bernardo-Castro et al., 2020). By creating a peg-
and-socket interface with endothelial cells, they stop leukocyte infiltration into the
CNS (Bernardo-Castro et al., 2020). Additionally, they produce certain ECM proteins

and use contractile proteins to control capillary width. After the blood-brain barrier
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has leaked, they are also known to have phagocytic capabilities comparable to
macrophages and to be able to degrade cell debris and erythrocytes (Bernardo-Castro

et al., 2020).

iii.  Astrocytes

The end-feet of astrocytes completely cover the cerebral capillaries which are
already sheathed by the pericytes and functioning as the major glial cells of the blood-
brain barrier forming a bridge between the neural system and the cerebral vasculature
(Abbott et al., 2006). Astrocytic end-feet show a high expression of aquaporin 1V, a
protein channel that is critical in maintaining water homeostasis in the CNS (Hawkins
and Davis, 2005). Similar to pericytes, the astrocytes' end feet respond to local neurons
by regulating the contractility of the cerebral capillaries thereby modulating the CBF
(Abbott et al., 2006). Other major functions of astrocytes include the provision of
energy substrate, reuptake of neurotransmitters, and synaptic plasticity (Bernardo-

Castro et al., 2020).

iv.  Microglia

These cells are resident macrophages of the CNS and can detect the primary
signs of tissue damage and mediate inflammatory responses and come in contact with
the cerebral microvessels (Bernardo-Castro et al., 2020). Microglia are an important
source of MMPs, particularly MMP-9, and its activation during HT is directly linked
to elevation in the circulating levels of MMP-9 leading to the substantial loss of the

ECM components (del Zoppo et al., 2012; Liu et al., 2021).
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v.  Tight Junctions

The principal tight junction components are involved in cell adhesion thereby
providing integrity to the blood-brain barrier comprising the transmembrane adhesion
proteins, cytoplasmic scaffolding proteins, and actin cytoskeleton that restrict the
passage of polar solutes between the apical and basolateral surfaces of the endothelial
cells (Pandit et al., 2020). These include Claudin-5, Occludin, and Zonula occludens-
1 (ZO-1) which are associated with the blood-brain barrier. and ZO-1 belongs to the
class of membrane-associated guanylate kinase localized within the cytoplasm and is

associated with the polymerization of Claudins (Wolburg and Lippoldt, 2002).

a) Claudin-5: These tight junction proteins are integral membrane proteins which
are a group of proteins that work as primary sealants and are found primarily
in the endothelium and are crucial for the maintenance of the blood-brain
barrier by forming strong barrier sealing (Weiss et al., 2009). Knockout mice
that lacked genes encoding Claudin-5 showed barrier permeation (Nitta et al.,
2003). Recently, it was found that Claudin-5 has a promoter function in the
activation of pro- metalloproteinase-2 by membrane-type MMP (Miyamori et
al., 2001). This may be indicated in angiogenesis and disease pathology
affecting permeability (Liebner et al., 2018).

b) Occludin: Occludin is also specific for the endothelium that comprises the
Brain-nerve barrier (BNB) and regulates and provides a platform for signaling
processes Occludin is another tight junction protein with 60-65 kDa with its
carboxyl-terminal domain capable of binding with Zonula Occludens-2
(Obermeier et al.,, 2013). It was the first tight junction molecule to be

discovered which is localized in the endothelial tight junctions and functions
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in regulating tight junctions (Abbott et al., 2006). Tight junction permeability
is determined by the phosphorylation of Occludin domains in a G-protein-
dependent or -independent manner (Weiss et al., 2009). Occludin-deficient
mice did not show any changes but showed the presence of inflammation and
hyperplasia which shows that Occludin plays an important role in the
regulation of paracellular permeability rather than contributing to barrier
properties (Wolburg and Lippoldt, 2002).

c) Zonula Occludens: Scaffolding proteins link Claudins with the actin
cytoskeleton employing intracellular proteins called Zonula occludens (ZO)
which promote stability to the junctional complex (Bernardo-Castro et al.,
2020). Fig. 2.10 depicts the components of junctional proteins in the

paracellular region of the blood-brain barrier.

Blood
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Fig. 2.10 The junctional components promoting paracellular restriction in the blood-
brain barrier. Adapted from the original figure from Lv J et al. Focusing on Claudin-
5: A promising candidate in the regulation of BBB to treat ischemic stroke. Prog.

Neurobiol. 2018 Feb 1; 161:79-96.
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d) Junction Adhesion Molecules: The junctional adhesion molecules (JAMs)
are members of the immunoglobulin subfamily that are present within tight
junctions and are involved in tubule formation, leukocyte adhesion, and its
transmigration (Bernardo-Castro et al., 2020).

e) Adherens Junctions: Adherens junctions promote structural stability to the
endothelial cells and tissues and are composed of transmembrane proteins
called Cadherins that help in cell adhesion and cytoplasmic proteins called
Catenins that are associated with cadherins (Wolburg and Lippoldt, 2002).

f) Gap Junctions: Gap junctions are necessary for intercellular communication
and consist of paracellular proteins called connexins which form a channel to

maintain crosstalk between cells (Bernardo-Castro et al., 2020).

This close association between neuronal and vascular components and their

functioning is often termed the neurovascular unit (NVU) as shown in Fig. 2.11.

-

Endothelial coll

Fig. 2.11 An electron microscope image of the cross-section of the neurovascular

unit. (Source: Weiss et al., 2009)
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The endothelium, astrocytes, pericytes, neural system, basal lamina, and the
ECM collectively form a well-structured, modular organization of the blood-brain
barrier which is known as the neurovascular unit (N\VVU) which helps the brain regulate
its blood supply and this functional interdependence is frequently underscored in the

pathophysiology of stroke (Hawkins and Davis, 2005; ladecola, 2017).

2.2.3.2 Ischemia-Reperfusion Injury

The major goal of recanalization is the dissolution of the thrombus leading to
the restoration of blood flow. This will help salvage the penumbral region that has not
yet progressed to irreversible injury (Enzmann et al., 2013). However, the
phenomenon of re-establishing blood supply in hypoperfused areas has a paradoxical
effect and may further exacerbate tissue injury in the ischemic zone known as the

ischemia-reperfusion (IR) injury (Kalogeris et al., 2012).

This multifactorial phenomenon converts the ischemic brain tissue into
hemorrhagic lesions as a result of blood vessel leakage owing to either damage or
remodeling of the blood vessels constituting the blood-brain barrier occurs within the
region of the infarct and very rarely outside its perimeter (Enzmann et al., 2013).
Oxidative stress, leukocyte infiltration, vascular activation, and dysregulated
extracellular proteolysis are the primary mechanisms involved in causing IR injury

(Wang and Lo, 2003).

Neutrophils may act as precursors by exacerbating tissue injury by infiltrating
the blood-brain barrier and releasing proteases leading to oxidative stress in the
penumbral region in turn increasing the barrier permeability (Enzmann et al., 2013).

Free radical formation plays a major role in cerebral ischemia-reperfusion injury
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(Haorah et al., 2007). Although the blood-brain barrier disruption posits one of the
major hallmarks of ischemia, hemorrhage in this region is attributed to the increased
buildup of ROS and RNS species in the infarct zone (Abdullahi et al., 2018). ROS was
shown to induce the activity of MMPs - a family of zinc-dependent endopeptidases
that specialize in degrading ECM components leading to the loss of stability of the
endothelium (Haorah et al., 2007). This is coupled with the phosphorylation of TJ
proteins as part of redox-associated signal transduction and the structural alteration of
Occludin which is one of the key components of TJ proteins (Haorah et al., 2007,

Lochhead et al., 2010).

MMP-2 and MMP-9, two of the several metalloproteinases in the superfamily,
are crucial regulators of blood-brain barrier permeability (Kurzepa et al., 2014; Sarvari
et al., 2020). MMP-2 activity is considered the key event in oxidative stress-related
injury (Planas et al., 2001). Although both enzymes have diverse substrates, MMP-9
is involved in the proteolytic opening of the blood-brain barrier and the post-ischemic
increase in capillaries permeability (Lakhan et al., 2013). The activation of MMP-9
after ischemia was confirmed by animal studies (Planas et al., 2001; Justicia et al.,

2003).

MMP-9 is usually present in the inactive, zymogenic form to prevent unwanted
proteolysis which is activated during ischemia/reperfusion (Kurzepa et al., 2014).
MMP activities are usually inhibited by general protease inhibitors such as oe-
macroglobulin and a family of natural MMP inhibitors, tissue inhibitors of

metalloproteinases, or TIMPs (Yang and Rosenberg, 2015).
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2.2.3.3 Pleiotropic effects of tissue plasminogen activator

In AIS, thrombolytic treatment with alteplase makes for 14-25% of HT and
can also be triggered by other than fibrinolytic causes (Spronk et al., 2021). This
includes activation of the immune system by activating neutrophils and PDGF-alpha
both of which increase MMP-9 expression. MMP-9 in turn acts on protease-activated
receptor 1 (PAR-1) which leads to blood-brain barrier disruption (Spronk et al., 2021).
Emerging data suggests that tPA not only functions as a thrombolytic agent but is
directly involved in endothelial damage by modulating the immune system and
dysregulated extracellular proteolysis leading to HT (Shi et al., 2021). MMP-9 has
been produced by microglia in the brain and neutrophils in the blood can both be
activated by tPA (Jickling et al., 2014). Degranulation of neutrophils is induced by
exogenous tPA which in turn increases MMP-9 and MMP-2 levels while endogenous
tPA can operate on endothelial cells to enhance MMP-2 release from astrocytes
(Lakhan et al., 2013). MMP-9 is also released from microglia or brain-derived MMP-
9, whereby the brain tissue is a primary source of MMP-9 within the first 18-24 hours
post-stroke in probable pathways for delayed HT (Ma et al., 2021; Jickling et al., 2014;
Hong et al., 2021). In tPA knockout mice, there was a significant decrease in the
expression of MMP-9 further proving that MMP-9 is upregulated by t-PA in the brain

(Wang and Lo, 2003).

Exogenous t-PA can also act on neutrophils to increase the secretion of MMP-
9 which may explain why clinical trials have shown a higher frequency of HT in
patients who have undergone thrombolytic treatment (Jickling et al., 2014). Fig. 2.12
shows the ischemia-reperfusion and tPA leading to the activation of MMPs and

subsequently leading to the barrier disruption.
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Fig. 2.12 The roles of exogenous tPA and ischemia-reperfusion injury in the blood-
brain barrier disruption by activating MMPs. Adapted from the original figure from
Lakhan SE et al. MMPs and blood-brain barrier disruption in acute ischemic stroke.

Front. Neurol. 2013 Apr 3; 4:32.

Following thrombolysis with rt-PA for acute ischemic stroke, it has been
demonstrated that an early rise in fibrin degradation products (FDP) increases the
likelihood of developing PH indicating its relationship with tPA (Trouillas et al.,

2004).

2.2.3.4 Neuroinflammation

Inflammation is established as a contributor to cerebral infarctions (Ma et al.,
2021). Blood-brain barrier disruption and inflammation share a common ground as
inflammatory cells when activated lead to the production of ROS and RNS which

exacerbate the barrier disruption (Spronk et al., 2021). During reperfusion, more cells
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express ROS thereby exacerbating the barrier disruption, especially after thrombolysis.
Certain inflammatory components such as nuclear factor-kappa B (NF-xB), MMP-9,
Vascular adhesion protein 1 (VAP-1), Neutrophil-lymphocyte ratio (NLR), soluble
intercellular adhesion molecule-1 (sSICAM-1), high mobility group box 1 (HMGB1),
and Toll-like receptor 4 (TLR4) are known to directly cause HT (Shi et al., 2019).
Dying cells and necrotic tissue trigger infiltration of peripheral inflammatory
mediators by their activation coupled with glial activation in the brain (Campbell et

al., 2019).

Neutrophils release ROS and superoxide free radicals that in turn mediate
intracerebral vascular damage leading to blood-brain barrier disruption (Ma et al.,
2021). The neutrophil-lymphocyte ratio is elevated in patients with HT and with poor
outcomes (Guo et al., 2016). Another inflammatory protein known as high-sensitivity
C-reactive protein (Hs-CRP) was found to be elevated in patients detected with HT,
however, there is heterogeneity in the data owing to the different study populations

(Maet al., 2021).

The interaction of leukocyte-derived MMP-9 with endothelial cell lipoprotein
receptor protein (LRP) to raise MMP-3 levels after being stimulated by exogenous tPA
and brain-derived MMP-2 activated by platelet-derived growth factor-CC was
implicated in the early onset of HT within the first 18 to 24 hours following a stroke
(Lakhan et al., 2013). Conversely, ROS, microglia-derived MMP-3, and MMP-9,
vascular remodeling factors such as VEGF and HMGB1, and neuroinflammatory

mechanisms were primarily involved in delayed HT occurring beyond 24 hours (Hong
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et al., 2021; Jickling et al., 2014). Mechanisms of early and late HT are illustrated in

Fig. 2.13.

NVU

e———=—————2=—

HT after ischemic stroke

Dominant mechanism of
delayed HT in brain

VEGF MMP-9 Neuro -
MMP-2 (Microglia) inflammation
(Astrocyte)
BBB di: <
| Y,
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— Direct activation l

Hemorrhagic infarction or Parenchymal hematoma

Fig. 2.13 The mechanisms that may be involved in early and delayed HT. (Source:
Hong et al., 2021)

2.3 Clinical utility of biomarkers

Biomarker, an acronym for ‘biological marker’, refers to a biological parameter
or an indicator that is accurately quantifiable to determine the nature or the course of
a disease condition (Strimbu and Tavel, 2010). The latest definition was given by the
U.S. Food and Drug Administration and the National Institutes of Health as part of
their joint Biomarkers, EndpointS, and other Tools (BEST) resource as, “a defining
characteristic that is measured as an indicator of normal biological processes,

pathogenic processes, or responses to an exposure or intervention, including
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therapeutic interventions” (Atkinson et al., 2001). Thus, biomarkers are precise
clinical measurement tools and technologies that typically encompass physiological,
molecular, genetic, histologic, and imaging characteristics that can aid in the
prediction, diagnosis, progression, and outcome of disease (Selleck et al., 2017). An
ideal biomarker yields high reproducibility and may have widespread applications in
diagnostics, and drug discovery (Kim et al., 2013). They can also be used in clinical
trials for selecting suitable patients and substituting clinical endpoints as surrogate
endpoints to ensure the safety of treatments and to guide clinical decisions (Atkinson

et al., 2001; Mayeux, 2004).

Proteomics has the potential for the development of biomarkers since the
protein domain is most likely the most widely affected in stroke (Campbell et al.,
2019). Using biological media, such as blood or cerebrospinal fluid, circulating protein
biomarkers are frequently investigated qualitatively and quantitatively using
techniques like Western blotting, enzyme-linked immunosorbent assays (ELISA),
immunohistochemical labeling, 2D gel electrophoresis, mass spectrometry, which
includes the ionization technique matrix aided laser desorption/ionization analysis.

(Jickling and Sharp, 2011).

2.3.1 Development of a biomarker

Six crucial process elements include candidate identification, qualification,
verification, research assay optimization, biomarker validation, and commercialization
of the biomarker (Rifai et al., 2006). The first phase is to identify a potential candidate
marker through biomarker discovery, which frequently comprises a binary, basic

comparison between samples from patients and healthy controls; this stage may
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involve weak credentialing and a high risk of false discovery (Rifai et al., 2006). It is
possible to employ a variety of human biological resources, including blood,
cerebrospinal fluid (CSF), tissue samples, and model systems like cell lines or animal
models (Selleck et al., 2017). During the qualification of the biomarker, it is proven
that the divergent candidate expression seen during discovery is also detectable
utilizing additional, focused techniques and expression of candidate biomarkers in
streamlined comparisons of sick and healthy human plasma samples (Gromova et al.,
2020). Both stages give more importance to the marker's sensitivity or the chance that
a sample with the disease would test positive than its specificity or the likelihood that
an unaffected sample will test negative (Rifai et al., 2006). Sensitivity and specificity
are statistical evaluations used for analyzing the diagnostic accuracy of a biomarker
and its capacity to discriminate across groups (Califf, 2018). Sensitivity is the capacity
to identify a disease in individuals who are suffering from it i.e., a true positive, while
specificity is the capacity to exclude the condition in those who are free of it i.e., a true
negative (Selleck et al., 2017). Verification of the biomarker involves the expansion
of the sample size and the inclusion of cases and controls to test the generalizability of
the results to test for assay optimization and that the immunoassay is refined to meet
the rigorous standards required for clinical tests (Rifai et al., 2006). The validation
process involves confirming the analytical assays by assessing their precision,

robustness, accuracy, and detection limit (Mayeux, 2004).

2.3.2 Role of circulating biomarkers in stroke

The molecular mechanisms of the ischemic cascade, reperfusion injury, and

blood-brain barrier disruption are the primary focus of circulating biomarkers for
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stroke, as the variable expressions of these molecules may serve as significant
indicators in the clinical practice of prediction, diagnosis, and prognosis (Maas and
Furie, 2009; Dagonnier et al., 2021). This may aid in clinical decisions and urgent
treatments may be addressed as deregulated molecules involved in the stroke
pathophysiology can be used as therapeutic agents (Montaner et al., 2020). In recent
years, several biomarkers have been studied extensively and some of them have found
potential applicability in diagnosis, prediction, prognostication, and risk stratification

yet, to date, none of them are in clinical use (Gromova et al., 2020).

Various biomarkers in the form of proteins, nucleic acids, and lipids are among
the markers that have been discovered and have been reported in stroke. Circulating
biomarkers such as the B-type natriuretic peptide (BNP), a vasoactive peptide hormone
of cardiac and cerebral origin with natriuretic, diuretic, and vasodilator activity,
showed that its elevation in blood above the threshold of 76 pg/mL predicts post-stroke
mortality and identified cardioembolic etiology (Montaner et al., 2008). The glial
fibrillary acidic protein (GFAP), an intermediate filament protein present in the
cytoskeleton of astrocytes, had remarkable specificity and sensitivity for a cutoff value
of 2.9 ng/L for the identification of ICH in acute stroke (Foerch et al., 2006) and for
differentiating between ischemic stroke and ICH (Bustamante et al., 2021). The
biomarkers associated with various pathways during ischemia that are currently

relevant to stroke are listed in Fig. 2.14.
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Fig. 2.14 Biomarkers of stroke. (Source: Kernagis and Laskowitz, 2012)

Biomarkers belonging to the inflammatory phase of ischemia such as
interleukin-6 (IL-6) have been implicated in plaque severity (Kamtchum-Tatuene et
al., 2022). High sensitivity C-reactive protein (hs-CRP), and the vascular
inflammatory marker, lipoprotein phospholipase Az (Lp-PLA), which are involved in
the early pro-inflammatory phase during ischemia, have been associated with
prognosis (Elkind et al., 2006), recurrence (Elkind et al., 2009; Krishnamoorthy et al.,

2021), stroke severity and long-term outcome (Elkind et al., 2009), respectively.
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Synaptic NR2 peptide proteolytic degradation caused by NMDA-r autoantibodies
NR2A/NR2B subunit Ab (97% sensitivity and 97% specificity) by thrombin-activated
serine proteases NMDA-R diagnosis of ischemic stroke (Dambinova et al., 2012).
Among the panel of biomarkers evaluated, S100B, MMP-9 and D-dimer were able to
differentiate between stroke subtypes and strokes from stroke mimics (Lynch et al.,
2004; Laskowitz et al., 2009). Increased serum level of D-dimer was also implicated
in fibrin degradation products (FDP) in AlS patients with large artery occlusion within

6 hours of onset independent of the time of recanalization (Skoloudik et al. 2010).

Despite the substantial amount of research, there are presently no
recommendations for the use of biomarkers in treatment planning for stroke patients
(Jickling and Sharp, 2011). The development of a suitable biomarker panel entails
simultaneously assessing many biomarkers, which would increase the diagnostic
precision and time-sensitive diagnostic information for the treatment of stroke
(Montaner et al., 2020). Biomarkers, however, can only be used to predict events in
groups where they are useful, and the diverse results of putative biomarkers across
studies frequently restrict their application in clinical practice (Jickling and Sharp,
2011). Despite these drawbacks, biomarkers are an essential part of personalized
therapy, hence investigating stroke biomarkers should continue to remain a top

priority.

2.3.3 Biomarkers related to hemorrhagic transformation

Proteins associated with causal pathways leading to HT including the blood-
brain barrier disruption, neuro-inflammation, oxidative stress, angiogenesis, and

coagulation pathway, have been studied as potential biomarkers for risk prediction
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(Spronk et al., 2021). One of the most extensively researched biomarkers is MMP-9,
whose elevated blood levels were strongly linked to the PH subtype and HT caused by
thrombolytic therapy (Montaner et al., 2001; Montaner et al., 2003; Castellanos et al.,
2003). When MMP-9, a neutrophil, and microglia-derived protein, is activated during
neuroinflammation and in the presence of tPA, it greatly affects HT and contributes to
the breakdown of the blood-brain barrier (VVafadari et al., 2016; Jickling et al., 2014).
Rosell et al. showed an increased expression of neutrophil-borne MMP-9 within the
area of HT in infarct tissue samples and microvessels of fatal ischemic strokes with

hemorrhagic complications (Rosell et al., 2008).

Baseline serum levels of S100 Calcium-binding protein B (S100B) secreted by
astrocytes, is a classic blood-brain barrier breakdown protein that was found to be an
independent predictor of HT in AIS (Foerch et al., 2007). Kazmierski et al.
investigated tight junction proteins and found increased levels of Occludin and the
Claudin-5/Z0O-1 ratio associated with spontaneous HT (Kazmierski et al., 2012).
Degradation of these tight junction proteins is frequently observed in ischemic stroke
and their presence in the blood can be correlated to the degree of blood-brain barrier

damage.

Proteins involved in the coagulation pathway, endothelial dysfunction, and
inflammatory mechanism have also been found to be positively correlated with HT.
Fibrin degradation product (FDP) and thrombin-activated fibrinolysis inhibitor (TAFI)
are involved in the coagulation pathway and have shown increased levels in the serum
of patients with HT (Ribo et al., 2004). FDPs are components of the blood produced

by clot degeneration and were found elevated in patients who developed PH post-
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thrombolysis (Trouillas et al., 2004). At baseline, increased levels of the protein
Thrombin activatable fibrinolysis inhibitor (TAFI), which is thought to represent the
molecular connection between coagulation and fibrinolysis, were associated with the
development of sICH in AIS post-thrombolysis (Ribo et al., 2004). C-Fibronectin is
indicated in endothelial dysfunction and accumulates in the region of cerebral
hemorrhage and it has been positively correlated with parenchymal hemorrhage after
stroke (Castellanos et al., 2004). Recently, Interleukin-33 and its decoy receptor,
soluble serum stimulation-2 (ST2) have been implicated in HT and as prognostic
markers (Chen et al., 2021). Soluble ST2 is an inflammatory protein that has been
indicated as a marker primarily for cardiovascular diseases and was found to predict
HT, outcome, and mortality after stroke, independent of cardiovascular risk factors

(Wolcott et al., 2017).

Although biomarkers offer many benefits, the disparity in study findings due
to heterogeneity of data, inadequate sampling frame, and variability in the
methodologies across studies have made validation of these markers uncertain in a
clinical setting (Jickling and Manolescu, 2012). For instance, even though many
studies have consistently reported the predictive value of a specific marker, some
studies find no association between the same marker and HT. Variability in sampling
also contributes to this disparity as these molecules exhibit a temporal pattern of
expression during HT . Taking into account the causes of variation in the measurement

of a biomarker, the possibility that the exposure will be misclassified may be reduced.
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3 MATERIALS AND METHODS

The chapter outlines the methodology in two parts. Part one begins with the
methodology used to conduct the systematic review and meta-analysis which included
a description of the inclusion and exclusion criteria, the search strategy employed

followed by the procedure for data extraction, and statistical analysis.

Part two follows the second sub-objective by evaluating the biomarkers for the
risk of HT and the second objective which investigates the role of the biomarkers in
predicting short-term functional outcomes in AIS. A prospective, observational study
was carried out to investigate the association of circulating MMP-9, Claudin-5, soluble
ST2, Occludin, and S100B levels with HT and stroke severity in AlS. The eligibility
criteria of the participants enrolled, intervention, study design, and short-term

functional outcome in AIS are given.

3.1 PART 1: Systematic review and meta-analysis

The study protocol followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement and was filed in the PROSPERO

database with the registration number CRD42020201334.

3.1.1 Inclusion and exclusion criteria

3.1.1.1 Participants
The articles that were selected included patients with a first-ever ischemic

stroke and who were 18 years of age or older.
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3.1.1.2 Intervention
Patients who underwent IV-tPA, intra-arterial thrombolysis (IA-tPA), EVT, or

bridging therapy were included in the review.

3.1.1.3 Study design

Studies that were qualified included observational, cross-sectional, and case-
control studies with full-text publications available in the English language.
Conference proceedings and abstracts were excluded. Studies that did not offer
sufficient information during the screening of the full-text publications, regarding the
diagnostic information of its recruited subjects, the detection of HT, and the evaluation

of biomarkers were excluded.

The blood samples taken at baseline within 24 h of the stroke's occurrence were
used for the biomarker evaluation. Articles were considered if they were either single
or serial assessments of the marker. Research on biomarkers based on gene expression,
microRNA, metabolomics, tissue biopsies, cerebrospinal fluid, or any other bodily

fluid outside blood was not included in this study.

3.1.1.4 Outcome

The following outcome measures were used to evaluate the biomarkers: (i)
baseline biomarker comparison between HT and non-HT patients; (ii) estimation of
biomarker levels among HT subtypes; (iii) association of biomarker levels in HT post-
intervention; and (iv) functional outcome at 90 days after onset using the mRS score.
HT was verified by a brain CT or MRI imaging, and the publications contained

information about the baseline and follow-up CT or MRI results.
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3.1.2 Operational Definitions

Symptomatic HT was defined as any patient with clinical worsening within 48
hours, HI, or PH on follow-up neuroimaging, and a rise of more than 4 points on the
NIHSS score (Hacke et al., 1998). Asymptomatic HT as neuroimaging-documented
bleeding without neurological deterioration with an increase of <4 points in the NIHSS
score (Berger et al., 2001). Symptomatic ICH was defined the as per the NINDS
definition, indicating the presence of clinical deterioration in NIHSS >4 points or death
within 7 days along with any type of intracerebral hemorrhage on post-intervention

imaging (NINDS rt-PA Stroke Study Group, 1995).

3.1.3 Systematic Search Strategy

The search criteria involved screening for eligible studies using the Cochrane
Library (CENTRAL), MEDLINE using PubMed, and Web of Science databases with
keywords and search strings for articles published in English between 01 October 2000
and 30 November 2020. The title and abstract screening of all eligible articles were
conducted to ensure that only studies that were found to be germane were included
after the data extraction. The full-text screening was carried out for the final articles

included in the review.

3.1.4 Risk of Bias in Individual Studies

The Quality Assessment of Diagnostic Accuracy Score-2 (QUADAS-2)
instrument, which has four domains based on patient selection, index test, reference

standard, and flow and time, was used to determine the risk of bias and applicability
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issues (Whiting et al., 2006). The selected studies were evaluated using the

questionnaire available under this tool (Bristol Medical School, 2002).

We assessed the methodology's suitability using the Statement: Guidelines for

Reporting Observational Studies (STROBE) criteria (von Elm et al., 2008).

3.1.5 Statistical Analysis

Statistical analysis was conducted for the meta-analysis of the selected studies.
These descriptive statistics for the research comprised sensitivity, specificity,
diagnostic odds ratio (DOR), false-positive rates, and likelihood ratios of individual
investigations. Chi-square tests were used to determine whether sensitivities and
specificities were equivalent. The DerSimonian-Laird estimator was used in the
univariate analysis for the pooled diagnostic odds ratio estimations. The variance
parameters were estimated using Cochran's Q statistic. Hierarchical Summary
Receiver Operator Characteristic (HSROC) curves were created using a hierarchical
bivariate model, which is a linear mixed model with known variances of the random
effects. Restricted maximum likelihood was used to estimate the variance components
(REML). Deeks’ funnel plots were created to estimate any publication bias. The funnel
plot asymmetry was quantified statistically using weighted regression with a
multiplicative dispersion model utilizing standard error and sample size as variables.
All analyses were carried out using RevMan 5.0.3 and R version 4.0.2 (mada and

metafor packages) software.
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3.2 PART 2: Assessment of Biomarkers in HT and Outcome

3.2.1 Study Design

The study had received ethical approval to be conducted at Sree Chitra Tirunal
Institute of Medical Science and Technology, a tertiary care and academic medical
center in Trivandrum, Kerala, India, and the study protocol was approved by the
institute’s ethics committee on human research. Each patient had provided their written

informed consent before being enrolled in the study.

3.2.2 Eligibility Criteria

Consecutive patients included in the study were: (i) 18 years of age or older,
(ii) first-ever ischemic stroke, (iii) admitted within 24 hours of symptom onset, and
(iv) absence of HT on baseline brain CT or MRI. Patients were excluded if (i) serum
creatinine levels >2 mg/dL at the time of admission, (ii) were on anticoagulants (iii)
stroke or TIA within the past 3 months, (iv) absence of central nervous system
diseases, (V) signs of concomitant infection and systemic inflammation or, (vi) any
malignant diseases. Patients who underwent intravenous thrombolysis, endovascular
treatment, or bridging therapy as well as those who were not thrombolysed were

recruited following admission at the comprehensive stroke unit of our institute.

3.2.3 Data Collection

Patient demographics, vascular risk factors, medical history, and diagnostic
workup were collected through the course of hospital admission. Etiological

classification of stroke subtypes was done using the TOAST classification (Adams et
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al., 1993). The stroke severity at the time of admission and discharge was documented
using the NIHSS score. The details of the patients who underwent reperfusion

therapies were also recorded.

3.2.4 Imaging Modalities

CT or MRI was performed on all patients upon admission and at 24-48 h after
admission. HT was documented using CT or MRI imaging and was defined according
to the ECASS IlI criteria (Hacke et al., 2008). HT detected within 48 h was graded as
either HI or PH based on the follow-up neuroimaging diagnosis. Symptomatic ICH
was defined as the clinical and neurological deterioration of greater or equal to 4 points

on the NIHSS from baseline or leading to death within 24 h.

3.2.5 Sample Collection

Plasma samples of patients admitted to the stroke unit were taken after
overnight fasting for analysis of routing blood tests which included fasting blood

glucose (FBS), and lipid profile estimation.

Plasma samples were evaluated at three time points: (i) at the time of admission
or before revascularization for patients who underwent intervention, (ii) 12 hours, and
(i) 24 hours from stroke onset. Six patients who were admitted 12-14 hours from the
onset had their baseline samples taken at the 12 hours timepoint. EDTA Plasma was
separated by centrifugation at 2,500 rpm for 15 minutes and stored as aliquots at -80°C

until analysis for the biomarkers was conducted.
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3.2.6 Biochemical Estimation of Risk Factors

3.2.6.1 Fasting Blood Glucose (FBS)

The FBS of patients admitted to the stroke unit was measured following the
manufacturer's protocol using the GLU FLEX® reagent cartridge (Siemens, USA) in
the Dimension® Clinical Chemistry auto-analyzer with 70-110 mg/dL as the

standardized reference range.

3.2.6.2 Estimation of Lipid Profile

The lipid profile estimation comprised the total cholesterol, Triglyceride, High-
Density Lipoprotein-Cholesterol (HDL-C), Low-Density Lipoprotein-Cholesterol
(LDL-C), and total cholesterol was estimated in serum by the cholesterol esterase-
cholesterol oxidase-peroxidase method using CHOL FLEX® reagent cartridge
(Siemens, USA) in Dimension® Clinical Chemistry autoanalyzer according to
manufacturer’s protocol. Less than 200 mg/dl of blood is considered the normal range

for total serum cholesterol.

Triglyceride in serum was quantitated by the enzymatic method using TGL
FLEX® reagent cartridge (Siemens, USA) in Dimension® Clinical Chemistry auto
analyzer according to the manufacturer’s protocol. Normal range of serum
Triglycerides: 30-150 mg/dL. HDL-C in serum was determined by the enzymatic
method using the AHDL FLEX® reagent cartridge in Dimension® Clinical Chemistry
autoanalyzer according to the manufacturer’s protocol. For males, the typical HDL-C

range was >40 mg/dl, and for females, >50 mg/dl.

LDL-C in serum was derived indirectly using the Friedewald equation

(Friedewald et.al., 1972) LDL-C= Total Cholesterol- (VLDL-C+HDL-C, (where
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VLDL-C =Triglycerides/5). The normal range of LDL-C was considered less than 100

mg/dL.

3.2.7 Analysis of Blood Biomarkers

Each marker was assessed to determine its cut-off values in each group and
was evaluated by commercially available enzyme-linked immunosorbent assays
(ELISA). MMP-9 was assessed using the Quantikine ELISA Human Immunoassay kit
(DM900; R&D Systems, MN, USA). Soluble ST2 levels were determined using the
Duoset ELISA kits (DY523B-05; R&D Systems, MN, USA), and Claudin-5 was
assessed using the Cusabio ELISA kits (Cusabio Technology LLC, Houston, TX,
USA). The absorbance of the analytes was measured at 450 nm with the correction

wavelength set at 540 nm using a microplate reader (Biotek ELX 800).

3.2.8 Statistical Analysis

The sample size was calculated based on the assumptions for one of the
biomarkers namely, MMP-9 as 75% and 24.6% above the cut-off value as reported in
previous literature. To achieve a power of 90% with an alpha error of 5%, the minimum
sample size required was approximately 25 each. By adjusting for four to five
confounding variables, another 50 samples, 25 in each group, were added to get a
minimum of 100 patients. Continuous variables were expressed as means and standard
deviation (SD) or medians and interquartile range (IQR) based on their distribution,
and categorical variables were given in percentages. The predictive discrimination of
each marker was first analyzed by univariate analysis. Pearson's Chi-squared test,

Wilcoxon rank sum test, and Fisher's exact test were conducted for bivariate analyses.
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Pearson Product—Moment correlation was conducted to determine the relationship
between the variables and biomarkers levels associated with poor outcomes. Based on
the intercorrelation of these markers and statistical significance, a multiple logistic
regression model was created using covariates identified as statistically significant in
bivariate analyses. Separate models were developed for the three time points of marker
sampling. Receiver operator characteristic (ROC) curves and area under the curve
(AUC), in which sensitivity was plotted as a function of (1-specificity), were used to
identify optimal cut-off levels and compare predictive accuracies of the markers. The
logistic regression model including the biomarkers that provided good discriminative
capacity to predict HT and functional outcome was finally included. A probability

value less than 0.05 was considered to be statistically significant.
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4 RESULTS

The chapter begins with a detailed account of the outcome of the literature
search including a PRISMA diagram outlining the results of the systematic review and
meta-analysis of Part 1 of the thesis work. A description of the eligible studies and the
study quality is also given. The findings from the meta-analysis and assessment of
publication bias are also reported. Part 2 of the chapter presents the findings of the
evaluation of the biomarkers at three specific time intervals with the aim of answering
the primary research question regarding its association with HT. The findings of the
biomarkers related to the functional outcome of AIS are outlined as part of the

secondary research questions.

4.1 PART 1: Systematic Review and Meta-analysis

4.1.1 Study Selection

Based on the keywords, the literature search, which was completed on August
20, 2020, had preliminarily identified a database of 2230 articles. During the screening
for titles and abstracts, 2175 articles were removed from the list as duplicates and
studies that were not relevant to the review. Of these, 30 quality-appraised articles
were chosen for full-text review and were determined to be admissible. The PRISMA

flow diagram of the screening of articles were shown in Fig. 4.1.
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database searching MEDLINE
(PubMed), CENTRAL and Web

of Science (n=2230)

Additional records identified
through other sources

(n=0)

(n=1263)

Records after duplicates removed

Duplicates removed

h 4

Records screened
(n=1263)

h 4

(n=967)

) 4

h 4

Records excluded
(n=1208)

Full-text articles
assessed for eligibility
(n=55)

h 4

Studies included in
qualitative synthesis
(n=30)

h 4

Studies included in
quantitative synthesis
(n=16)

Full-text articles excluded, with reasons
(n=25):

» Studies that did not meet the eligibility
criteria: body fluids other than blood used
(n=5), cell lines or animal models used for
assessing biomarkers (n=2), and
insufficient diagnostic data available (n=5)

* Manuscripts published in languages other
than English were excluded (n=2)

» Studies that had a primary outcome other
than hemorrhagic transformation were
excluded (n=10)

» Studies lacking data, incomplete data,
variables or biomarkers were excluded
(n=1)

Fig. 4.1 The PRISMA flow diagram indicating the process of study screening

through to the final selection of articles.

4.1.2 Study Characteristics

The studies that were deemed suitable had a total sample size of 9751. The

baseline characteristics of these studies are given in Table 4.1.
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Table 4.1. Basic characteristics of included studies.

Author of Place Study Sample Mean Males Interventio  First Follow- Groups Biomarker
the study design size(n) ageiSD (n) n(s) CT/MRI up (n)
(in years) (in hours) CT/MRI
(in
hours)
Montaner et  Spain P 41 70£10.6 16 IV tPA <3 <36-48 sHT=15; MMP-9
al. 2003 non-sHT
=26
Eman ElI- Egypt P,case- 70 60.919.37 30 IV tPA <24 > 48 SHT =8; MMP-9
Banhawy et control non-sHT
al. 2014 =62
Kazmierski Poland P 458 68112.5 247 none <3 <24 cdHT = MMP-9,
etal. 2012 33; non- s100B, OCLN,
cdHT = CLDNS5, Z20-1,
425 VEGF, NSE
Yuan et al. China P, case- 208 66.7+13.1 90 none <24 <24-36 sHT=29; MMP-9
2018 control non-sHT
=139
Molnar etal. Hungary P 54 HT=71+7. 32 IVtPA,EVT <6 <24-36 sHT=9 CCCK-18
2018 8; non- ; non-sHT
HT= =45
66110
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Table 4.1. Basic characteristics of included studies (contd.)

Author of Place Study Sample Mean Males Interventio  First Follow- Sample Biomarker
the study design size(n) ageiSD (n) n(s) CT/MR (in up groups
(in years) hours) CT/MRI (n)
(in
hours)

Castellanos Spain P 134 67+12 88 IV tPA <3 <24-36 sHT =27 MMP-9, c-
et al. 2007 ;non-sHT  Fibronectin

=107
Castellanos Spain P 250 72.319.2 134 none <24 > 48 sHT = 38 MMP-9
et al. 2003 ; non-sHT

=212
Castellanos Spain P 87 67+12 48 IV tPA <6 <24-36 sHT =26 MMP-9, c-Fn
et al. 2004 ; non-sHT

=61
Castellanos Spain P 133 7213 67 IV tPA <45 <24-36 sHT=26 Caveolin-1
etal. 2018 ; non-sHT

=107
Ribo et al. Spain P 77 7012 47 IV tPA <3 <36-48 sHT=17 Fibrinogen,
2004 ;non-sHT  PAI-1, TAFI,

=60 Lp(a),

homocysteine
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Table 4.1. Basic characteristics of included studies (contd.)

Author of the Place Study Sample Mean Males Intervention  First Follow- Groups (n) Biomarker
study desig size(n) ageiSD(in (n) (s) CT/MR up
n years) (in hours) CT/MRI
(in
hours)

Foerch et Spain R 275 69+13 126 IV tPA <6 <24 sHT =80 s100B
al. 2007 ; non-sHT

=195
Choi et al. Korea R 752 NA 455 IV tPA <6 > 48 HT =90 Ferritin
2012 ; non-HT =

662
Montaner Spain P 39 74+15 20 none <12 <36- sHT =15 MMP-9
et al. 2001 48 ; non-sHT

=24
Ruiwen Che China P 428 NA 316 IV tPA <4.5 >48 sHT =24 Serum
etal. 2017 ; non-sHT albumin

=404
Millan et al. Spain R 134 67111 88 IV tPA <3 < 24- SHT = 27 Ferritin,
2008 36 ; non-sHT MMP-9, c-

=107 Fn, IL-6,

glutamate
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Table 4.1. Basic characteristics of included studies (contd.)

Author of the Place Study Sample Mean Males Intervention  First Follow- Groups (n) Biomarker
study desig  size(n) agexSD(in (n) (s) CT/MR up
n years) (in hours) CT/MRI
(in
hours)

Zhenhui Duan China R 616 NA 368 EVT, <45 <24 sICH =292 NLR
et al. 2018 Bridging ; hon-sICH

therapy =324
Malhotra et al. USA R 657 64.3+14.4 333 IV tPA, EVT, <45 <24 sICH =21 NLR
2018 bridging ; hon-sICH

therapy =635
Guo et al. China P 189 NA 123 IV tPA, EVT, <45 < 36- PH =28 NLR
2016 Bridging 48 ; non-PH =

therapy 161
Pikija et al. Austria R 187 NA 86 IV tPA, EVT, <6 <24 sHT =31 NLR
2018 Bridging ; non-sHT

therapy =156
Navarro- Spain P 109 71+12.4 59 IV tPA <3 <24-48 sHT=8 Angiogenic
Sobrino et al. ; non-sHT factors*
2011 =101
Xing et al. China P 216 NA 154 IA tPA, EVT <6 <24 sHT =41 Globulin
2014 ; non-sHT

=175
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Table 4.1. Basic characteristics of included studies (contd.)

Author of the Place Study Sample Mean Males Intervention  First Follow- Groups (n) Biomarker
study desig  size(n) agexSD(in (n) (s) CT/MR up
n years) (in hours) CT/MRI
(in
hours)

Hernandez- Spain P 140 7191105 76 IV tPA <3 <36-48 sHT =48 VAP-SSAO
Guillamon et al. ; non-sHT activity
2010 =92
Matosevicetal.  Austria P 547 68+15.1 316 IV tPA <6 <24-36 sICH =33 Fibrinogen
2013 ;non-

sICH=514
Wolcott et al. USA P 646 69115 364 IV tPA <9 >48 sSHT =42 Soluble
2017 ; non-sHT ST2

=604
Mechtouff etal. France P 148 69+15 89 IV tPA, EVT, <4.5 <24 sHT =40 MMP-9
2020 Bridging ; non-sHT

therapy =108
Switonska etal. Poland R 51 65116 22 IV tPA, EVT, <24 >24 sHT=10 NLR
2020 Bridging ; non-sHT
therapy =41

Goyal et al. USA P 293 62+14 147 EVT <6 <24-36 sHT =21 NLR
2018 ; non-sHT

=272
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Table 4.1. Basic characteristics of included studies (contd.)

Author of the Place Study Sample Mean Males Intervention  First Follow- Groups (n) Biomarker
study design size (n) agexSD (in (n) (s) CT/MR up
years) (in hours) CT/MRI
(in
hours)
Maestrini et al. France R 846 NA 430 IV tPA <3 <24-36 sHT =54 NLR
2015 and ; non-sHT
Finland =792
Sheng-Feng Taiwan P 1840 NA 1174 IV tPA, EVT <3 <24-36 SHT =38 Serum
Lin et al. 2019 ; non-sHT cholesterol
=1802
Neringa Lithuani R 201 NA 81 IV tPA <4.5 <24-36  sHT=23 NLR, AEC
Jucevidite et a ; non-sHT
al. 2019 =178

Note. SD, Standard deviation; NA, data not available; P, prospective; R, retrospective; HT, hemorrhagic transformation; sHT, symptomatic
hemorrhagic transformation; sICH, symptomatic intracranial hemorrhage; cdHT, hemorrhagic transformation with clinical deterioration; PH,
parenchymal hematoma; HI, hemorrhagic infarction; IV tPA, intravenous tissue plasminogen activator; 1A tPA, intra-arterial tissue plasminogen
activator; EVT, Endovascular treatment; CT, Computed tomography; MRI, Magnetic resonance imaging; h, hours; MMP-9, matrix
metalloproteinase-9; NLR, neutrophil-lymphocyte ratio; c-Fibronectin, cellular-fibronectin; IL-6, interleulin-6; PAI-1, plasminogen activator
inhibitor-1; TAFI, thrombin-activated fibrinolysis inhibitor; Lp (a), Lipoprotein (a); AEC, Absolute eosinophil count; VAP-1-SSAO, Vascular
adhesion protein-1-semicarbazide-sensitive amine oxidase; *Angiogenic factors include PDGF-BB, platelet derived growth factor BB; HGF,
hepatocyte growth factor; FGF, fibroblast growth factor; VEGF; vascular endothelial growth factor; HB-EGF, heparin binding epidermal growth
factor like growth factor; KGF, keratinocyte growth factor; PDGF-AA, platelet derived growth factor AA; TPO, thrombopoietin;VEGFR-1, vascular
endothelial growth factor receptor 1; VEGFR-2, vascular endothelial growth factor receptor-2; TSP-1, thrombospondin-1; TSP-2, thrombospondin-

2; CCCK-18, Caspase-cleaved cytokeratin-18; s100B, S100 Calcium-binding protein B; OCLN, Occludin; CLDNS5, Claudin5, ZO-1, Zonula
occludens-1, NSE, Neuron-specific enolase protein B.
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The patients were all enrolled in the study within 24 hours from stroke onset.
Nineteen studies used the TOAST classification to determine the cause of stroke
(Adams et al., 1993). Two studies used the Oxfordshire Community for Stroke patients
(OCSP) classification (Che et al., 2017; Switonska et al., 2020). The etiology of stroke
in five studies was not categorized using any specific classification (Castellanos et al.,
2018; EI-Banhawy E et al., 2014; Lin et al., 2019; Malhotra et al., 2018; Molnar et al.,
2019; Maestrini et al., 2015; Xing et al., 2014). In the majority of the included studies,
stroke severity was assessed using the NIHSS score, whereas one study (Castellanos

et al., 2003) employed the Canadian Stroke Scale (CSS).

Except for four studies (Castellanos et al., 2003; Yuan et al., 2018; Montaner
et al., 2001; Kazmierski et al., 2012), all patients underwent interventions such as 1V
tPA, EVT, or bridging therapy. One study included patients who received A tPA

(Xing et al., 2014).

Assessment of HT varied across studies. Twenty-three studies (Che et al.,
2017; Castellanos et al., 2003; Castellanos et al., 2007; Castellanos et al., 2004;
Castellanos et al., 2018; Choi et al., 2012; Guo et al., 2016; Hernandez-Guillamon et
al., 2010; Juceviciuté et al., 2019; Kazmierski et al., 2012; Lin et al., 2019; Maestrini
et al., 2015; Mechtouff et al., 2020; Millan et al., 2008; Molnar et al., 2019; Montaner
et al., 2001; Montaner et al., 2003; Ribo et al., 2004; Switonska et al., 2020; Navarro-
Sobrino et al., 2011; Wolcott et al., 2017; Xing et al., 2014; Yuan et al., 2018) defined
HT according to the ECASS criteria, whereas two studies (Duan et al., 2018; Pikija et
al., 2018) used the Heidelberg bleeding classification. Two studies (Lin et al., 2019;

Matosevic et al., 2013) used the NINDS criteria. One study defined sICH according to
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the Safe Implementation of Thrombolysis in Stroke-Monitoring Study (SITS-MOST)
criteria (Malhotra et al., 2018). In one study, early HT was defined as intracranial
bleeding occurring within 48 hours of the stroke onset and was compared to late HT,
which occurred around 7-14 days after stroke (Montaner et al., 2001). Using ROC
curve analysis, cut-off values for the biomarkers were established in 16 studies.
Twenty studies looked at the sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV) of each marker. The remaining studies used

predetermined thresholds as reference values for the markers.

4.1.3 Risk of bias

The risk of bias and applicability of the studies’ graph for the included studies

and the summary is shown in Fig. 4.2. and Fig. 4.3, respectively.

patient setection [ L DN
ndexTest NN D (D
Reference Standard [ NG
Flowand Timing [ El
0% 25% 0% 75%  100% 0% 25% 50% 75%  100%
Risk of Bias Applicability Concerns
W Hioh [Junclear B Low

Fig. 4.2 The risk of bias graph for all studies is presented as percentages using the

QUADAS-2 tool.
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Fig. 4.3 The summary of the risk of biases based on the QUADAS-2 tool presenting

the risk of bias items for each included study.

Sixteen studies accurately defined their study population, including
information on missing data and patients lost during follow-up, seventeen studies
addressed the possibility of bias, two studies provided flow diagrams, and twenty
studies released funding information. The methodological quality of studies following

the STROBE recommendations is given in Fig. 4.4.
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Fig. 4.4 The methodological quality of included studies following the STROBE guidelines.
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4.1.4 Biomarkers Included in the Meta-analysis

Sixteen studies were found eligible to be included in the meta-analysis with
seven studies analyzing MMP-9 (Castellanos et al., 2003; Castellanos et al., 2007,
Millan et al., 2008; Montaner et al., 2001; Montaner et al., 2003; Castellanos et al.,
2004; Yuan et al., 2018; El-Banhawy et al., 2014), two studies investigating c-
Fibronectin (Castellanos et al., 2004; Castellanos et al., 2007), two studies Ferritin
(Choi et al., 2012; Millan et al., 2008), two studies S100B levels in symptomatic HT
(Foerch et al., 2007; Kazmierski et al., 2012), and five studies (Maestrini et al., 2015;
Goyal et al., 2018; Duan et al., 2018; Pikija et al., 2018; Guo et al., 2016) assessing
Neutrophil-lymphocyte ratio (NLR) in sICH. Table 4.2 provides the summary

statistics for diagnostic accuracy parameters of the included studies.

Table 4.2 The pooled Diagnostic odds ratio, sensitivity, and false positivity rates

of the meta-analyzed biomarkers.

Marker DOR Sensitivity FPR AUC
(univariate) (bivariate) (bivariate)
MMP-9 for sHT 29.571 (17.750, 49.267) 0.849 0.180 0.881
c-Fn for sHT 299.253 (20.508, 4366.709) 0.982 0.153 0.972
NLR for sICH 5.036 (2.898, 8.749) 0.672 0.284 0.751
Ferritin for sHT 24.032 (2.557, 225.871) 0.802 0.140 0.87
S100B for sHT 6.286 (1.861, 21.230) 0.782 0.329 0.766

Note. sHT, symptomatic hemorrhagic transformation; sICH, symptomatic intracranial
hemorrhage; DOR, Diagnostic Odds ratio; FPR, False positivity ratio; AUC, Area under the
SROC curve MMP-9, matrix metalloproteinase-9; c-Fn, cellular-fibronectin; NLR,
neutrophil-lymphocyte ratio; s100B, S100 Calcium-binding protein B.
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Fig. 4.5 depicted the forest plots for the DOR-based univariate analysis, and

Fig. 4.6 showed the forest plots for the sensitivity and specificity of all the biomarkers,

respectively.
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Fig. 4.6 Forest plots for sensitivities and specificities corresponding to MMP-9, c-Fibronectin, Ferritin, S100B, and NLR.
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Using the estimated HSROC parameters as shown in Fig. 4.7, an SROC plot
was created for five biomarkers and Table 4.3 provides the HSROC parameters that

were applied to the graph.
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Fig. 4.7 SROC plot for the meta-analyzed biomarkers using calculated HSROC

parameters.

Table 4.3 HSROC parameters for the bivariate analysis of each biomarker.

Marker Lambda Theta Beta Sigma2alpha Sigma2theta Symbol
MMP-9 for sHT 3.985 1.162  1.205 0.000 0.043 Diamond
c-FN for sHT 34,708 17.156 4.316 0.000 0.048 Square
NLR for sICH 1.709 -0.258 -0.367 0.329 0.000 Triangle
Ferritin for sHT 3.326  0.487 0.863 2.067 0.000 Star
S1008B for sHT 1.910 -0.004 -0.592 0.000 2.281 Ellipse

Note. HSROC, Hierarchical Summary Receiver Operator Characteristic; MMP-9:
Matrix metalloproteinase-9; c-Fn: cellular-Fibronectin; NLR: Neutrophil-
lymphocyte ratio; s100B: S100 Calcium-binding protein B.
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Fig. 4.8 represents the funnel plots used to calculate publication bias. Standard

error and sample size were used as variables in a regression test for funnel plot

asymmetry, which revealed no evidence of publication bias (p-value of 0.5574 and

0.3119, respectively).
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Fig. 4.8 Funnel plots for estimating the publication bias in the included studies with

standard error and sample size as predictors.
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4.1.4.1 Matrix Metalloproteinase-9

High baseline MMP-9 in symptomatic HT as confirmed by commercially
available enzyme-linked immunosorbent assay (ELISA) kits was reported in ten
investigations including 1494 patients. Two studies serially measured MMP-9 levels

at four time points (Montaner et al., 2001; Montaner et al., 2003).

Four studies (Castellanos et al., 2003; Castellanos et al., 2007; Castellanos et
al., 2004; Montaner et al., 2001) reported a baseline cut-off >140 ng/mL yielding high
sensitivity and specificity to predict symptomatic HT. There was no significant
variance between non-thrombolysed individuals with early HI and early PH, according
to two trials (Montaner et al., 2001; Castellanos et al., 2003). However, individuals
detected with PH had a higher median baseline MMP-9 while receiving 1V tPA.
Pretreatment values of 191.3 ng/mL were observed in two studies to predict PH (Yuan
et al., 2018; Montaner et al., 2003). One study revealed that patients with poor

functional results had significantly elevated MMP-9 levels (Millan et al., 2008).

The meta-analysis comprised 754 patients from seven studies. Increased
circulating MMP-9 levels were shown to accurately predict PH (DORpooled, 29.571
[95% CI 17.750-49.267]). The analysis revealed that the pooled sensitivity was 0.849

and the pooled false positive rate was 0.180.

4.1.4.2 Cellular-Fibronectin

The biomarker, c-Fibronectin was correlated with symptomatic HT in three
studies consisting of a total of 355 participants, using commercial ELISA (Castellanos
et al., 2007; Castellanos et al., 2004; Millan et al., 2008). All studies have assessed the

concentrations of c-Fibronectin in patients who received thrombolysis.
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All studies reported that post-thrombolysis individuals with PH had a
significant elevation of c-Fibronectin (Castellanos et al., 2004). When combined with
MMP-9 (140 ng/mL), a cut-off of 3.6 g/mL produced good sensitivity and NPV, which

boosted specificity and PPV for predicting PH (Castellanos et al., 2004).

Functional outcome positively correlated with c-Fibronectin in one study

(P=0.010) (Millan et al., 2008).

Two studies (Castellanos et al., 2004; Castellanos et al., 2007) with 221 patients
were meta-analyzed. The highest pooled DOR was reported for c-Fibronectin
(299.253[95% Cl,20.508-4366.709]), and the pooled sensitivity and false positivity

rates were 0.982 and 0.153, respectively.

4.1.4.3 Ferritin

Using immunoassay methods, two studies including 886 patients assessed
Ferritin levels in symptomatic HT (Millan et al., 2008; Choi et al., 2012). Choi et al.
evaluated Ferritin levels within 48 h from onset whereas Millan et al. serially measured

the marker using three time points.

Baseline Ferritin levels were increased in patients with PH and symptomatic
HT (cut-off >144.8 ng/mL). At 24 hours after intervention, individuals with PH had
the highest ferritin levels (Millan et al., 2008). Similarly, Choi et al. found thresholds
with good sensitivity and specificity >164.1 ng/mL to predict PH and >171.8 ng/mL

to predict symptomatic HT (Choi et al., 2012).

Baseline Ferritin levels were significantly elevated in patients who had poor

outcomes (P<0.001) (Millan et al., 2008).
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Both studies were included in the meta-analysis. Pooled DOR was 24.032
(95% CI 2.557 - 225.871), and pooled sensitivity and false positivity rate were 0.802,

and 0.140, respectively.

4.1.4.4 S100 Calcium-binding protein B

In two studies consisting of 733 individuals in total, baseline S100B in
symptomatic HT was assessed using commercial immunoassays (Kazmierski et al.,
2012; Foerch et al., 2007). Median S100B levels were elevated in patients with
symptomatic HT with a threshold >0.23 ug/L predicting PH-2 (Foerch et al., 2007).
S100B was significantly elevated in spontaneous HT than in non-HT (0.1002 pg/L

versus 0.01415 pg/L; P=0.003) (Kazmierski et al., 2012).

Meta-analysis revealed pooled DOR to be 6.286 (95% CI 1.861 - 21.230),

pooled sensitivity value of 0.782, and false positivity rate of 0.32.

4.1.4.5 Neutrophil-lymphocyte ratio

Eight studies comprised a total of 3040 patients, who received thrombolytic
intervention within six hours of stroke onset and had their NLR values estimated using
complete blood count. Additionally, three time points were used in one investigation

for NLR calculation (Guo et al., 2016).

In four studies, baseline NLR levels were significantly correlated with sICH
(Maestrini et al., 2015; Goyal et al., 2018; Duan et al., 2018; Pikija et al., 2018) and in
one study with symptomatic HT post-revascularization (Switonska et al., 2020). The
thresholds varied between studies, with 2.2 serving as the lowest cut-off value and
10.59 serving as the highest (Malhotra et al., 2018; Juceviciuté et al., 2019; Guo et al.,

2016). Guo et al. reported that there was no association between baseline NLR and
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SICH and that the peak was at its highest between 12 and 18 h post-revascularization

(Guo et al., 2016).

Baseline NLR was shown to be significantly associated with poor outcomes in
four studies (Duan et al., 2018; Pikija et al., 2018; Goyal et al., 2018; Maestrini et al.,

2015) with a higher mortality rate in patients with baseline NLR >7 (Duan et al., 2018).

For the meta-analysis, five studies including 2172 patients were evaluated.
Pooled DOR for baseline NLR was 5.036 (95% CI 2.898 - 8.749) predicting SICH in
patients who underwent revascularization (pooled sensitivity - 0.672, pooled false

positivity rate - 0.284).

4.1.5 Biomarkers not Included in the Meta-analysis

A forest plot could not be synthesized for biomarkers in fourteen studies due
to insufficient data or reporting in a single study. Among the single studies, Caveolin-
1 (99% NPV and 86% sensitivity) (Castellanos et al., 2018), Plasminogen activator
inhibitor-1 (PAI-1), and thrombin-activated fibrinolysis inhibitor (TAFI) (97.6%
specificity, 97% NPV) (Ribo et al., 2004), and soluble ST2 (AUC = 0.747) (Wolcott

et al., 2017) were found to be independent predictors of symptomatic HT.

4.2 PART 2: Assessment of Biomarkers in HT and Outcome

Between December 2018 and April 2021, 111 patients were enrolled in the
prospective observational study. A summary of the screening of patients, the timeline

of the blood sample collection, and follow-up at 3 months is provided in Fig. 4.9.
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Screening of patients with AlS admitted within 24 h from stroke onset (N = 5§32)

N Patients admitted beyond 14 h were

excluded (N=152)

Patients admitted within 12 h from onset (N = 380)

Excluded based on eligibility criteria or

non-availability of time-bound blood
samples (N=262)

Patients found eligible for the study (N=118)

Excluded due to non-availability of

informed consent (N=7)

Patients enrolled (N=111)
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5 Vi Vi Vi

a Enrolled patients  Baseline 12 h from 24 h from 90 days from
& (N=111) sample onset onset onset

<«<— Blood sample collection ———  (Clinical follow-up using mRS

Fig. 4.9 Flow diagram of the study participants, and timeline of the sample collection

for biomarker analysis and clinical follow-up at 3 months.

4.2.1 Biomarkers Associated with HT in AIS

The baseline clinical and imaging characteristics of the patients enrolled in the

study are given in Table 4.4.

Table 4.4 Baseline characteristics of the sample population.

Baseline characteristics Total Non-HT HT P value'
(N=111) (N=81) (N=30)

Male, n (%) 78 (70) 55 (68) 23 (77) 0.4

Age, in years, mean (SD) 62.3 63.1 60.2 0.3
(11.7) (11.7) (11.5)

Mean time of arrival to hospital, in 257 (220) 226 359 0.004**
minutes, mean (SD) (185.8) (269.8)

Hypertension, n (%) 74 (67) 52 (64) 22 (73) 0.4
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Table 4.4 Baseline characteristics of the sample population (contd.)

Baseline characteristics Total Non-HT HT P value®'
(N=111)  (N=81) (N=30)

Diabetes mellitus, n (%) 54 (49) 40 (49) 14 (47) 0.8

Coronary artery disease, n (%) 22 (20) 16 (20) 6 (20) >0.9

Hypercholesterolemia, n (%) 33 (30) 24 (30) 9(30) >0.9

Atrial fibrillation, n (%) 20 (18) 11 (14) 9(30) 0.04*

Rheumatic heart disease, n (%) 7 (6.3) 4(4.9) 3(10) 0.4

Tobacco use, n (%) 39 (35) 30(37) 9(30) 0.5

Alcohol intake, n (%) 31 (28) 24 (30) 7 (23) 0.5

Baseline plasma glucose, mg/dL, 173.3 174.6 169.9 0.8
mean (SD) (74.5) (71.2) (84.0)

Plasma glucose >140 mg/dL,mean (SD) 67 (61) 49 (61) 18 (60) >0.9

HbA1lc, (%), mean (SD) 6.6 (5.7, 6.4 (5.6, 6.8 (5.8, 0.9
8.4) 8.7) 8.1)

Lipid profile

Total cholesterol, mg/dL, mean (SD) 189.8 194.9 176.3 0.2
(55.6) (55.6) (54.2)

High-density lipoproteins, mg/dL, 47.2 47.1 47.4 >0.9
mean (SD) (13.1) (13.7) (11.7)

Low-density lipoproteins, mg/dL, 123.9 126.7 116.3 0.4
mean (SD) (47.1) (48.7) (42.3)

Triglycerides, mg/dL, mean (SD) 97.1 98.3 93.8 0.7
(48.8) (48.3) (50.7)

Systolic BP, mmHg, mean (SD) 155.1 155.2 154.9 >0.9
(26.6) (26.0) (28.6)

Systolic BP 2180 mmHg, n (%) 24 (22) 14 (18) 10 (33) 0.073

Diastolic BP, mmHg, mean (SD) 88.1 88.2 88.0 >0.9
(14.7) (15.1) (13.8)

Baseline ASPECTS score (26), n (%) 56 (60) 47 (72) 9(32) <0.001*

*%
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Table 4.4 Baseline characteristics of the sample population (contd.)

Baseline characteristics Total Non-HT HT P value''

(N=111)  (N=81) (N=30)

TOAST classification, n (%) 0.02%*

Cardioembolism 30(27) 16 (20) 14 (47)

Large vessel disease 35(32) 29 (36) 6 (20)

Small vessel disease 8(7.2) 8(9.9) 0(0)

Stroke of other determined etiology 3(2.7) 3(3.7) 0(0)

Stroke of undetermined etiology 35(32) 25 (31) 10(33)
Intravenous thrombolysis, n (%) 43 (39) 38 (47) 5(17) 0.004**
Endovascular therapy, n (%) 35(32) 21 (26) 14 (47) 0.03*
Bridging Therapy, n (%) 6 (5.4) 4(4.9) 2(6.7) 0.7
Baseline NIHSS score, Median (IQR) 12.0(8.0, 10.0(6.0, 17.012.2, <0.001*

18.0) 17.0) 21.0) 'y
modified Rankin scale 3—-6at 3 39 (38) 24 (31) 15 (58) 0.01*

months, n (%)

Mortality at 3 months, n (%) 11 (9.9) 6(7.4) 5(17) 0.08

Note. 'Pearson's Chi-squared test; Wilcoxon rank sum test; Fisher's exact test; "P-value
computed for comparison of HT and non-HT; *P < 0.05, **P < 0.01 and ***P < 0.001;
NIHSS, National Institutes of Health Stroke Scale; ASPECTS, Alberta stroke program early
CT score; HT, hemorrhagic transformation; mg/dL, milligram/deciliter; SD, standard
deviation; IQR, interquartile range; TOAST, Trial of Org 10172 in Acute Stroke Treatment;
BP, blood pressure.

The mean age of the population was 62.3+11.7 years and 70% were males. NIHSS
score was significantly higher (12.0 [IQR 8.0 - 18.0]) indicating stroke severity at
admission. The mean time of arrival at the hospital was 4.2 h. The mean ASPECTS
score was 6. IV rtPA was administered to 43 (39%) patients, whereas 35 (32%) patients
underwent EVT, and 6 (5.4%) patients were given bridging therapy. HT was detected
in 30 patients (27%) with a significantly higher number of patients with AF, low

ASPECTS scores, reperfusion therapies, and delayed time of arrival having HT as
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compared to non-HT patients. Of the patients with HT, we 22 patients were diagnosed

with HI and 8 patients with PH.

Although 47% of the patients who underwent EVT were detected with HT, this
included both the HI and PH subtypes. According to the functional outcome data
recorded using mRS scores as shown in Fig. 4.10, HT revealed a larger proportion of

individuals with moderate to severe disability at 3 months after stroke onset.

EmRS0 BEmRS1 EmMRS2 OmRS3 OmRS4 OmMRSS OmRS6
No Symptoms Death

HT GROUP (N=30)

NON-HT GROUP
(N=81)

0% 10% 20% 30% 40% 0% 60% 0% 80% 90% 100%

Fig. 4.10 The distribution of modified Rankin scores at 3 months among HT and

non-HT patients.
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The temporal profile is shown in Fig. 4.11, indicating a maximum elevation of

MMP-9, Claudin-5, and sST2 at the 12-hour timepoint.
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Fig. 4.11 Box plot graphs showing median biomarker levels at each time-points

between patients who had HT and non-HT patients.
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The median 12-hour MMP-9 level of 153.9 ng/mL [IQR: 110.6 — 309 ng/mL]
showed a trend toward statistical significance in HT(P=0.05). Claudin-5 levels were
elevated at 12 h as compared to the other two time-points but were not found to be
statistically significant (43.1 pg/mL [IQR: 26.7-72.6 pg/mL] versus 59.4 pg/mL

[IQR:24.5-100.8 pg/mL]; P=0.4).

There was no correlation between any biomarkers at baseline or at the 24 h
timepoint with HT. No significant correlation was reported between sST2 levels and
HT. Both Occludin and S100B yielded very low values and did not show significant

variation in their median levels between the groups.

The ROC curves generated for the biomarker levels at all time points given in
Table 4.5 showed baseline MMP-9 levels with a maximum sensitivity of 85.7% for a
cut-off value of 56.06 ng/mL which was maintained at 12 hours (80%) for a threshold

of 96.3 ng/mL (AUC = 0.63) and declined by the 24 hour-timepoint.

Table 4.5 ROC curve analysis discriminating HT and non-HT patients.

Biomarker levels AUC Cut-off value Sensitivity, % Specificity, % PPV, % NPV, %

MMP-9 Baseline 0.563 56.06 ng/mL 85.7 33.8 10.7 73.1
12 h 0.630 96.34 ng/mL 80.0 46.4 13.5 64.9
24h 0.583 214.17 ng/mL 33.3 84.0 22.7 56.5
Claudin5 Baseline 0.551  65.17 pg/mL 47.6 71.6 17.2 67.7
12 h 0.553  50.02 pg/mL 64.0 62.3 17.3 61.9
24h 0.515  40.30 pg/mL 60.0 54.3 21.4 67.3
sST2 Baseline 0.547 8.865 ng/mL 95.2 21.6 5.9 74.4
12 h 0.522  34.58 ng/mL 40.0 73.9 22.7 64.3

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum 103



Table 4.5 ROC curve analysis discriminating HT and non-HT patients (contd.)

Biomarker levels AUC Cut-off value Sensitivity, % Specificity, % PPV, % NPV, %

24 h 0.558  87.56 ng/mL 23.3 91.4 23.7 50.0
Occludin Baseline 0.455  36.73 pg/mL 81.0 23.0 19.0 77.0
12 h 0.509  70.03 pg/mL 40.0 78.3 21.7 60.0
24 h 0.375 18.64 pg/mL 96.6 61.7 16.6 72.3

Note. AUC, Area under the curve; PPV, Positive predictive value; NPV, Negative predictive
value; MMP-9, matrix metalloproteinase-9; sST2, soluble serum stimulation-2; h, hours;
pg/mL, picogram/milliliter; ng/mL, nanogram/milliliter.

Similarly, Claudin-5 had a maximum sensitivity of 62% and specificity of 62.3%
at the 12 h time point for a cut-off of 50 pg/mL (AUC = 0.552). sST2 thresholds
progressively increased from baseline to 24 h and yielded a maximum sensitivity of
95% and low specificity of 21.6% at baseline albeit for a lower cut-off value of 8.65
ng/mL. Occludin yielded the lowest performance of the model at distinguishing
between HT and non-HT patients. Due to the low levels, S100B displayed erroneous

AUC values.

The multiple logistic regression model included MMP-9, sST2, and Claudin-5
levels at 12 h from the onset and the covariates that were statistically significant in the

univariate analysis as shown in Table 4.6.

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum 104



Table 4.6 Multiple logistic model for predicting HT after adjusting for

biomarker levels at 12 hours.

Characteristic OR! 95% CI* p-value
Age 0.96 0.90, 1.02 0.2
Atrial fibrillation 1.35 0.06, 28.5 0.8
Plasma glucose >180 mg/dL 0.80 0.20, 3.33 0.8
Admission Systolic blood pressure>140 mmHg 5.19 0.77,39.2 0.092
Baseline ASPECTS score <6 20.3 3.46, 193 0.003*
Intravenous thrombolysis 0.52 0.09, 2.65 0.4
Mechanical thrombectomy 3.91 0.72,26.4 0.13
Baseline severe stroke NIHSS >16 0.75 0.16, 3.24 0.7
Cardioembolism etiology 0.22 0.02, 2.09 0.2
MMP-9 at 12 h (hg/mL) 1.39 0.26, 8.43 0.7
Claudin-5 at 12 h (pg/mL) 9.46 1.97, 64.6 0.010*
sST2 at 12 h (ng/mL) 1.29 0.23,6.79 0.8

Note. 'OR, odds ratio, Cl, confidence interval; *P value <0.05; NIHSS, National Institutes of
Health Stroke Scale; MMP-9, matrix metalloproteinase-9; sST2, soluble serum stimulation-2;
h, hours; pg/mL, picogram/milliliter; ng/mL, nanogram/milliliter; mg/dL, milligram/deciliter;
IQR, Interquartile range.

Claudin-5 did not show a statistically significant association for the prediction of
HT in the univariate analysis. However, after adjusting for the risk factors such as age,
AF, baseline plasma glucose and systolic blood pressure, ASPECTS, NIHSS scores,
IV tPA, EVT, and cardioembolism etiology, a statistically significant predictive
performance was found (OR 9.46; 95% CI:1.97-64.6; P=0.01) and low ASPECTS

scores at baseline (OR 20.3; 95% Cl:3.46-193; P=0.003).
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The correlation of these biomarkers with baseline stroke severity is given in Fig.

4.12.
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Fig. 4.12 Comparison of baseline NIHSS scores and biomarker levels at three time
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points (*P < 0.05).
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Of these, 11 patients (22%) with baseline NIHSS scores 5-15 and 18 patients

(44%) with severe strokes (>16) were detected with HT (P = 0.006). Patients with

severe strokes with NIHSS>16 had median MMP-9 levels significantly elevated at 12

h (62.0 ng/mL [IQR:48.1-162.7] vs 116.8 ng/mL [IQR: 60.1,233.6] vs 160.0 ng/mL

[IQR: 107.0,285.9]; P=0.04). An elevation was observed for Claudin-5 at 12 h and

sST2 at 24 h, but these were not statistically significant between the two groups. No

significant association was reported for Occludin and S100B levels and stroke severity.

4.2.2 Biomarkers Associated with Functional Outcome in AIS

The baseline characteristics of the patient population based on their functional

outcome at 90 days are given in Table 4.7.

Table 4.7 Comparison of patients with good outcomes and poor outcomes at 3

months from stroke onset.

Characteristic Good outcome at Poor outcome at p-value!
90 days, N = 65 90 days, N =43
Male, n (%) 45 (69%) 30 (70%) >0.9
Age, in years, Mean (SD) 62.0(11.2) 62.2 (12.5) 0.9
Hypertension, n (%) 38 (58%) 33 (77%) 0.050
Diabetes Mellitus, n (%) 27 (42%) 26 (60%) 0.054
Coronary Artery Disease, n (%) 11 (17%) 10 (23%) 0.4
Hypercholesterolemia, n (%) 19 (29%) 12 (28%) 0.9
Atrial Fibrillation, n (%) 8 (12%) 11 (26%) 0.076
Rheumatic Heart Disease, n (%) 7 (11%) 0(0%) 0.040*
Tobacco use, n (%) 26 (40%) 13 (30%) 0.3
Alcohol use, n (%) 20 (31%) 10 (23%) 0.4
Single antiplatelets, n (%) 5(7.7%) 3 (7.0%) >0.9
Dual antiplatelets, n (%) 2 (3.1%) 4 (9.3%) 0.2
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Table 4.7 Comparison of patients with good outcomes and poor outcomes at 3

months from stroke onset (contd.)

Characteristic Good outcome at Poor outcome at p-valuel
90 days, N = 65 90 days, N=43

Plasma glucose at admission, 158.0 (58.6) 196.7 (91.0) 0.016*
mg/dL Mean (SD)
Plasma glucose >140 mg/dL 34 (52%) 31 (74%) 0.026*
HbAlc, n (%), Median (IQR) 6.3 (5.6, 8.0) 7.6 (6.2,9.8) 0.008**
Total Cholesterol, mg/dL Mean 193.5 (48.3) 189.2 (64.4) 0.2
(SD)
HDL, mg/dL, Mean (SD) 48.6 (14.7) 45.6 (10.7) 0.5
LDL, mg/dL, Mean (SD) 127.4 (39.7) 122.2 (56.3) 0.2
Triglycerides, mg/dL, Mean 98.1(53.2) 98.6 (42.2) 0.6
(SD)
ESR, mm/hr, Mean (SD) 22.7 (22.2) 39.1(36.0) 0.038*
Systolic blood pressure, mm 151.3 (23.6) 160.8 (30.6) 0.2
Hg, Mean (SD)
Systolic Blood Pressure (2180 10 (15%) 14 (33%) 0.030*
mmHg), Mean (SD)
Diastolic blood pressure, mm 85.9(13.7) 91.1 (15.3) 0.13
Hg, Mean (SD)
Baseline ASPECTS score <6, n 15 (27%) 20 (56%) 0.007**
(%)
TOAST classification, n (%) 0.039*
Cardioembolism 16 (25%) 12 (28%)

Large Vessel Disease 17 (26%) 18 (42%)

Small Vessel Disease 8 (12%) 0(0%)

Stroke of other determined 1(1.5%) 2 (4.7%)

etiology

Stroke of undetermined 23 (35%) 11 (26%)

etiology

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum 108



Table 4.7 Comparison of patients with good outcomes and poor outcomes at 3

months from stroke onset (contd.)

Characteristic Good outcome at Poor outcome at p-valuel
90 days, N =65 90 days, N=43

Intravenous Thrombolysis, n 34 (52%) 9 (21%) 0.001**
(%)
Mechanical Thrombectomy, n 17 (26%) 18 (42%) 0.088
(%)
Bridging Therapy, n (%) 5(7.7%) 1(2.3%) 0.4
HT detected in patients, n (%) 11 (17%) 17 (40%) 0.009%**
Baseline NIHSS score, Median 10.0 (7.0, 15.0) 17.0(11.0, 20.0) 0.003**
(I1QR)
NIHSS score at discharge, 2.0(0.0,6.2) 12.0(7.5,15.5)  <0.001***
Median (IQR)
mRS at discharge (0-2), n (%) 34 (52%) 1(2.3%)  <0.001%***
mRS at discharge (3-6), n (%) 31 (48%) 41 (95%)  <0.001***
Mortality, n (%) 1(1.5%) 10 (23%)  <0.001%***

Note. *Pearson's Chi-squared test; Wilcoxon rank sum test; Fisher's exact test (*P < 0.05, **P
< 0.01 and ***P < 0.001); NIHSS: National Institutes of Health Stroke Scale; ASPECTS:
Alberta stroke program early CT score; HT: hemorrhagic transformation; mg/dL.:
milligram/deciliter; SD: Standard deviation; IQR: Interquartile range; mRS: Modified Rankin
scale; IV-rt-PA: Intravenous recombinant tissue plasminogen activator; EVT: Endovascular
therapy; TOAST: Trial of Org 10172 in Acute Stroke Treatment; ESR: LDL: Low density
lipoproteins; HDL.: high density lipoproteins.

The mean age was 62.3+11.7 years and 70% were men. At 90 days, 65 (60.1%)
patients had a good functional outcome. The median baseline NIHSS score was 12
IQR [8 - 18]. Among the etiological subtypes, large vessel atherosclerotic disease
(P=0.039) was most common. The presence of elevated plasma glucose (196.7+91.0
mg/dL; P = 0.016), stroke severity 17.0 IQR [11.0 - 20.0]; (P = 0.003) and HT of the

infarct (P = 0.009) predicted poor functional outcome.
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The temporal profile of all the biomarkers given in Fig. 4.13 showed an overall

increase in the plasma levels at 12 h.
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Fig. 4.13 Box plot graphs showing MMP-9, sST2, Claudin-5, Occludin, and S100B
levels at each time-points between patients who had favorable and unfavorable

outcomes at 3 months from onset (*P < 0.05, **P < 0.01).
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In addition, sST2 showed a significant elevation at the 12 h and 24 h
timepoints, and poor outcome was correlated at 12 h and 24 h with mean levels of
50.4£51.0 ng/mL (P = 0.047) and 81.8+101.3 ng/mL (P = 0.001), respectively. There
was no correlation of either MMP-9 or Claudin-5 at 12 h with the 90-day functional
outcome. Pearson product moment correlation showed significant associations
between mRS at discharge, and 3 months, and the ST2 levels measured at 12 h and 24

h as given in Table 4.8.

Table 4.8 Pearson Product—Moment Correlation Coefficients for sST2 levels at

three time points and mRS scores.

Correlation of mRS Pearson’s r 95% CI P value
mRS at discharge sST2 at baseline 0.15 -0.04, 0.34 0.13
sST2at12h 0.16 -0.03,0.35 0.1
sST2at24 h 0.25 0.07,0.42 0.006*
mRS at 3 months sST2 at baseline 0.17 -0.02, 0.36 0.08
sST2at12h 0.31 0.11,0.48 0.002*
sST2at 24 h 0.28 0.10, 0.45 0.002*

Note. *P<0.01; ClI, Confidence Interval; Pearson’s r, Pearson’s correlation coefficient; sST2,
soluble serum stimulation-2; ng/mL, nanogram per milliliter; mRS, Modified Rankin scale; h,
hours.

The ROC curve in Table 4.9 showed that the diagnostic accuracy of plasma
SST2 levels at 24 h was 0.670 for a cut-off value of 71.8 ng/mL (specificity: 96.9%,

sensitivity: 38.5%).
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Table 4.9 ROC curve Analysis discriminating favorable outcomes and

unfavorable outcomes in acute ischemic stroke.

Biomarker levels AUC Cut-off value  Sensitivity, Specificity, PPV, NPV, %
% % %
MMP-9 Baseline 0.585  56.06 ng/mL 81.8 39.3 214 55.7
12 h 0.610 77.21ng/mL 86.1 442 17.9 48.3
24 h 0.566  50.66 ng/mL 92.3 30.8 13.0 55.6
sST2 Baseline 0.593  11.09 ng/mL 75.8 446 24.2 55.4
12 h 0.619  36.67 ng/mL 44.4 90.4 29.9 23.8
24 h 0.670 71.81 ng/mL 38.5 96.9 27.6 11.8
Claudin5  Baseline 0.474 116.77 pg/mL 9.1 98.2 35.2 25.0
12 h 0.417 168.10 pg/mL 111 96.2 39.0 333
24 h 0.409 164.38 pg/mL 5.1 96.9 37.0 50.0
Occludin  Baseline 0.500 48.91 pg/mL 66.7 46.4 29.7 59.7
12 h 0.423  15.23 pg/mL 100.0 38.4 0.0 58.1
24 h 0.508 103.36 pg/mL 15.4 96.9 344 25.0

Note. AUC, Area under the curve; PPV, Positive predictive value; NPV, Negative predictive
value; MMP-9, matrix metalloproteinase-9; sST2, soluble serum stimulation-2; h, hours;
pg/mL, picogram/milliliter; ng/mL, nanogram/milliliter.

MMP-9 levels showed a higher sensitivity for all three time points with an
optimum cut-off value at 12 h timepoint (77.212 ng/mL; sensitivity: 86.1% and
specificity: 44.2%). The highest sensitivity (92.3%) was attained at 24 h for a cut-off
value of 50.663 ng/mL but the AUC was only 56.6%. Based on their discriminative
values Claudin-5 and Occludin yielded the lowest discriminative capacity between the
outcome groups. The ROC analysis of S100B was not available due to the low

concentrations yielding erroneous results.

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum 112



Multiple logistic regression analysis is given in Table 4.10 and showed that
elevated sST2 levels assessed at 24 h from onset emerged as an independent predictor
of poor functional outcome at 3 months (OR: 6.44, 95% CI: 1.40 - 46.3, P=0.029) by

applying cut-off value derived from the ROC curve analysis to the model.

Table 4.10 Multiple logistic model for predicting functional outcome after

adjusting for risk factors.

Variable OR! 95% CI* p-value
Plasma glucose (>140 mg/dL) 2.06 0.73,6.20 0.2
Systolic blood pressure (2180 mmHg) 1.17 0.32,4.14 0.8
Baseline ASPECTS score (<6) 2.10 0.68, 6.54 0.2
Hemorrhagic transformation 0.42 0.13,1.30 0.13
Baseline NIHSS score (>16) 1.87 0.62,5.53 0.3
Large vessel disease etiology 0.45 0.15,1.27 0.13
sST2 levels at 24 h (ng/mL) 6.44 1.40, 46.3 0.029*

Note. '1OR: Odds Ratio, Cl: Confidence Interval; *P<0.05; sST2: soluble serum stimulation-2;
ng/mL: nanogram per milliliter; mg/dL: milligram/deciliter; mRS: Modified Rankin scale; h:
hours; NIHSS: National Institutes of Health Stroke Scale; ASPECTS: Alberta Stroke Program
Early CT Score.
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5 DISCUSSION

The chapter begins with a summary of the results from the systematic review
and meta-analysis. The plasma levels of biomarkers that are associated with HT, stroke
severity, and functional outcome are reviewed in connection to the research hypotheses
in the findings of the observational study. The theoretical and clinical implications of
the research findings are considered. The methodological strengths and limitations of

the study are reflected with suggestions for future research and concluding remarks.

5.1 MMP-9 had the highest discriminative capacity

The meta-analysis of studies examining the association of four biomarkers,
specifically, MMP-9, c-Fibronectin, Ferritin, and S100B, with symptomatic HT and
NLR with sICH, revealed that MMP-9 levels were elevated 6 to 8 h post-ischemia and
were significantly higher in individuals who developed symptomatic HT, particularly
the PH subtype (Montaner et al., 2001; Montaner et al., 2003). Patients with increased
levels of MMP-9, which were often assessed in baseline samples prior to thrombolysis,
had a 29.5-fold higher likelihood of developing symptomatic HT following a stroke.
In the SROC plot evaluating the performance of all five biomarkers, MMP-9
demonstrated a high pooled sensitivity and low false positive rate, validating previous
studies (Castellanos et al., 2003; Montaner et al., 2003), and indicating that MMP-9

had a better discriminating capacity for predicting the risk of HT.

Fibronectin was the molecule with the highest sensitivity. Studies have shown
that c-Fibronectin and MMP-9 combined, improved the specificity and predictive

capacity for determining the risk of PH (Castellanos et al., 2007). High sensitivity was
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also obtained from Ferritin levels, which were shown to be related to both c-
Fibronectin and MMP-9 at 24 h from the onset but not at baseline (Millan et al., 2008).
However, the wide confidence intervals that both c-Fibronectin and Ferritin generated
in the meta-analysis had an impact on the accuracy of their prediction. The meta-
analysis reported low pooled sensitivities for both S100B and NLR and S100B was
reported to have the highest false-positive rate. The difference in the HT subtypes
investigated in the two studies may have contributed to the poor sensitivity of S100B
(Foerch et al., 2007; Kazmierski et al., 2012).

Functional outcome is closely related to HT, and its correlation with
biomarkers was also examined. Baseline concentrations of MMP-9, Ferritin, and NLR
were linked to unfavorable outcomes. NLR's weak correlation with sSICH suggests that
it was less discriminative than the other markers. Although Caveolin-1, TAFI, PAI-1,
and sST2, reported in single studies, were identified as potential biomarkers with the

ability to predict HT, further research may be necessary to establish these findings.

5.2 Claudin-5 was an independent predictor of HT

The prospective, observational study investigated the temporal relationship of
circulating MMP-9, Claudin-5, soluble ST2, Occludin, and S100B levels with HT in
AlS. The study also looked at how these indicators affected baseline stroke severity
and the functional outcome within the first three months after stroke onset as the
secondary objective.

On admission, patients enrolled for the study who were detected with HT
showed an increased correlation with AF, EVT, baseline ASPECTS score, and

cardioembolic etiology. There was a significant delay in the hospital arrival time of
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patients who developed HT as compared to those that did not after the stroke. Most
patients who underwent IV rtPA were not detected with HT. The majority of studies
have found that early reperfusion during the initial three hours of stroke results in a
smaller infarct volume, which lowers the risk of HT (Wardlaw et al., 2014).
Noteworthy, in this study, the median period admission from stroke onset for most
patients who had undergone reperfusion was within three hours. Secondly, there may
be a larger risk of spontaneous HT in patients who were hospitalized after the
thrombolytic window period. Molina et al. found that spontaneous recanalization
occurred beyond six hours from stroke onset and was associated with HT (Molina et
al., 2001). According to experimental data, petechial hemorrhages that occur within
24 hours after an MCA occlusion may be brought about by the loss of the basal lamina
of the blood-brain barrier (Molina et al., 2001).

Among the biomarkers, Claudin-5 in combination with low ASPECTS score
independently predicted HT in AIS. Although temporal profiles of MMP-9, Claudin-
5, and sST2 indicated an overall increase within the first 12 hours after onset, MMP-9
at 12 hours showed a trend toward a significant positive correlation with HT.
Pathological data suggested that MMP-9 released by degranulation of neutrophils
during ischemia are highly expressed in blood 6-8 hours after stroke onset in patients
with HT, subsequently plummeting around 24-26 hours (Jickling et al., 2014; Kelly et
al., 2008). However, studies have also shown that temporal distribution between HT
subtypes tends to vary due to slightly different pathophysiologies (Montaner et al.,
2003; Hong et al., 2021). The findings showed a differential time of release of MMP-
9 reaching the pinnacle at around 12 hours that gradually declined, which was

consistent with the preceding findings (Jickling et al., 2014).
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The ROC curve of MMP-9 showed a high sensitivity of discrimination for a
cut-off value of 96.3 ng/mL, which was maintained from baseline to 12 hours
signifying that an earlier measurement of the marker would predict the risk of HT.
This represented a progressive increase in the threshold levels in both MMP-9 and
sST2 with a maximum sensitivity obtained for MMP-9 and Claudin-5 at 12 hours.
Claudin-5 did not show a statistically significant association for the prediction of HT
in the bivariate analysis. However, when all biomarkers which were elevated at the 12-
hour timepoint were included in the multiple logistic regression model after adjusting
for covariates, a statistically significant predictive performance was reported. Claudin-
5 is a principal TJ protein restricting the paracellular permeation of polar solutes and
transcytotic vesicles across the barrier (Greene et al., 2019). The presence of Claudin-
5 in the blood after the ischemia-reperfusion injury is an important indicator of HT,
given its direct involvement in the blood-brain barrier disruption. Experimental data
in animals have shown a biphasic elevation of Claudin-5 — the first spike at 3 to 6 hours
from stroke onset and the second, at 120 hours, indicating its role in barrier leakage
and redistribution (Jiao et al., 2011). Our findings supported the elevation of the
marker within the first 12 hours from the onset in HT patients thereby proving to be
an important marker for screening for high-risk patients.

The temporal distribution of soluble ST2 showed a gradual increase across the
baseline to 24 hours indicating its role in the inflammatory phase of the ischemic
cascade, however, no significant association was observed contrary to previous
findings (Wolcott et al., 2017; Mechtouff et al., 2021). Although the highest sensitivity
was observed at baseline for sST2, the low threshold value may affect its

discriminative capacity in HT. Our study did not show any baseline level association
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between all five markers and the risk of HT presumably owing to the variability in the
time of sample collection during admission. Occludin and S100B did not show any
difference between HT and non-HT groups at any of the time points.

5.3 MMP-9 was correlated with stroke severity

Furthermore, MMP-9 correlated with baseline stroke severity in the study
population demonstrating a relevant relationship between severe strokes and the
increased expression of MMP-9. Patients with moderate to severe NIHSS scores at the
time of admission had significantly elevated levels of MMP-9 when assessed at 12
hours and twenty-nine of these patients were detected with HT. This finding is similar
to a previous study that showed the association of MMP-9 with stroke severity
whereby an NIHSS score over 8 correlated with neurological deterioration within 48
hours from stroke onset (Sotgiu et al., 2006).

However, MMP-9 was not significantly correlated with HT contrary to
previous findings (Castellanos et al., 2003; Castellanos et al., 2007; Montaner et al.,
2003; Mechtouff et al., 2020). MMP-9 is the most studied biomarker in the prediction
of HT with data indicating the efficacy of the marker in predicting HT and outcome
(Mechtouff et al., 2020; Castellanos et al., 2003; Montaner et al., 2003). On the other
hand, some studies have reported the lack of correlation of MMP-9 with either HT or
stroke severity, possibly owing to its heterogeneity in the eligibility criteria, and time
of blood collection which usually ranges between 6 to 20 hours from the onset in the
studies (Maestrini et al., 2020; Iwamoto et al., 2021). Nevertheless, the trend of
elevation inthe HT group indicates that MMP-9 plays a major role in HT by infiltrating
the endothelium of the blood-brain barrier via neutrophil transmigration (Enzmann et

al., 2013).
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5.4 Soluble ST2 predicted Poor Functional Outcome

Our findings demonstrated the prognostic impact of circulating sST2 levels
measured within 24 hours from stroke onset predicting short-term functional outcomes
in AIS. Of the five markers, sST2 showed a gradual increase in its concentration across
the three time points in the poor outcome group with significantly elevated levels at
12 h and 24 h from the onset. This temporal profile was consistent with the previous
findings of its elevation beyond 24 hours from onset indicating its expression during

the inflammatory phase of ischemia (Sastre et al., 2021).

After adjusting for covariates, sST2 emerged as an independent predictor of
poor functional outcomes after stroke. The probability of an unfavorable outcome was
six times higher when the cut-off value of sST2 levels assessed at 24 hours was applied

to the model yielding better discriminative capacity and high specificity.

We found that there was no significant association of both MMP-9 and
Claudin-5 with the outcome, although a trend towards elevation was observed at the
12-hour time point in patients with poor outcomes. Furthermore, the discriminatory
capacity of Claudin-5 was low, thereby affecting the reliability of the marker.
Experimental studies have indicated the role of neuroinflammatory markers in the
disruption of the blood-brain barrier affecting outcomes after stroke (Yang et al., 2019;
Anrather and ladecola, 2016; Korhonen et al., 2015). Elevated levels of sST2 have
been previously reported as a prognostic indicator of AlS in some studies (Wolcott et
al., 2017; Mechtouff et al., 2021; Tian et al., 2020). One study reported the highest
tertile of sST2 levels above a cut-off level of 22.96 ng/mL, which was measured at a

median time of 19 hours from stroke onset, to predict poor outcome and all-cause
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mortality at 90 days (Tian et al., 2020). A similar correlation was reported for an earlier
timepoint by Wolcott and colleagues, whereby sST2 >44.6 ng/mL was independently
associated with outcome and mortality in AlIS (Wolcott et al., 2017). Although these
baseline assessments were consistent with the results of the current study, no
significant correlation between the baseline levels and the functional outcome was
found in our cohort. Another recent study that looked into the relationship of sST2
levels in AIS and cardiac patients reported a significant correlation between the levels
0f sST2 evaluated at 24 hours from admission with all-cause mortality at three months,
but relatively lower levels at baseline and in the subsequent time points were observed
among AIS group (Mechtouff et al., 2021). Contrary to these findings, in a multi-
marker study conducted by Dieplinger and colleagues, sST2 showed no correlation
with the functional outcome (Dieplinger et al., 2017). Nevertheless, the heterogeneity
in these results may be attributed to the sampling done at different time points of
admission rather than at a specific time course from the onset of stroke. This was
evident in the dynamics observed in the temporal distribution of each marker in our
study. The plasma levels of sST2 were more pronounced during the late phase of acute
stroke when inflammatory mechanisms are activated (Altara et al., 2018) but both
MMP-9 and Claudin-5 were found to be expressed earlier during the blood-brain
barrier dysfunction owing to their response to oxidative stress (Rosell et al., 2008).
sST2 is a receptor of the immunomodulatory cytokine, 1L-33, and is a known
prognostic marker for cardiac diseases as the 1L-33/sST2 system was found to respond
to cardiac stress (Lotierzo et al., 2020). However, recent studies have also implicated
its key role in various central nervous diseases (De la Fuente et al., 2015; Yang et al.,

2017). Whereas IL-33 function as neuroprotective, increased levels of circulating
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sST2 inhibit 1L-33 and exacerbate the pro-inflammatory processes (Pascual-Figal et
al., 2016; Yang et al., 2017). The opposing functions of IL-33 and sST2 is necessary
for modulating the neuroprotective effects post-ischemia and remodeling of the ECM
that may influence the outcome after stroke (Sastre et al., 2021; Yang et al., 2017).
This relationship is evident in a study that showed the presence of lower IL-33 levels

in patients with poor outcome in ischemic stroke (Chen et al., 2021).

5.5 Strengths and Limitations of the Study

The strengths of the systematic review and the meta-analysis conducted were
the availability of individual studies with at least two well-studied biomarkers such as
MMP-9 and NLR. However, the variable levels of MMP-9 and NLR among studies
might be explained by heterogeneity in the patient group, timing of blood samples,
whether plasma or serum was utilized, the use of different commercial assay Kits, and
the reporting of HT subtypes. The pooled analysis employed in the current
investigation was based on a random effects model due to the large variety of cut-off
values and the use of different methodologies. Even though heterogeneity is a well-
known trait of research on diagnostic test accuracy, large sample studies are advised
to assess the diagnostic test accuracies of different biomarkers. Additionally, only two
studies were available for c-Fibronectin and Ferritin among the included studies, which
limited the pooled analysis. Additionally, several studies failed to exclude individuals
who had previously used anticoagulants, antithrombotic medications, or both, all of
which may have an impact on the severity and incidence of HT and its subtypes. Much
of the included research used a monocentric design, which may restrict how broadly

we may generalize our findings.
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As for the observational study ensuing the systematic review and meta-
analysis, the thorough sample collection at predetermined intervals following the onset
of stroke was one of the major merits. The biomarkers were evaluated using serial
measurements from onset to observe the dynamic changes in the plasma from baseline
to 24 hours after onset. Few studies that investigated the association of sST2 with AIS
assessed the plasma levels at baseline alone. Additionally, the study had limitations
due to its monocentric design and its small sample size, which may restrict the
generalizability of its results to other ethnic groups. Due to the qualifying
requirements, a sizable number of patients had to be excluded, and since this
information was not gathered, the difference between the included and excluded
patients was not reported. This may have led to a selection bias in the findings.
Furthermore, despite the small numbers, the analysis was conducted to see whether
there may be a trend between the five biomarkers and the HT subtypes, but yielded no
correlation. Previous studies have shown an association between the PH subtype and
the baseline levels of MMP-9 and S100B (Montaner et al., 2003; Castellanos et al.,
2007). But our analysis did not show any correlation with the same. Hence, we did not
include these findings in the thesis. To confirm the therapeutic application of these
biomarkers, a larger sample set may need to be used to further study the association of

these proteins with HT and outcome in AlS.

Sree Chitra Tirunal Institute for Medical Sciences and Technology, Trivandrum 122



6 SUMMARY AND CONCLUSIONS

Hemorrhagic transformation (HT) is a frequent and potentially serious
complication of acute ischemic stroke (AIS). Plasma biomarkers may be useful in
predicting HT with accuracy and operability and they may be helpful adjuncts for
clinical decision-making. However, due to the heterogeneity in the data reported, the
disparities in the timing of sampling, and the techniques used among research studies,
their validation in a clinical setting is uncertain. Hence there is insufficient evidence
to support their therapeutic application. This study sought to identify the biomarkers
that may predict HT in a South Indian cohort of patients diagnosed with AIS with the
foremost objective of conducting a systematic review and meta-analysis of the
biomarkers that have been indicated in previous literature to predict HT, and the
subsequent objective of investigating the temporal relationship of the biomarkers in
HT. Additionally, the relationship of these biomarkers with short-term functional

outcome was examined in AlS.

6.1 Summary of results

For the systematic review, the databases' screening of 2230 research studies
yielded 30 papers that were quality appraised and eligible for the review. Of these, 16
studies investigated five biomarkers namely, Matrix metalloproteinase-9 (MMP-9),
cellular-Fibronectin (c-Fibronectin), Ferritin, S100B levels in symptomatic HT, and
Neutrophil-lymphocyte ratio (NLR) in symptomatic intracranial hemorrhage (sICH),
were included in the meta-analysis. The meta-analysis revealed that MMP-9, which is

an enzyme specialized in the blood-brain barrier disintegration, had a proclivity to lead
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to symptomatic HT after stroke with a 29.5-fold increased risk. MMP-9 was found to
be a highly sensitive and specific marker for predicting symptomatic HT, as previous
literature pointed out, with excellent diagnostic accuracy, particularly for predicting
severe forms of HT. The systematic review reported baseline levels of MMP-9,
Ferritin, and NLR to predict poor short-term functional outcomes in AlS. Biomarkers
that had a high predictive value but could not be included in the meta-analysis due to
the availability of a single study were Caveolin-1, thrombin-activated fibrinolysis
inhibitor (TAFI), plasminogen activator inhibitor-1 (PAI-1) and soluble serum

stimulation (sST2) protein.

In the prospective observational study, the multiple logistic regression analysis
revealed that plasma Claudin-5 levels measured within 12 hours from stroke onset,
combined with low ASPECTS scores at baseline, independently predicted the risk of
HT in AIS. MMP-9 was positively correlated with baseline stroke severity in AlS.
Patients with higher NIHSS scores at baseline were found to have elevated plasma
levels of MMP-9 at 12 hours from stroke onset. MMP-9 and Claudin-5 followed a
similar time course of expression demonstrating the direct role of MMP-9 in the
degradation of Claudin-5 tight junction proteins of the blood-brain barrier thereby
playing a major role in the disruption of the blood-brain barrier. SST2 was an
independent predictor of poor outcomes and mortality in AlS. The plasma levels were
significantly elevated in the samples assessed at 12 hours and 24 hours from stroke
onset. The temporal profile of sST2 showed a gradual elevation which was associated
with the inflammatory mechanism during ischemia. Both Occludin and S100B yielded

the lowest results and were not found to be associated with HT and outcome.
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6.2 Future Scope of the Work

A prospective study with a large sample size consisting of plasma samples drawn
at specific time intervals from stroke onset may help further establish the predictive

roles of these biomarkers in HT

e Investigating the correlation between infarct volume and biomarker levels in HT

and poor outcome.
e Blood-brain barrier disruption measured with quantitative model studies.

e Cerebral autoregulation correlation with biomarker levels.
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