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ABSTRACT OF THE DISSERTATION 

 

Preclinical and Clinical Stroke -  

A Bidirectional Approach between Insult and Intervention 

 

by 

 

Azim Nasruddin Laiwalla 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles, 2015 

Professor Alex Anh-Tuan Bui, Co-chair 

Professor Nestor Raul Gonzalez, Co-chair 

 

Two interventions for the treatment and prevention of ischemic stroke are investigated. Remote 

ischemic conditioning (RIC) holds significant potential for the prevention of delayed ischemic 

neurological deficits following aneurysmal subarachnoid hemorrhage (aSAH). Using a matched 

cohort analysis, lower-limb RIC demonstrated a positive effect on the functional outcomes of 

patients with aSAH. Differential expression and methylation analysis following RIC in aSAH 

patients identified genes enriched for cell cycle and inflammatory responses, potential 

biomarkers for the determination of an effective RIC dose. A reliable, minimally invasive rat 

model of SAH and vasospasm has been developed, allowing for the study of neuroprotective 

treatments without the confounding effects of invasive surgery. 
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Encephaloduroarteriosynangiosis (EDAS) for patients with intracranial atherosclerosis (IAS) 

also has great potential as a treatment for ischemic stroke. Patients with IAS are particularly 

susceptible to intraoperative variations in cerebral perfusion. The strict anesthesia protocol 

established for EDAS procedures was effective in reducing the intraoperative variability of 

targeted physiological parameters, while achieving established hemodynamic goals. 

Investigation into the perfusion profile following EDAS in IAS patients demonstrated a shift of 

the perfusion profile in the surgical site towards an increased probability of arterial components, 

with decreased postsurgical neurological events. A reliable mouse model of ischemic stroke and 

EDAS has been developed, allowing for the study of neovascularization following ischemic 

infarction and for therapies to enhance perfusion.  

 

Differences in brain structure, including white matter, must be considered to achieve a model of 

ischemic stroke and maximize translational benefits. A minimally invasive endovascular canine 

model of ischemic stroke was developed, allowing visualization of the cerebrovasculature, and 

producing infarcts consistent with invasive models. The higher proportion of white matter in 

canine brain allows for the hyperacute detection of ischemic white matter changes by clinical 

MR imaging and its correlation to immunohistochemical changes. As early as four hours after 

insult, imaging shows extraaxonal edema of white fiber tracts, and immunohistochemistry 

studies demonstrate changes to oligodendroctyes. A direct link between the preclinical model 

and clinical state, with consideration for the therapeutic interventions of RIC and EDAS, disease 

state, and outcomes measured will maximize translational success.  
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CHAPTER 1 

 

Introduction  



	  
	  

2	  

This dissertation explores two interventions for the treatment and prevention of ischemic stroke. 

The first, remote ischemic conditioning (RIC), draws upon innate mechanisms to protect against 

ischemic insults that follow aneurysmal subarachnoid hemorrhage (aSAH). The effects of this 

intervention on functional outcomes in patients with aSAH are investigated, along with the 

identification of novel biomarkers for this process. The second intervention utilizes the well-

established modality of indirect revascularization, encephaloduroarteriosynangiosis (EDAS), 

towards the novel application of stroke prevention and treatment in patients with symptomatic 

intracranial atherosclerosis (IAS). The effects of a rigorous anesthesia protocol during EDAS 

surgery and the impact of EDAS on perfusion and neurological outcomes are investigated. 

Preclinical models of SAH and vasospasm, as well as ischemic stroke and EDAS are described 

to allow for a better understanding of the pathophysiology of the disease processes and 

enhancement of the therapeutic potential of the interventions. Furthermore, a minimally invasive 

canine model of ischemic stroke is introduced to characterize white matter ischemia. This 

chapter explains the motivation for and contributions of this dissertation research.  

 

1.1. Motivation 

 

Stroke is the leading cause of long-term disability and ranks second among all causes of death 

worldwide (Mozaffarian et al. 2014). Ischemic stroke accounts for the majority of all strokes, of 

which intracranial atherosclerosis is the major underlying cause worldwide and carries a worse 

prognosis than other stroke etiologies (Casals et al. 2011; Derdeyn et al. 2014; Wityk et al. 

1996). The remaining strokes are hemorrhagic and consist of subarachnoid and intracerebral 

hemorrhage (Mozaffarian et al. 2014). Extravasated blood following subarachnoid hemorrhage 
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may result in vasospasm, a cause of delayed ischemic stroke in nearly a third of affected patients 

(Rowland et al. 2012).  

 

Decades of stroke research have led to a multitude of potential therapies and neuroprotective 

targets (Mergenthaler and Meisel 2012; Kaur, Prakash, and Medhi 2013). Despite this, 

translation of an overwhelming majority of these discoveries into clinical treatments has failed, 

with only recombinant tissue-plasminogen activator proving effective (Mergenthaler and Meisel 

2012; Dirnagl and Fisher 2012; Kaur, Prakash, and Medhi 2013). Given the significant morbidity 

and mortality associated with stroke, along with the lack of adequate treatment, there is 

tremendous need for the development of novel therapeutic strategies for ischemic stroke.  

 

This dissertation addresses these issues by investigating two interventions for the treatment and 

prevention of ischemic stroke.  

 

1.2. Contributions of this Research 

 

The main contributions of this research are the following:  

 

• Lower-limb RIC has a positive effect on the functional outcomes of patients with aSAH. 

RIC is independently associated with good outcome and also shows a trend toward lower 

incidence of stroke and death. Although the safety and feasibility of RIC in aSAH 

patients has been demonstrated, this study reports the positive effect of RIC on functional 

outcomes of aSAH patients. Chapter 3 fully describes this study, in which the neurologic 
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outcome (modified Rankin Scale) of patients enrolled in a prospective trial (RIPC-SAH) 

was measured and compared to control patients with aSAH.  

 

• Gene expression and DNA methylation changes in aSAH patients undergoing RIC are 

involved in coordinate cell cycle and inflammatory responses. Differential expression and 

methylation following RIC in aSAH patients led to the identification of 103 genes 

enriched for cell cycle and inflammatory responses. Additionally, cell cycle genes form a 

significant protein-protein interaction network of tightly co-expressed genes. This is the 

first clinical longitudinal and systematic genome-wide study, comparing gene expression 

and methylation changes following RIC in aSAH. Identification of suitable biomarkers of 

conditioning activity is key in determining an effective dose of RIC and the mechanisms 

of neuroprotective action. Chapter 4 outlines RIC-induced changes of the transcriptomes 

using RNA sequencing and genome-wide DNA methylomes using reduced representation 

bisulfite sequencing.  

 

• A reliable, minimally invasive rat model of SAH and vasospasm is developed. Ventral tail 

arterial blood double-injected into the cisterna magna by a percutaneous stereotactic 

technique allows for a feasible, reliable model of subarachnoid hemorrhage and 

vasospasm in rats. The model produces neurological deficits and infarction consistent 

with more invasive models. Furthermore, it may be used to study neuroprotective 

treatments for vasospasm and delayed neurological deficits following SAH, without the 

confounding effects of surgical interventions. Chapter 5 describes the technical details of 

the formation of this model.  
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• The rigorous anesthesia protocol established for EDAS procedures is effective in 

reducing the intraoperative variability of targeted physiological parameters while 

achieving established hemodynamic goals. The EDAS anesthesia protocol, composed of 

strict physiological goals with extensive personnel briefings and checks, reduces the 

intraoperative variability of patient vitals compared to standard neurovascular 

interventions. In addition to reducing variability, the protocol successfully achieves 

hemodynamic goals established for IAS patients undergoing EDAS surgery. Chapter 6 

details a prospective controlled-cohort study of patients undergoing EDAS surgery versus 

standard neurovascular interventions.  

 

• EDAS causes a shift of the perfusion profile in the surgical site towards an increase in 

the probability of arterial components. Independent component analysis (ICA) of 

perfusion MR imaging following revascularization by EDAS demonstrates an increase in 

the probability of arterial ICA components in the surgical site, while the probabilities of 

the venous and capillary components decrease, with the point of inversion at nine 

months. Furthermore, following surgical revascularization, neurological events decrease. 

Chapter 7 characterizes the changes in the perfusion profile following EDAS in IAS 

patients and the effects on neurological events. 

 

• A reliable, relevant model of mouse ischemic stroke and EDAS is developed. To 

supplement an established MCA occlusion model of focal cerebral ischemia in mice with 

the apposition of temporalis muscle, a mouse model of encephalomyosynangiosis as a 

modification of EDAS used in humans is created. This model allows for the development 
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of therapeutics to target and enhance perfusion and to study neovascularization following 

ischemic cerebral infarction. Chapter 8 outlines the steps in the development of this 

model.  

 

• A reliable, minimally invasive endovascular canine model of ischemic stroke is developed 

that allows for monitoring of the pathophysiological progression of white matter 

ischemia through MR imaging and its correlates to gross histological and 

immunohistochemical changes. In a superselective endovascular approach, embolic 

material guided to and released in the middle cerebral artery under fluoroscopy allows for 

a feasible, reliable model of ischemic stroke in canines. The model produces infarcts in 

the MCA territory consistent with invasive models, while avoiding an invasive surgical 

approach, and allows for visualization of the cerebrovasculature.  

 

The higher proportion of white matter in the canine brain allows for the hyperacute 

detection of ischemic white matter changes by clinical MR imaging and their correlation 

to immunohistochemical changes. DTI data suggest reduced axonal diffusion, due to 

extraaxonal edema in the hyperacute period. Immunohistochemistry co-labeling in the 

penumbra region indicates changes to oligodendrocytes as early as four hours after insult. 

Chapter 9 describes the ischemic canine model and the pathophysiological progression of 

white matter ischemia. 

 

Chapter 2 outlines the background and significance of this work. Chapter 10 provides concluding 

remarks and describes future works. 	    
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CHAPTER 2 

 

Background and Significance  
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2.1. Stroke - Statistics 

 

Stroke, classically defined as a neurological deficit due to a cerebrovascular cause lasting beyond 

24 hours, is a leading cause of long-term disability and death (World Health Organization 1978; 

Sacco et al. 2013). In the United States, stroke occurs on average every 40 seconds, and 

~795,000 strokes occur each year, of which ~610,000 are first attacks. The remaining ~185,000 

are recurrent attacks, at rates of 1.8% at one month and 8% at one year (Feng, Hendry, and 

Adams 2010). Women have a higher lifetime risk of stroke, and ~55,000 more women than men 

have a stroke each year (Mozaffarian et al. 2014). In the US, stroke accounts for nearly one in 

every twenty deaths, killing on average every four minutes, and ranks fourth among all causes of 

death. Worldwide, stroke accounts for 11.8% of total deaths and is the second leading cause of 

death behind heart disease.  

 

While stroke is deadly, it kills less than it disables. Stroke is the leading cause of severe long-

term disability in the US and second leading cause worldwide (Mozaffarian et al. 2014). In the 

US, ~75% of patients survive their stroke, leaving 50% hemiparetic and 46% with cognitive 

deficits (Mozaffarian et al. 2014; Carmichael 2005; Kelly-Hayes et al. 2003). Furthermore, of the 

survivors, 25% are dependent for activities of daily living, 31% require assistance to walk, and 

26% are institutionalized. Their long-term disabilities translate into significant financial costs. In 

2011, the direct medical costs of stroke were estimated to be $17.5 billion, with total direct and 

indirect costs estimated at $33.6 billion. Total direct costs of stroke have been projected to triple 

from 2005 to 2030.  
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2.2. Ischemic Stroke 

 

Ischemic stroke accounts for 87% of all strokes and results from obstruction of the cerebral 

blood supply, due to thrombi or emboli, or systemic hypoperfusion (Mozaffarian et al. 2014; 

Caplan 2009). Thrombosis refers to an obstruction in an artery due to a local occlusive process, 

resulting from atherosclerosis, primary hematological disorder, fibromuscular dysplasia, arteritis, 

dissection of the vessel wall, or hemorrhage into a plaque (Caplan 2009). In contrast, emboli are 

debris formed elsewhere that travel through and occlude a cerebral artery. Emboli most 

commonly arise from the heart and vessels and are composed of plaque, clot, tumor, bacterial 

vegetation, and in some cases fat or air. Both thrombotic and embolic stroke cause focal 

occlusion in a vessel, causing ischemia in a specific cerebral territory. Around the ischemic core 

is a rim of tissue known as the penumbra that is hypoperfused and maintained by collateral blood 

flow.  

 

Systemic hypoperfusion is also a cause of ischemic stroke, in which systemic failures result in 

insufficient brain perfusion. This is most commonly a result of cardiac pump failure, by 

myocardial infarction or arrhythmias, or hypovolemia secondary to blood loss. As opposed to 

focal occlusions of cerebral blood flow by thrombi or emboli, systemic hypoperfusion causes 

generalized loss of perfusion or global hypoperfusion.  
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2.2.1. Intracranial Atherosclerosis 

 

Intracranial atherosclerosis (IAS) is the major underlying cause of ischemic stroke worldwide 

(Casals et al. 2011; Derdeyn et al. 2014; Wityk et al. 1996). Each year in the US, ~100,000 

patients suffer ischemic insults related to intracranial atherosclerotic disease, and worldwide, the 

prevalence is ~20 to 40 sufferers out of every 100,000 persons (Qureshi et al. 2003). IAS carries 

a worse prognosis than other stroke etiologies and has an annual rate of recurrent stroke or death 

of 15 to 35% despite intensive medical management (Casals et al. 2011; Derdeyn et al. 2014; 

Wityk et al. 1996). Data on the prevalence of asymptomatic IAS is limited, however. In an 

investigation evaluating the prevalence of atherosclerosis based on pathologic findings, severe 

IAS was identified in 43% of adults between 60 to 69 years, 65% in those between 70 to 79 

years, and 80% in those over 80 years (Baker et al. 1967). 

 

2.2.2. Pathophysiology of Stroke in Intracranial Atherosclerosis 

 

IAS is a multifactorial disease process wherein lipoprotein deposition, endothelial injury, 

hemodynamic variation, and inflammation within an intracranial vessel result in the development 

of an unstable atherosclerotic plaque in patients with risk factors (Gonzalez, Liebeskind, et al. 

2013). Lipoprotein A is an atherogenic protein that facilitates the deposition of cholesterol and 

endothelial fibrinolysis of arterial walls (Scanu, Lawn, and Berg 1991). Blood flow disturbances, 

generally due to hypertension, result in shearing injury to vascular endothelial cells, which 

furthers the lipoprotein A-mediated damage (Malek et al. 1997; Fuster et al. 2005). Injured 

endothelial cells propagate the vascular damage by upregulating the inflammatory process and 
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activating immune cells to adhere to and migrate into the vessel walls. Macrophages endocytose 

the deposited cholesterol and become foam cells, which through the release of growth factors 

and cytokines promote smooth muscle proliferation and plaque formation (Ross 1999). These 

injurious processes within the vessel wall lead to ischemic stroke through in situ thrombosis, 

emboli, hypoperfusion, or combinations of these mechanisms (Gonzalez, Liebeskind, et al. 2013; 

Caplan and Hennerici 1998).  

 

2.2.3. Collaterals and Intracranial Atherosclerosis 

 

There is a persistent risk of stroke associated with hypoperfusion as a result of severe intracranial 

arterial stenosis (Yamauchi et al. 1999; Gonzalez, Liebeskind, et al. 2013). Collateral vessels, a 

secondary redundant vascular supply, are critical in mitigating this risk (Liebeskind et al. 2011). 

Chronically hypoperfused brain regions actively recruit collaterals, dilating and contracting to 

supplement blood flow according to demand (Meyer and Denny-Brown 1957). In a recent study 

investigating the role of collaterals in stroke risk modification in IAS patients, it was determined 

that poor or absent collaterals increased stroke risk by 6.05x. Furthermore, in the chronic steno-

occlusive process of moyamoya disease (MMD), preexisting collaterals are not only recruited 

but also sprout new vessels to increase the supplementary network (Piao et al. 2004).  

 

2.3. Hemorrhagic Stroke 

 

Hemorrhagic stroke accounts for 13% of all stroke and consist of subarachnoid and intracerebral 

hemorrhage (Mozaffarian et al. 2014). Subarachnoid hemorrhage (SAH) is a result of the rupture 
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of weakened vessel walls, commonly in aneurysms and arteriovenous malformations. Rupture 

results in bleeding directly into the cerebral spinal fluid of the subarachnoid space at systemic 

arterial pressure (Weir 1987; Caplan 2009). Blood disseminates throughout the subarachnoid 

space, rapidly increasing the intracranial pressure (Caplan 2009). In contrast, intracerebral 

hemorrhage is usually caused by hypertension-induced leakage of small cerebral arterioles and 

results in bleeding into a localized region of the brain parenchyma (Rosenblum 1977; Caplan 

1994). Blood from the hematoma travels along the axonal fiber tracts, spreading the fibers as it 

travels. The blood in the hematoma and throughout the fibers clots and induces swelling of 

adjacent tissues.  

 

2.3.1. Vasospasm 

 

Vasospasm refers to the morphologic narrowing of cerebral arteries (Archavlis and Carvi Y 

Nievas 2013). Extravasated blood following hemorrhage, particularly SAH, between 3 to 14 

days after initial hemorrhage, may result in arterial constriction (Rowland et al. 2012). Although 

70% of patients with SAH demonstrate angiographic evidence of vasospasm, it causes delayed 

clinical deficits in 30% of affected patients (Archavlis and Carvi Y Nievas 2013; Rowland et al. 

2012). The extent of vasospasm correlates to the amount of subarachnoid blood, yet just the 

presence of vasospasm within two weeks of SAH is correlated to a three-fold increase in death 

(Archavlis and Carvi Y Nievas 2013). Although hemorrhage and ischemia are diametrically 

opposite conditions, the sequela of SAH is delayed ischemic stroke.  
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2.4. Remote Ischemic Conditioning - Background 

 

Remote ischemic conditioning (RIC) is a powerful endogenous mechanism whereby sublethal 

episodes of ischemia temporarily protect against subsequent lethal ischemic insults at distant 

sites (Koch and Gonzalez 2013). Murry et al. first demonstrated the phenomenon of direct 

ischemic conditioning in canine cardiac tissue, where transient episodes of cardiac ischemia 

reduced subsequent myocardial ischemia-reperfusion injury (Murry, Jennings, and Reimer 

1986). Direct ischemic preconditioning was later described in the brain, where sublethal cerebral 

ischemia prior to complete arterial occlusion preserved neuronal structure and function (Roth 

2004; Gidday 2006; X. Liu, Sha, and Cho 2013). Despite the effectiveness of direct ischemic 

preconditioning, it was not until the realization that its impact extended beyond the 

preconditioned stimulus that it garnered clinical momentum (Cheung et al. 2006; Dave et al. 

2006; Hausenloy and Yellon 2009). 

 

2.4.1. Remote Ischemic Conditioning - Preclinical Studies 

 

In animal models, RIC of the limb has been shown to be effective in the protection against global 

and focal cerebral ischemia by facilitating earlier recovery of regional cerebral blood flow, 

reducing infarct size, and preventing both vasospasm and delayed neurological deficits (Zhao et 

al. 2004; Jin et al. 2006; Dave et al. 2006; Ren et al. 2008; Kirino, Tsujita, and Tamura 1991; H. 

Nakamura et al. 2006; Plamondon et al. 2008; Vellimana et al. 2011). In experimental rat 

models, limb RIC prevented CA1 hippocampal neuron loss following transient global ischemia 

(Zhao et al. 2004; Jin et al. 2006). Moreover, limb RIC in an asphyxial cardiac arrest rat model 
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reduced neuronal loss in the hippocampus by up to 70% (Dave et al. 2006). Similar 

neuroprotection was observed in a rat focal stroke model, where RIC led to a reduction of infarct 

size (Ren et al. 2008). Likewise, in an experimental porcine model, limb RIC was found to be 

protective against hypothermic circulatory arrest injury, with reduced edema and hemorrhage, 

and further led to a more rapid recovery of neurological function (H. A. Jensen et al. 2011). RIC 

alleviates the risk of the conditioning stimulus on the brain, and numerous animal studies have 

established the neuroprotective effects of RIC. 

 

2.4.2. Remote Ischemic Conditioning - Clinical Studies 

 

The promising neuroprotective effects of RIC in animal models led to its translation to clinical 

trials. In a randomized study of patients undergoing carotid endarterectomy, two 10-minute 

episodes of limb RIC protected the patients from neurologic injury, as measured by a 

nonsignificant reduction of saccadic latency deteriorations (Walsh et al. 2010). In a longer-term 

study, bilateral limb RIC performed twice daily for 300 days conferred neuroprotection in 

patients with symptomatic intracranial arterial stenosis, as demonstrated by a reduction in the 

incidence of recurrent stroke, shortened average time to recovery, and improved cerebral 

perfusion (Meng et al. 2012). These clinical findings, along with those from preclinical studies, 

confirm the presence of endogenous neural protective mechanisms that are inducible by RIC.  
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2.4.3. Remote Ischemic Conditioning - Aneurysmal Subarachnoid Hemorrhage 

 

Previous studies in aSAH patients have evaluated the metabolic changes induced by transient 

ischemia of the lower limb. Muscle microdialysis revealed an increase in lactate and the lactate-

pyruvate ratio, without variation in glycerol, indicating transient muscle ischemia without 

permanent cell damage (Bilgin-Freiert et al. 2012). The effects of RIC on cerebrovasculature and 

local metabolites have also been investigated. TCD measurements of patients undergoing RIC 

indicated transient cerebral vasodilation over the duration of preconditioning. Brain 

microdialysis demonstrated a persistent reduction in the lactate-pyruvate ratio as well as glycerol 

25 to 54 hours after the final preconditioning stimulus (Gonzalez, Hamilton, et al. 2013). 

Subsequent studies confirmed the safety and feasibility of lower-limb RIC in patients 

hospitalized with aSAH (Bilgin-Freiert et al. 2012; Gonzalez, Hamilton, et al. 2013; Gonzalez et 

al. 2014; Koch et al. 2011). RIC did not cause DVT or mechanical ischemic injury to the 

preconditioned limb. Patients tolerated the procedure, showing stable vitals and intracranial 

pressure during preconditioning (Gonzalez et al. 2014). 

 

Prior randomized clinical trials have reported the efficacy of RIC in stroke prevention in patients 

with intracranial atherosclerosis and carotid endarterectomy, but only the safety and feasibility of 

RIC in aSAH has thus far been reported (Meng et al. 2012; Walsh et al. 2010). The established 

time course for vasospasm and delayed ischemic neurological deficits following aSAH is 

uniquely suited for the timely application of RIC before the peak risk of vasospasm and stroke 

(Koch and Gonzalez 2013). RIC holds great potential for the prevention of delayed neurological 

deficits following aneurysmal subarachnoid hemorrhage (aSAH).  
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2.5. Encephaloduroarteriosynangiosis - Background 

 

Indirect cerebral revascularization is used to supplement blood flow to hypoperfused brain 

regions. In 1950, Henschen developed encephalomyosynangiosis (EMS), in which the temporalis 

muscle is directly apposed to the lateral surface of the brain and sutured to the dural edges 

(Henschen 1950). Karasawa et al. took advantage of the highly vascular temporalis muscle used 

in this process and applied it to patients with moyamoya disease (MMD), a chronic 

stenoocclusive process affecting the internal carotid arteries which develop abnormal vessels at 

the base of the brain (McLaughlin and Martin 2014; Henschen 1950). The procedure 

demonstrated collateral growth from the temporalis muscle but had the disadvantages of causing 

a large mass effect and an increase in seizures (Zipfel 2005). Noting collateral development 

between the dural and cortical arteries from the EMS procedures, Matsushima et al. developed 

encephaloduroarteriosynangiosis (EDAS), in which extracranial arterial branches (superficial 

temporal artery [STA] or middle meningeal artery [MMA]) and their galeal cuffs are apposed to 

intracranial arterial branches on the brain surface without direct anastomosis. EDAS has since 

remained one of the more common indirect revascularization procedures and is an established 

treatment modality for moyamoya disease, particularly in the pediatric population (Adelson and 

Scott 1995; T. Matsushima et al. 1998; Sainte-Rose et al. 2006; Scott et al. 2004). 

 

2.5.1. Encephaloduroarteriosynangiosis - Moyamoya Disease 

 

Along with details of the EDAS procedure, Matsushima et al. reported the outcomes of the 

EDAS procedure performed on five pediatric patients (Y. Matsushima et al. 1981). The study 
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demonstrated multiple spontaneous anastomoses between the scalp and cortical arteries and 

between the scalp artery and dura mater while reducing complications compared to EMS. In a 

larger study of 43 adult MMD patients that underwent EDAS, collateral vessels developed in 

98% of surgical hemispheres, and increased perfusion by single-photon emission computed 

tomography (SPECT) was observed in 82% of surgical hemispheres (Starke et al. 2009). It was 

estimated that surgically treated hemispheres were 89% less likely to suffer infarction as 

compared to the nonsurgical hemisphere. More recently, surgical outcomes following EDAS in 

37 adult MMD patients were investigated (Agarwalla et al. 2014). From surgery to last follow-

up, there was improvement in the number of patients with a modified Rankin Scale score of 0-1 

(21 to 29) and a reduction in neurological insults from 1.7 events per patient to 0.14 (p<0.001). 

In another recent study, EDAS demonstrated similar quantitative increases in the collateral 

circulation of both adult and pediatric moyamoya patients, with 97% of adult and 89% of 

pediatric patients positively responding to EDAS without new ischemic symptoms 1 month 

postoperatively (Dusick, Gonzalez, and Martin 2011). There is growing evidence demonstrating 

increased collaterals and improvement in neurological outcomes following EDAS in pediatric 

and adult MMD patients.  

 

2.5.2. Encephaloduroarteriosynangiosis - Intracranial Atherosclerosis 

 

EDAS has recently been proposed for the treatment of symptomatic intracranial stenosis in 

adults, although its ability for robust neovascularization from mature blood vessels has been 

questioned (Dusick, Gonzalez, and Martin 2011; Dusick et al. 2012; Gonzalez, Liebeskind, et al. 

2013; Starke, Komotar, and Connolly 2009). In a pilot study, EDAS performed in 13 IAS adult 
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patients showed new branches emerging from the extracranial circulation, with 8 of 11 patients 

forming direct anastomosis with the MCA (Dusick et al. 2012). Furthermore, in all but two 

patients, EDAS led to the cessation of ischemic symptoms within the follow-up period. EDAS 

for IAS has great promise as a treatment for ischemic stroke.  

 

2.6. Translational Failures 

 

Decades of stroke research have led to a multitude of potential therapies and neuroprotective 

targets (Mergenthaler and Meisel 2012; Kaur, Prakash, and Medhi 2013). Despite this, 

translation of an overwhelming majority of these discoveries into clinical treatments has failed 

(Mergenthaler and Meisel 2012; Dirnagl and Fisher 2012; Kaur, Prakash, and Medhi 2013). Over 

a thousand neuroprotective therapies emerging from preclinical stroke studies have failed to 

show benefit in human trials, with only recombinant tissue-plasminogen activator proving 

effective (Kaur, Prakash, and Medhi 2013). Apart from design failures due to poor adherence to 

preclinical experiment practices, as addressed by the STAIR (Stroke Therapy Academic Industry 

Roundtable) recommendations, important intrinsic limitations of models contribute to the high 

rate of translational failure (Fisher et al. 2009; Traystman 2003; Kaur, Prakash, and Medhi 2013; 

Mak, Evaniew, and Ghert 2014).  

 

2.7. Animal Models: Best Practices 

 

For an animal model to best represent the disease as it occurs in humans, a direct link is 

necessary between the preclinical model and clinical state, with consideration for disease state, 
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therapeutic intervention, and outcomes measured. Attention should also be paid to differences in 

brain structure, especially white matter since it makes up half the brain volume in humans and is 

particularly sensitive to ischemia (Fisher et al. 2009; Shereen et al. 2010). To achieve such a 

model, both basic scientists and clinical practitioners should be involved in the conception and 

optimization of animal models (Mergenthaler and Meisel 2012). A shift is necessary from the 

traditional linear, unidirectional basic science-to-clinical-practice pipeline towards a bidirectional 

iterative approach incorporating successes and lessons learned from clinical practice 

(Mergenthaler and Meisel 2012). The burden of the development and characterization of animal 

models thus falls upon all actors along the translational pipeline (Perrin 2014). Public 

repositories of suitable animal models will allow for standardization of models and improved 

quality of preclinical studies that ultimately result in more successful translation (Fisher et al. 

2009; Perrin 2014).  
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CHAPTER 3 

 

Remote Ischemic Conditioning in Patients with Aneurysmal Subarachnoid Hemorrhage 

  



	  
	  

21	  

This section is adapted from: 

 

Laiwalla A, Ooi Y, Liou R, Gonzalez NR. Matched Cohort Analysis of the Effects of Limb 

Remote Ischemic Conditioning in Patients with Aneurysmal Subarachnoid Hemorrhage. 

Submitted. 

 

Introduction 

 

Remote ischemic conditioning (RIC) is a powerful endogenous mechanism whereby sublethal 

episodes of ischemia temporarily protect against subsequent lethal ischemic insults at distant 

sites (Koch and Gonzalez 2013). In animal models, RIC of the limb has been shown to be 

effective in protecting against global and focal cerebral ischemia (Zhao et al. 2004; Jin et al. 

2006; Dave et al. 2006; Ren et al. 2008). In humans, lower-limb RIC induces ischemic muscle 

changes, resulting in transient metabolic shifts consistent with sublethal ischemia that may be 

used to protect distant organs (Bilgin-Freiert et al. 2012). Prior clinical studies have 

demonstrated the safety of limb RIC in patients with aneurysmal subarachnoid hemorrhage 

(aSAH) and the mechanism’s potential to produce neurovascular and cerebral metabolic changes 

(Gonzalez, Hamilton, et al. 2013; Gonzalez et al. 2014). Several authors have suggested the 

potential role of RIC in aSAH patients; however, the exact benefits remain unclear (Koch et al. 

2011; Koch, Sacco, and Perez-Pinzon 2012). Recent randomized clinical trials reported the 

efficacy of RIC in stroke prevention in patients with intracranial atherosclerosis and carotid 

endarterectomy, but this has not been shown in aSAH (Meng et al. 2012; Walsh et al. 2010). The 
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goal of this study is to evaluate the potential effect of an established lower-limb conditioning 

protocol on functional outcomes of patients with aSAH. 

 

Methods 

 

Study Design 

 

To evaluate the potential effect of lower-limb RIC in patients with aSAH, we performed a 

retrospective cohort study of patients originally enrolled in the Remote Ischemic Preconditioning 

in Subarachnoid Hemorrhage (RIPC-SAH) trial (Clinicaltrials.gov # NCT01158508) versus a 

matched control group. The study was conducted with institutional review board approval. The 

details of the RIPC-SAH study protocol and results of the safety endpoints have been previously 

published (Gonzalez et al. 2014). For the present study a matching algorithm was used to 

retrospectively identify a control group of individuals with aSAH from our institutional 

departmental database. The algorithm accounted for known factors affecting outcomes of aSAH 

(Teunissen et al. 1996; Claassen et al. 2001; Molyneux 2002; Gonzalez et al. 2007). Patients 

were identified matching for age within 4 years, gender, exact Hunt and Hess (H&H) grade, and 

Fisher grade. To increase the power of the study, an allocation rate of 3:1 was used between 

controls and cases. Both RIC and control patients received standard-of-care management of 

aSAH, including early protection of the aneurysm, calcium channel blocker treatment, and 

monitoring and treatment for vasospasm. The same neurocritical care team was involved in the 

management of the RIC and control groups. Table 3-1 summarizes the inclusion and exclusion 

criteria for the RIPC-SAH study, which were also applied to the control cohort.  
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Inclusion Criteria 

• Patient age between 18 and 80 years 

• Patient or appropriate surrogate capable of providing signed, informed consent 

• aSAH confirmed by CT or lumbar puncture with aneurysm origin confirmed by 

catheter or CT angiography 

• Ruptured aneurysm protected by coiling or clipping 

Exclusion Criteria 

• Unprotected ruptured intracranial aneurysm 

• Pregnancy 

• History or physical exam findings of peripheral vascular disease, deep vein 

thrombosis, peripheral neuropathy, or lower extremity bypass 

 

Table 3-1. Inclusion and Exclusion Criteria for Remote Ischemic Preconditioning in 

Subarachnoid Hemorrhage Trial Enrollment.  

 

The protocol of RIC consisted of 4 RIC sessions of the lower limb over multiple nonconsecutive 

days, performed within 2 to 12 days following aneurysm rupture. Each session included 4 

inflation cycles lasting 5 minutes, with 5 minutes of cuff deflation between all of the cycles. 

Inflation pressure was initiated at 20 mm Hg above the patient’s known baseline systolic blood 

pressure and was increased until the dorsalis pedis pulse was abolished, as verified by Doppler 

ultrasonography. This pressure was maintained through the inflation cycle.  
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Endpoint measurements 

 

The standard dichotomized modified Rankin Scale (mRS) at discharge was used as primary 

endpoint, with good functional outcome defined as mRS 0 to 2 and poor functional outcome as 

mRS 3 to 6 (Weisscher et al. 2008; Duncan, Jorgensen, and Wade 2000). Secondary endpoints 

included the development of (1) vasospasm during hospitalization, as determined by catheter 

angiography and/or transcranial Doppler (TCD) ultrasonography, and (2) ischemic stroke, as 

determined by MRI and/or CT.  

 

Sample-size calculation 

 

Using the approach described by Kelsey et al. (Kelsey et al. 1996), a total sample size of 76 was 

calculated to be sufficient to detect a minimum odds ratio of 4.0 in favor of the RIC group for 

good outcome, with α of 0.05 and 80% power. This calculation was based on the expected 

proportion of good outcomes of 25% with current standard of care, according to Hop et al (Hop 

et al. 1997). 

 

Statistics 

 

Statistical analysis was performed with JMP®, version 11 (SAS Institute Inc., Cary, NC, 1989–

2007).	  Descriptive statistics were generated for demographic and clinical assessments to 

characterize the study populations in both groups. 2x2 contingency tables with the numbers of 
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treated and untreated patients with good and poor outcomes were created, from which the odds 

ratio was calculated. A chi-square test of significance was applied with α of 0.05.  

 

Logistic regression models were used to account for the possible effects of covariates not 

corrected by the matching algorithm. A full model was built using the covariates age, gender, 

aneurysm location, treatment (coiling vs. clipping), Fisher grade, H&H grade, presence of 

intraventricular hemorrhage/intraparenchymal hemorrhage (IVH/IPH), and group (RIC vs. 

control). Backward and forward stepwise model building regression with minimum BIC and AIC 

stopping rules were used to generate a parsimonious model. Odds ratios of the significant 

variables were calculated from the parsimonious model with their corresponding 95% confidence 

intervals. The models’ significance was tested with the chi-square test. Entropy RSquare, 

misclassification rate, and the area under the curve of their receiver operating characteristics 

were utilized to evaluate their fitness.  

 

To evaluate for potential effects of time of management in RIC compared to historical controls, a 

correlation matrix between time of treatment and mRS was constructed. Spearman’s correlation 

was used to evaluate its significance. 
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Results 

 

Patient Population 

 

The RIC group consisted of 21 patients, ages ranging from 22 to 76 years (mean = 50.81, SD = 

12.73), with 14 females (66.7%) and 7 males (33.3%). The matching algorithm identified 61 

control patients, ages ranging from 20 to 77 years (mean = 52.03, SD = 11.95), and consisted of 

41 females (67.2%) and 20 males (32.8%). Demographic data and clinical presentation grades 

(Fisher and H&H grades) are summarized in Table 3-2.  

 

Demographics Control Group RIC1 Group 
No. of patients 61 21 
Age – years   

Mean (SD) 52.03 (11.95) 50.81 (12.73) 
Gender – No. (%)   

Female 41 (67.2%) 14 (66.7%) 
Male 20 (32.8%) 7 (33.3%) 

Aneurysm Location – No. (%)   
Posterior circ. 20 (32.8%) 9 (42.9%) 
Anterior circ. 41 (67.2%) 12 (57.1%) 

Treatment – No. (%)   
Clipping 23 (37.7%) 8 (38.1%) 
Coiling 38 (62.3%) 13 (61.9%) 

Fisher – No. (%)   
2 8 (13.1%) 3 (14.3%) 
3 53 (86.9%) 18 (85.7%) 

Hunt and Hess – No. (%)   
1 6 (9.8%) 2 (9.5%) 
2 9 (14.8%) 3 (14.3%) 
3 18 (29.5%) 6 (28.6%) 
4 14 (23.0%) 5 (23.8%) 
5 14 (23.0%) 5 (23.8%) 

IVH/IPH2 – No. (%)   
No 27 (44.3%) 8 (38.1%) 
Yes 34 (55.7%) 13 (61.9%) 
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Table 3-2. Summary of Demographics and Clinical Presentation Grades between Remote 

Ischemic Conditioning and Control Groups. Chi-square method was used to compare proportions 

among groups. Mean age difference calculated using a two-sided t-test. There were no 

significant differences between the groups. 1Remote ischemic conditioning, 2Intraventricular 

hemorrhage/intraparenchymal hemorrhage 

 

The location of the ruptured aneurysm was classified as anterior or posterior circulation for each 

patient. Twelve of 21 RIC (57.1%) and 41 of 61 control (67.2%) patients had ruptured 

aneurysms in the anterior circulation. The remaining 9 RIC (42.9%) and 20 control (32.8%) 

patients had ruptured aneurysms in the posterior circulation. There was no significant difference 

in the proportions of patients treated with clipping or coiling between RIC patients and controls. 

Endovascular coiling was performed in 13 RIC (61.9%) and 38 control (62.3%) patients, with 

surgical clipping performed in 8 (38.1%) and 23 (37.7%) of the RIC and control patients, 

respectively.  

 

Clinical Outcomes 

 

Nine of 21 RIC (42.9%) patients had good outcomes, while only 14 of 61 control (23.0%) 

patients had good outcomes. Four of 21 RIC (19.1%) patients had no neurological deficits (mRS 

0) versus 4 of 61 controls (6.6%). There was 1 (4.8%) death in the RIC group and 12 (19.7%) in 

the control group. The complete list of clinical outcomes is summarized in Table 3-3.  
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Variable Functional Outcome Full Parsimonious 

 Poor  
(mRS ≥	 3) 

Good  
(mRS ≤	 2) 

Beta 
coefficient  

p-value Beta 
coefficient 

p-value 

Age – years    0.07 0.12   
Mean (SD) 52.12 

(10.76) 
50.70 
(14.70) 

    

Gender – No. (%)   0.51 0.71   
Female 37 (67.3) 18 (32.7)     
Male 22 (81.5) 5 (18.5) Male code 1   

Location – No. (%)   0.09 0.92   
Anterior 39 (73.6) 14 (26.4) Anterior code 1   
Posterior 20 (68.9) 9 (31.0)     

Group – No. (%)   2.03 0.02 1.64 0.03 
Control 47 (77.1) 14 (22.9)     
RIC1 12 (57.1) 9 (42.9) RIC code 1   

Treatment – No. (%)   2.73 0.02   
Coiling 35 (68.6) 16 (31.4)     
Clipping 24 (77.4) 7 (22.6)     

Fisher grade – No. 
(%) 

  -5.55 0.005 -4.02 0.006 

2 2 (18.2) 9 (81.8)     
3 57 (80.3) 14 (19.7)     

H&H2 grade – No. 
(%) 

  -2.28 <0.001 -1.80 <0.001 

1 1 (12.5) 7 (87.5)     
2 5 (41.7) 7 (58.3)     
3 18 (75) 6 (25)     
4 17 (89.5) 2 (10.5)     
5 18 (94.7) 1 (5.3)     

IVH/IPH3 – No. (%)   1.40 0.25 1.40 0.15 
Yes 40 (85.1) 7 (14.9) IVH/IPH code 1   
No 19 (54.3) 16 (45.7)     
 Model Test     
 Chi-square <0.001 

0.55 
0.12 

<0.001 
0.45 
0.13 

 RSquare 
 Misclassification 

Rate 
 

Table 3-3. Prediction Model for the Probability of Outcome in Patients with Aneurysmal 

Subarachnoid Hemorrhage. Built with backward and forward stepwise regression with minimum 

BIC and AIC stopping rules. RIC is significantly associated with good outcome. Higher Fisher 

grade and H&H grades are associated with a lower likelihood for good outcome. 1Remote 

ischemic conditioning, 2Hunt and Hess, 3Intraventricular hemorrhage/intraparenchymal 

hemorrhage 
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Whereas a larger proportion of RIC patients were affected by vasospasm, a smaller proportion 

suffered ischemic stroke as compared to the control group. Vasospasm was observed in 17 of 21 

RIC (81.0%) and 42 of 61 control (69.0%) patients, while 6 of 21 RIC (28.6%) and 29 of 61 

control (47.5%) patients suffered strokes. Neither vasospasm nor stroke occurrence was found to 

be statistically different between groups, although RIC patients showed a trend toward lower 

incidence of stroke (28.6% vs. 47.5%).  

 

The multiple logistic regression models (summarized in Table 3-3) showed that RIC is 

significantly associated with good outcome, while higher Fisher and H&H grades are associated 

with a lower likelihood for good outcome. The logistic equation for the parsimonious model is 

expressed as follows:  

 

ln [good outcome] = 14.91 + (1.64*group) + (-4.02*Fisher grade) + (-1.80*H&H 

grade) + (1.40*IVH/IPH) 

 

where group: control = 0 and RIC = 1; IVH/IPH: no = 0 and yes =1 

 

The odds ratio of good outcome for patients treated with conditioning was 5.17 (95% CI: 1.21-

25.02). Patient outcome (mRS) had no significant correlation with the time period in which 

patients presented and were treated (Spearman’s ρ -0.18, p = 0.11). (Figure 3-1.) 
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Figure 3-1. Plot of Modified Rankin Scale (mRS) at Discharge versus Aneurysmal Subarachnoid 

Hemorrhage (aSAH) Date. There was no significant correlation of discharge mRS with time of 

aSAH. 

 

Discussion 

 

Remote ischemic conditioning is a powerful innate response to transient ischemia that confers 

protection against subsequent severe ischemia at distant sites (Koch and Gonzalez 2013). Several 

preclinical models have demonstrated that this phenomenon protects against cerebral ischemia 

(Zhao et al. 2004; Jin et al. 2006; Dave et al. 2006; Ren et al. 2008). The clinical potential of 
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conditioning is underscored by the high morbidity and mortality of aSAH and the ease of 

application of RIC with relatively low risk for injury (Cahill and Zhang 2009; Dezfulian, Garrett, 

and Gonzalez 2012).  

 

The efficacy of remote ischemic conditioning in animal models has prompted human trials for 

acute ischemic stroke. In a randomized study of patients undergoing carotid endarterectomy, two 

10-minute episodes of limb RIC produced a nonsignificant reduction of saccadic latency 

deteriorations, suggesting potential neuroprotective effects (Walsh et al. 2010). In a longer-term 

randomized control trial, bilateral limb RIC performed twice daily for 300 days conferred 

neuroprotection in patients with symptomatic intracranial arterial stenosis, as demonstrated by a 

reduction in the incidence of recurrent stroke, shortened average time to recovery after stroke, 

and improved cerebral perfusion (Meng et al. 2012). These clinical findings, along with those 

from preclinical studies, point to the presence of endogenous neural protective mechanisms 

inducible by RIC. 

 

RIC holds potential for the prevention of delayed neurological deficits following aSAH. The 

established time course for vasospasm and delayed ischemic neurological deficits following 

aSAH permits timely application of RIC before the peak risk of vasospasm and stroke (Koch and 

Gonzalez 2013). Previous studies have evaluated the effects of the RIC protocol used in this 

study on limb-muscle ischemia, demonstrating increase in lactate and in the lactate-pyruvate 

ratio, without variation in glycerol, indicating transient muscle ischemia without permanent cell 

damage (Bilgin-Freiert et al. 2012). The effects of RIC on the cerebral vasculature and local 

metabolites have also been investigated. TCD measurements of patients undergoing RIC 
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indicated transient cerebral vasodilation over the duration of conditioning. Brain microdialysis 

demonstrated a persistent reduction in the lactate-pyruvate ratio as well as in glycerol 25 to 54 

hours after the final conditioning stimulus (Gonzalez, Hamilton, et al. 2013). Subsequent studies 

confirmed the safety and feasibility of lower-limb RIC in patients hospitalized with aSAH 

(Bilgin-Freiert et al. 2012; Gonzalez, Hamilton, et al. 2013; Gonzalez et al. 2014; Koch et al. 

2011). RIC did not cause deep vein thrombosis or mechanical or permanent ischemic injury to 

the preconditioned limb (Gonzalez et al. 2014). 

 

With the specific conditioning regimen of 4 five-minute alternating cycles of ischemia, RIC was 

found to be associated with good outcomes in the multiple logistic regression models. 

Additionally, there was a trend toward lower incidence of stroke and death, and a higher 

incidence of patients without aSAH-related disability (mRS 0) in the RIC group. These findings 

further substantiate the potential benefit of RIC in the management of aSAH and suggest an 

actual effect of the administered dose. While our retrospective study suggests potential positive 

effects in aSAH patient outcomes, the true efficacy of conditioning for the management of 

ischemic stroke or aSAH will require pivotal confirmatory clinical trials.  

 

Our analysis showed that there was no significant correlation of discharge mRS with the period 

of time of aSAH, a factor introduced by the use of a historic control cohort that could not be 

corrected with the matching design. Furthermore, after corrections for other strong predictors in 

the multiple logistic regression models, RIC stands as an important individual predictor for good 

outcome. In concordance with the literature, well-recognized factors that predict vasospasm, 
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including Fisher and H&H grades, were also predictors of outcomes in our model (Gonzalez et 

al. 2007; Claassen et al. 2001).  

 

Limitations 

 

The main limitations of this study are its retrospective nature and the use of historic controls. 

This limits the conclusion and generalizability of the data presented. However, our study shows a 

trend toward a positive effect of RIC on aSAH patient outcome, and identified an effect size that 

may help to pave the way for future prospective randomized trials. To increase the validity of the 

data, a matching algorithm was created to identify controls that accounted firsthand for the most 

important predictors in aSAH outcomes and had the exact same inclusion and exclusion criteria 

as the RIC-treated cases. Regression analyses were performed to account for covariates that 

could not be corrected by the matching algorithm, and in both the full and parsimonious models, 

RIC was associated with good outcomes. To address the limitation introduced by using historic 

controls, the potential effect of time of treatment on outcome was evaluated and found to be 

insignificant. An additional limitation of this study was the relatively small sample size of the 

RIC group. The detection of an effect required a larger population, which was compensated for 

by creating an ~3:1 allocation with the control group. This study evaluated the effects of limb 

RIC in clinical outcomes with a particular protocol, and therefore, the evaluation of other 

regimens would require further studies.  
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Conclusions 

Remote ischemic conditioning using the protocol described appears to have a positive effect on 

the functional outcomes of patients with aSAH, reflected by an improvement in mRS scores. The 

detection of this directionally appropriate effect, consistent with evidence from prior preclinical 

and clinical models, supports the investigation of RIC for aSAH in randomized prospective 

clinical trials. 
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CHAPTER 4 

 

Remote Ischemic Conditioning Alters Methylation and Expression in Aneurysmal 

Subarachnoid Hemorrhage 
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This section is adapted from:  

 

Nikkola E, Laiwalla A, Ko A, Alvarez M, Connolly Mark, Ooi Y, Hsu W, Bui A, Pajukanta P, 

Gonzalez N. Remote Ischemic Conditioning Alters Methylation and Expression of Cell Cycle 

Genes in Aneurysmal Subarachnoid Hemorrhage. Submitted.  

 

Introduction 

 

Remote ischemic conditioning (RIC) is a phenomenon where non-lethal ischemic exposure in a 

peripheral tissue induces a systemic protection of subsequent injuries in distant organs and 

tissues (Przyklenk et al. 1993). RIC has shown encouraging results in animal models by 

providing cardio- and neuroprotective effects against an ischemic injury, and thus RIC is 

emerging as an attractive novel therapeutic for clinical trials (Ren et al. 2008; S.-J. Li et al. 2010; 

Wei et al. 2012). Recent human studies have confirmed the safety and feasibility of lower limb 

RIC in patients with aneurysmal subarachnoid hemorrhage (aSAH) (Koch et al. 2011; Gonzalez 

et al. 2014). Based on our separate study (Laiwalla et al., unpublished data), the OR of a good 

outcome for patients with RIC is 5.17 (95% CI: 1.21-25.02) when compared with matched 

controls with SAH. 

 

The effectiveness of RIC is likely to be caused by its multifactorial effects, and rodent studies 

suggest that these are mediated in part by a cascade of transcriptional and translational changes.7 

Activation of basic cell survival responses to transient ischemia causes a shift towards a 

protective genetic profile, leading to a differential regulation of genes involved in inflammation, 
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neurotransmitter excitotoxicity, apoptosis, and cerebrovascular perfusion (Konstantinov et al. 

2004; Wei et al. 2012; J. Zhang et al. 2006; Y.-X. Liu et al. 2012; Z.-M. Ding et al. 2012; N. 

Zhang et al. 2011; H. Nakamura et al. 2006). Nevertheless, the mechanisms by which RIC 

provides neuroprotective effects in human are not well understood. The involvement of humoral 

factors has been demonstrated in animals as the protection can be transferred from a RIC animal 

to a non-conditioned animal by whole blood transfusion (Dickson et al. 1999). Thus, genetic and 

epigenetic studies in human blood could elucidate the humeral processes catalyzed by RIC, and 

furthermore provide potential diagnostic and therapeutic targets for the treatment and prevention 

of ischemic injury.  

 

In this human pilot study, we performed a prospective longitudinal evaluation in a group of 

patients with aneurysmal subarachnoid hemorrhage (aSAH) undergoing RIC to study the 

induced genomic responses by identifying and comparing blood DNA methylation and gene 

expression profiles before RIC and one week after RIC. Identification of factors altered by a 

transient limb RIC can provide insights into the mechanisms of neuroprotective action, and 

ultimately, may yield biomarkers for SAH prognosis and treatment.  

 

Methods 

 

Study Samples 

 

Patients with aSAH were enrolled from the “Remote Ischemic Preconditioning in Subarachnoid 

Hemorrhage (RIPC-SAH) Trial” [Clinicaltrials.gov # NCT01158508]. The study was approved 



	  
	  

38	  

by the local institutional review board, and all participants gave a written informed consent. 

Patients 18-80 years old with SAH confirmed by computed tomography (CT) or lumbar 

puncture, and presence of a ruptured intracranial aneurysm confirmed by CT, magnetic 

resonance (MR), or catheter angiography were considered for enrollment in this study. Patients 

that were pregnant or with a history or physical exam findings of peripheral vascular disease, 

deep venous thrombosis, peripheral neuropathy, or lower extremity bypass were excluded. 

Clinical characteristics are provided in Table 4-1. 

 

Subject ID Age Sex Smoking Alcohol Hypertension T2D Vasospasm Clinical functional 
outcome 

SAH 551 61 F No No No No N Improved or no change 
SAH 553 77 F No No No No Y Improved or no change 
SAH 554 56 M Former No No No Y Improved or no change 
SAH 555 53 F No No No No Y Deteriorated 
SAH 556 23 F No No No No N Improved or no change 
SAH 557 47 F No No Yes No Y Deteriorated 
SAH 558 65 F No No Yes No Minimal Improved or no change 
SAH 559 43 F Yes Yes Yes No Y Improved or no change 
SAH 5510 36 M Yes Yes No No Y Improved or no change 
SAH 5511 51 M Yes Yes Yes Yes N Improved or no change 
SAH 5512 43 M Yes No Yes Yes Y Improved or no change 
SAH 5513 60 F No No Yes Yes Y Deteriorated 
SAH 5514 51 M Yes Yes Yes No Suspected Improved or no change 

T2D indicates type 2 diabetes. 

 

Table 4-1. Clinical Characteristics of the aSAH Patients. 
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RIC Protocol 

 

Patients underwent 4 RIC sessions over 2-12 days after aneurysm rupture. RIC sessions were 

performed on the lower limb with a large adult-sized blood pressure cuff. Each session consisted 

of four inflation cycles lasting 5 minutes, followed by 5-minute deflations. Cuff pressure was 

originally inflated at 20 mmHg over the patient’s baseline systolic blood pressure, then increased 

until the dorsalis pedis pulse was abolished, as confirmed by a Doppler ultrasonography. This 

pressure was maintained for 5-minutes throughout the duration of the inflation cycle. 

Peripheral blood samples were drawn from aSAH patients at two different time points: before 

RIC (baseline) and after 4 sessions of the RIC treatment. DNA and RNA were isolated according 

to standard protocols. 

 

Aneurysm controls  

 

We included 24 control individuals with a history of intracranial aneurysms who never received 

RIC treatment. The blood collection and sample processing were performed in the same way as 

described for the aSAH cases above.  

 

RNA sequencing 

 

We included 13 aSAH sample pairs and 24 aneurysm controls in the study after the initial quality 

control of the blood RNA (RIN value>7, RNA concentration>10ng/uL). The blood RNA 

sequencing libraries were prepared using Illumina TruSeq RNA library kit, and sequencing of 
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the paired-end, 100-bp reads was performed using the Illumina Hiseq2000 platform, resulting in 

on average 46.1 M reads per sample. We used STAR to align the fastq files to the human 

GRCh37/hg19 reference genome with the following settings: the maximum intron size was set at 

500 kb; the minimum intron size was set at 20; and we allowed for four mismatches (Dobin et al. 

2013) We used HTSeq (version HTSeq-0.6.1) to produce raw counts (Anders et al. 2015). 

 

Differential Expression (DE) using EdgeR and DESeq2 

 

We employed both EdgeR and DESeq2 R-packages to identify differentially expressed (DE) 

genes using the paired sample design, and focused on their overlap to obtain a set of highly 

confident DE genes (Love, Huber, and Anders 2014). First, using EdgeR we excluded the genes 

that did not have one count per million reads (CPM) in at least 50% of the samples. We 

normalized the read count values using trimmed means of M value and estimated common, 

trended, and tagwise dispersions using R software (version RX64 3.0.2). Together these quality 

control steps removed genes with low expression and normalized the libraries for library size and 

biological variability, resulting in 14,816 genes for our subsequent analyses. We determined DE 

using the generalized linear model (GLM) likelihood ratio test employing a significance 

threshold of FDR<0.05. 

 

Second, similarly as in EdgeR, we used a multi-factor design with DESeq2. We estimated the 

size factors, dispersions, and performed negative binomial GLM fitting for the “sample” as a 

factor and Wald statistics for DE. We used Benjamini-Hochberg adjusted P<0.05 as a threshold 

for significance.  
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To compare the aSAH patients with aneurysm controls, we considered only the genes DE 

between the aSAH baseline and after the treatment. We performed two separate DE analyses 

using negative binomial and determined DE using Wald test for (1) the aSAH baseline group 

versus the controls; and (2) the aSAH RIC treatment group versus the controls. The genes 

changing the DE status between the two analyses (i.e., the genes that were not DE between the 

aSAH baseline group and controls, but became DE when comparing the aSAH treatment group 

with the controls) were carried forward to subsequent analyses. 

 

Methylation 

 

We analyzed blood DNA methylation profiles by reduced representation bisulfite sequencing 

(RRBS). RRBS libraries from human genomic DNA were prepared as previously described 

(Chen et al. 2013). Briefly, we treated blood DNA with sodium bisulfite (Epitecht Illumina), 

digested it with the MspI enzyme, and selected fragments averaging 100-250 bp. We multiplexed 

four samples per lane and sequenced the libraries using single-end 100-bp reads with the 

Illumina Hiseq2000 platform, resulting in on average 25.1 M reads per sample. 

 

We performed initial QC for fastq files using FastaQC. We utilized BS-seeker2 with Bowtie2 for 

RRBS alignment using hg19 as a reference genome (Guo et al. 2013; Ben Langmead and 

Salzberg 2012). For alignment, we considered in silico MspI fragments between 40-500 bp to 

cover all possible MspI fragments from the RRBS libraries. We aligned the reads using the 

Bowtie2 end-to-end alignment mode by allowing four mismatches. We called the methylation 

status of the individual CpG sites (percentage of methylated cells) by requiring at least 10 reads 
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per a CpG site. Pearson correlation coefficient was used to estimate pair-wise correlations in 

methylation sites between the individuals. Paired Students t-tests were conducted to compare 

between-group and within-group differences. The CpG sites passing a 2-tailed nominal P<0.01 

were considered significant, and carried forward for subsequent analyses. Finally, we used 

BEDTOOLS to overlap the DE genes with methylated regions (Quinlan and Hall 2010). 

 

Functional annotation and co-expression of the pathway genes  

 

We utilized DAVID to search for functional categories of the DE genes (Huang et al. 2008; 

Huang et al. 2009). To highlight the most relevant gene ontology terms associated with the 

overlapped DE and DM gene lists, we performed a batch annotation and gene-GO term 

enrichment analysis. We searched for protein-protein interaction (PPI) networks using STRING 

v9.1 (Franceschini et al. 2013). We used Pearson correlation coefficient to estimate correlations 

between the pathway genes, and ggplot2 and reshape2 to visualize these results. Reactome was 

used to explore specific pathways (Milacic et al. 2012; Croft et al. 2014). 

 

Results 

 

The overall study design is shown in Figure 4-1. To identify genomic mechanisms for the effects 

of RIC in aSAH patients, we employed a paired sample design where each patient gave blood 

samples before and after 4 RIC sessions. Using this longitudinal study design, each individual 

functions as a control for him-/herself in the differential expression (DE) and differential 

methylation (DM) analyses. Accordingly, we were able to adjust for potential confounding 
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factors, such as age, smoking, medication, and ethnicity using this intraindividual-paired design. 

We analyzed the blood RNA expression and DNA methylation profiles of each patient before 

RIC and one week after the RIC treatment started. We compared these profiles to the ones of the 

controls who did not receive any RIC treatments. Lastly, we overlapped the DE genes with DM 

sites and performed functional annotations and protein-protein interaction analysis (PPIs) of the 

overlapping genes. 

 

 

 

Figure 4-1. A Schematic Overview of Study Design and Results. 
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Differential expression (DE) 

 

We found 451 DE genes after RIC (FDR<0.05) consistently using both EdgeR and DESeq2, of 

which 205 were up-regulated following the RIC treatment and 246 were down-regulated, 

respectively (Figure 4-2). Next, to identify genes responding to the RIC treatment, we tested the 

expression of the 451 genes in the controls for DE against their expression at both the aSAH 

baseline and after the RIC treatment, considering a Bonferroni corrected P<1.1X10-4 

(P<0.05/451 DE genes) significant. We found 164 DE genes between the controls and aSAH 

patients before and after RIC treatment, suggesting that these genes may contribute to the 

response to the RIC treatment.  
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Figure 4-2. The Differentially Expressed (DE) Genes Between the aSAH Baseline and a Week 

After RIC Treatment. Red dots indicate DE genes with an FDR<0.05. 
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Differential methylation (DM) 

 

We were able to map on average 66% of reads/sample to the human genome, which is in 

accordance with previous RRBS studies (Guo et al. 2013; Doherty and Couldrey 2014). The 

resulting methylation profiles per sample covered on average 1,764,402 CpG sites, of which 

676,543 were assayed in all individuals. The overall methylation status changed very little within 

an individual (~98%) and between individuals (~97.5%), suggesting that methylation is a stable 

phenomenon and only a small number of sites are actively responding to environmental factors. 

We focused on the 403,546 CpG sites that altered by more than 10% in at least one individual 

following RIC. To test DM cytosines between the baseline and after treatment, we used two-

tailed paired student’s t-test. A total of 3,493 CpG sites were DM (P<0.01).  

 

Overlapping the DE and DM regions 

 

When we overlapped (defined +/-250kb from the each DE gene) the DM CpGs with the DE 

genes, we found 204 CpG sites corresponding to 103 DE and DM genes, suggesting methylation 

as a potential mechanism for DE. Furthermore, 52 of the genes had more than one nearby DM 

site. 

 

Functional annotation and co-expression of the pathway genes  

 

Functional annotation with DAVID software showed that the overlapping 103 DE and DM genes 

are enriched for defense and inflammatory responses (Benjamini-Hochberg (B-H) corrected 
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P<1.4X10-4) and for cell cycle and mitosis (B-H corrected P<3.8X10-4) (Table 4-2). In addition, 

we examined the protein-protein interactions (PPIs) of the 103 DE genes using String (Figure 4-

3). We found a significant enrichment for PPIs and one large network consisting of 21 DE and 

DM genes (Figure 4-3) of which 14 are part of the cell cycle pathway from the functional 

enrichment analysis. We also found two smaller PPIs consisting of 3 proteins each; CEBPB, 

HDAC4, PPARG and AZU1, CTSG, MPO (Figure 4-3), all present in the significant pathways of 

defense and inflammatory response mechanisms. 

 

 

 

Figure 4-3. Protein-Protein Interactions (PPIs) of the 103 Differentially Expressed (DE) Genes 

Using String. We observed a statistically significant (P<0.00001) enrichment of PPIs of the DE 
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genes residing in the cell cycle, defense and inflammatory response pathways, all passing the 

Benjamini correction as shown in Table 4-2. 

 

 

Enrichment Score 4.35 Gene count B-H corrected p-value 

Cluster 1  Defense response 

 

18 1.4x10-4 

  Inflammatory response   10 1.7x10-2 

 

Enrichment Score 3.95 Gene count B-H corrected p-value 

Cluster 2   Cell cycle 

 

19 3.8x10-4 

 

M phase 

 

12 1.7x10-3 

  Cell cycle phase 

 

13 1.9x10-3 

  Nuclear division 

 

10 1.7x10-3 

  Mitosis   10 1.7x10-3 

B-H indicates P-value after Benjamini-Hochberg correction for false discovery rate. 

 

Table 4-2. Functional Annotations of the 103 Identified DE Genes Using the David Pathway 

Tool. 

 

Next, we further examined the 14 cell cycle pathway genes for correlations between their gene 

expressions. These genes exhibited highly dynamic correlation shifts, with substantially tighter 

correlations after the RIC treatment (Figure 4-4), suggesting that different phases of cell cycle 

pathway are turned on due to RIC. Interestingly, when we visualized the co-expression of these 

genes in the control group, we observed a clear difference in their correlations when compared to 



	  
	  

49	  

the aSAH patients at baseline and even more after the treatment, indicating the involvement of 

these genes in aSAH, and the potential influence of the RIC treatment. 

 

 

Figure 4-4. Co-Expression Analysis of the 14 Mitotic Cell Cycle Genes Identified in the Protein-

Protein Interactions (PPIs) and Functional Enrichment Analyses. 

 

Based on a more detailed Reactome pathway analysis, eight of the 14 genes (FDR<1.0x10-5) are 

involved in the cell cycle pathway (SPC24, ESPL1, CLSPN, CDC45, CENPF, FOXM1, CDK1, 

RAD51). In the Reactome analysis, CDK1 acts as a key regulator of specific mitotic cell cycle 

pathways. For instance, we observed that CDK1 is involved in G2/M transition and mitotic G2-

G2/M phases with CENPF and FOXM1, regulating the G2/M checkpoints with CLSPN and 

CDC45. In addition, CDK1 is involved in processes such as kinetochore assembly in mitotic 

prometaphase and M Phase with SPC24, CENPF, and ESPL1. CDK1 is also present in numerous 

activation and signaling pathways within mitotic cell cycle pathway.  
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Discussion 

 

We performed the first longitudinal and systematic genome-wide pilot study in humans, 

comparing gene expression and methylation changes following RIC in aSAH. We found 164 DE 

genes and 3,493 DM CpG sites that are modified, potentially due to RIC. When we overlapped 

these regions, we observed 204 DM CpG sites corresponding to 103 DE genes, suggesting 

methylation as a potential mechanism regulating gene expression. These genes were enriched for 

cell cycle related processes, as well as for defense and inflammatory responses. Furthermore, the 

identified 14 cell cycle genes exhibited highly correlated expression signals after RIC (Figure 4-

4). Overall, these findings provide first insights into the neuroprotective molecular mechanisms 

underlying RIC in humans. 

 

Our prior work has demonstrated RIC-induced metabolic changes in the preconditioned limb as 

well as cerebral tissue (Bilgin-Freiert et al. 2012; Gonzalez, Hamilton, et al. 2013). Muscle 

microdialysis during RIC showed an increase in lactate/pyruvate ratio and lactate, without 

change in glycerol (Bilgin-Freiert et al. 2012). Cerebral microdialysis during RIC showed a 

decrease in lactate/pyruvate ratio and glycerol, which persisted after the last RIC session 

(Gonzalez, Hamilton, et al. 2013). Identification of markers of the RIC effects beyond local 

factors is imperative for determining appropriate endpoints in future RIC clinical studies.  

 

Whole-genome transcriptional analysis has been applied to uncover genetic changes underlying 

ischemia-induced neuroprotective effects in animal models (Stenzel-Poore et al. 2003; Stenzel-

Poore, Stevens, and Simon 2004). DNA methylation changes of gene promoter regions have also 
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been investigated to uncover preconditioning induced epigenetic changes, contributing to 

neuroprotection in mice (S. Zhang et al. 2014). While proof of concept animal studies have given 

great insight into the potential mechanisms of RIC, they do not necessarily translate directly to 

humans, and thus human studies are essential to evaluate effects in clinical settings.  

 

Cell cycle machinery and related molecules have been previously implicated in ischemic 

neuronal death, and irregular cell cycle activation has been implicated in stroke (Rashidian, 

Iyirhiaro, and Park 2007; Osuga et al. 2000; Rashidian et al. 2005). We show evidence for 

involvement of genes in cell cycle processes regulated by CDK1 in the acute stage of aSAH, 

possibly modified by RIC (Figure 4-4). We postulate that this pathway may be important in 

various forms of ischemia. Furthermore, we hypothesize that RIC may induce a release of 

substances from the ischemic limb muscles to blood. These in turn stimulate white blood cells, 

such as macrophages, to increase the expression of genes involved in cell cycle and cell 

proliferation. Subsequently, these white blood cells may stream to the ischemic location in brain 

and release substances, including growth factors and other cytokines, to protect brain from 

further apoptosis. This mechanism could lead to the neuroprotective effects of RIC, although 

additional functional studies are warranted to verify the underlying mechanisms. 

 

One of the mechanisms proposed for RIC is inflammatory responses (Bowen, Naylor, and 

Vemuganti 2006; Carr-White et al. 2004). In accordance with this, our DAVID pathway analysis 

implicated a set of 18 both DE and DM genes in defense response pathways (CEBPB, AZU1, 

BPI, CTSG, CRISP3, CYSLTR1, HDAC4, INHBA, IL1R1, IL10RB, LTF, MPO, OLR1, PPARG, 
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PROK2, STAT5B, STAB1, and TLR5). Six of these genes were also involved in two separate PPIs 

(Figure 4-3).  

 

A recent study exploring human plasma proteome in RIC found that cysteine-rich secretory 

protein 3 (CRISP-3) was increased in serum after RIC in six adults (Helgeland et al. 2014). This 

is consistent with our finding of over a two-fold increase of CRISP3 gene expression in blood 

followed by RIC, suggesting its role as a humoral RIC mediator and surrogate marker. CRISP-3 

is a glycoprotein present in exocrine secretions, bone marrow, secretory granules of neutrophils, 

and in plasma bound to a1B-glycoprotein (Ellias et al. 2012; Udby et al. 2004). Although its 

complete function is unknown, it is thought to act in innate immune response and as a prostate 

cancer marker (Ellias et al. 2012; Udby et al. 2004).  

 

In summary, in this first pilot study, employing a longitudinal design to investigate genome-wide 

expression and methylation changes in aSAH patients after RIC, we found evidence for 

coordinated expression and methylation changes of a small set of key genes in mitotic cell cycle, 

defense, and inflammatory responses. We have limitations in this study and therefore, the results 

presented here should be further investigated and verified in future considerably larger genomic 

studies. In addition to the small sample size, we recognize that some of the observed changes in 

genes expression and methylation are potentially due to other medical treatments these patients 

received in the hospital, and hence future studies should comprise a randomization that includes 

patients not receiving any RIC treatment as controls. We also recognize that differences in blood 

cell types may contribute to the changes in DNA methylation and gene expression, and thus 

future RIC studies should include analysis of separate FACS sorted cells. Nevertheless, 
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longitudinal genome-wide studies of stroke and especially SAH, integrating expression and 

methylation changes at the genome-wide level are still very sparse, and thus our study provides 

valuable initial data, starting to elucidate the largely unknown mechanisms underlying RIC in 

humans.   
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CHAPTER 5 

 

A Minimally‐Invasive Rat Model of Subarachnoid Hemorrhage and Vasospasm 
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This section is adapted from: 

 

Gonzalez N, Dusick J, Laiwalla A, Evans B, Krahl S. A minimally-invasive rat model of 

subarachnoid hemorrhage and delayed ischemic injury. Surg Neurol Int 2011;2(1):99. 

 

Introduction 

 

Several methods have been proposed for the experimental modeling of subarachnoid hemorrhage 

(SAH) and resulting vasospasm (Titova et al. 2009). Most have major shortcomings either in that 

they do not closely recreate the conditions of human subarachnoid hemorrhage, are overly 

invasive, are not consistently reproducible, are not cost-effective and/or have a high mortality 

rate, precluding further studies of outcome (Titova et al. 2009). In particular, with regards to 

vasospasm, many models have not been able to produce consistent vasospasm with resulting 

neurological deficits as are seen in clinical SAH. 

 

The double-injection rat model was first presented by Solomon et al. in 1985 (Solomon et al. 

1985). It has been further refined and described by subsequent authors (Meguro et al. 2013; 

Vatter, Gueresir, and Seifert 2009; Vatter et al. 2006; J. Y. Lee et al. 2008; Prunell et al. 2003). 

This method, which involves two temporally-distinct injections of arterial blood into the 

subarachnoid space, has been demonstrated to be the most effective in producing vasospasm, 

delayed neurological deficits and cerebral infarctions in the experimental animals (Vatter et al. 

2006). However, the method requires two invasive surgeries. One, open exposure of the femoral 

artery, is required to obtain adequate arterial blood. The second is a suboccipital exposure of the 
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atlanto-occipital membrane for the subarachnoid injection of the blood into the cisterna magna. 

Leakage of blood from the injection site and wound infections during the survival period are 

other potential problems, which have been discussed by previous authors (Meguro et al. 2013; 

Vatter, Gueresir, and Seifert 2009; Vatter et al. 2006). 

 

We have developed a minimally invasive modification that maintains the reproducibility and 

effect of the double-injection SAH model while improving time efficiency, preventing the 

potentially confounding effects of the surgical procedures, avoiding leakage of blood from the 

subarachnoid space after injection and minimizing the risk of wound infection. 

 

Materials and Methods 

 

Male adult Sprague-Dawley rats are anesthetized on Day 1 of the experimental protocol by 

intraperitoneal injection of midazolam and ketamine. This anesthesia is commonly used in rat 

SAH models, its safety has been proven for imaging procedures in neurologically impaired rats 

and it has not been shown to cause significant changes in cerebral blood flow (Vatter et al. 2006; 

Dittmar et al. 2004; Lei et al. 2001). 

 

The anesthetized rats are placed supine on a heating plate to maintain body temperature at 37C. 

Under the microscope, the ventral tail artery is exposed through a small (5 mm), midline incision 

(Figure 5-1). Using a 27-gauge needle and heparinized syringe, 0.2mL of arterial blood is taken 

from the artery and gentle pressure is applied for hemostasis (Figure 5-2). The tail incision is 

then closed. 
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Figure 5-1. Arterial Blood Collection. Under the microscope, a 5mm incision is opened to 

expose the ventral tail artery. The small amount of soft tissue overlying the artery in this area 

facilitates exposure and reduces surgical trauma. 
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Figure 5-2. Arterial Blood Collection. 0.2 mL of arterial blood is obtained from the ventral tail 

artery using a 27-gauge needle and heparinized syringe. 

 

The rats are then flipped prone and the head is fixed in a stereotactic frame. The head is flexed to 

90 degrees to horizontal and secured in this position. A 27-gauge angiocath is secured to a 

vertically oriented microdrive and is aligned horizontally with the external auditory canals 

(Figure 5-3). The needle is advanced in a vertical trajectory until it punctures the atlanto-

occipital membrane. The needle is slowly advanced and the microcatheter is observed for a 

cerebrospinal fluid column. A syringe is the attached and 0.1mL of cerebrospinal fluid is 
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withdrawn. The arterial blood obtained in the first step (0.2 mL) is then injected into the 

subarachnoid space of the cisterna magna, as has been described for the double-injection model 

previously. The catheter is withdrawn and the rat is kept in a head-down position while 

awakening from anesthesia to ensure adequate subarachnoid distribution of the injected blood. 

 

 

 

Figure 5-3. Cisternal Injection Procedure. Once the rat is in the stereotactic frame with head 

positioned at 90 degrees to horizontal, the cisterna magna is aligned with the intermeatal line 

(external auditory canal). 
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This same procedure is repeated 24 hours later (Day 2) by re-opening the tail incision. If need be, 

the artery can be exposed more proximally to obtain this blood sample. On Day 8, the rats are 

euthanized and their brains immediately harvested, section and incubated with 

triphenyltetrazolium chloride (TTC) for identification of infarcted brain (Bederson et al. 1986; 

ISAYAMA, Pitts, and Nishimura 1991; F. Li et al. 1997). 

 

Results 

 

Using the above technique, subarachnoid hemorrhage was produced in a shorter procedural time 

than with femoral and suboccipital cut-down techniques. Clinical evaluation, by a standard rat 

stroke neurological assessment, was performed on Days 3 through 8 to assess for neurological 

deterioration due to vasospasm and cerebral ischemic lesions. Using the method of evaluation 

first proposed by Bederson et al.(Bederson et al. 1986) the following deficits, as previously 

described in double-injection models and consistent with vasospasm and cerebral infarction, 

were observed: asymmetrical extension of forelimbs toward the floor when held by the tail, 

including abnormal flexion; asymmetrical grasping with the forelimb when the forelimb is place 

on a surface and the rat is slid laterally; and a gait preference that producing circling behavior 

toward a paretic or plegic side. 

 

Gross inspection of the harvested brains shows diffuse subarachnoid hemorrhage in the basal 

cisterns (Figure 5-4 A), confirming the adequate subarachnoid distribution of blood from the 

cisterna magna injection site. Triphenyltetrazolium chloride staining identifies areas of infarcted 

brain that were seen grossly. Following experimental SAH, TTC demonstrates numerous cortical 
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and deep nuclei infarctions in the sectioned brain (Figure 5-4 B). The TTC findings correlated 

with pathology demonstrating focal chronic necrosis in the brain, consistent with recent 

infarction (Figure 5-5). 

 

 

 

Figure 5-4. Gross Pathology and TTC Staining Following Double Cisternal Injection. (A) Gross 

pathology of harvested brain on Day 8. Note that the cisternal injection produced accumulation 

of blood in the prepontine and interpeduncular cisterns (white arrows). (B) TTC staining reveals 

numerous cortical and deep infarctions in the sectioned brain. These infarctions correlated with 

the neurological deficits observed in the rat prior to euthanasia. 
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Figure 5-5. Histopathology of Rat Brain. Demonstrates a focus of chronic necrosis consistent 

with recent infarction. (black arrow, scale bar 100um) 

 

Discussion 

 

Spontaneous subarachnoid hemorrhage from rupture of a cerebral aneurysm is a major health 

problem, affecting approximately 30,000 North Americans each year, representing 5-10% of all 

stroke cases (Becker 1998). In addition to the initial hemorrhagic ictus, one of the major causes 

of the morbidity and mortality associated with SAH is the resulting vasospasm and delayed 

neurological deficits, causing clinical neurological deterioration in almost a third of all patients 

(Weir et al. 1978). Despite the advances in the understanding of SAH and vasospasm, the 
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underlying pathophysiology is incompletely understood. Additionally, while treatment to prevent 

re-rupture of cerebral aneurysm by surgical clipping or endovascular coiling has progressed 

considerably in the last two decades, very little has been achieved towards preventing or treating 

vasospasm and delayed deficits. Despite triple-H therapy, calcium channel blockers and 

endovascular treatments, vasospasm and delayed deficits still impact many patients after SAH. 

 

A consistently-reproducible, easy-to-perform and cost-effective experimental model to simulate 

aneurysm rupture and vasospasm is invaluable to future investigations into both the 

pathophysiology of SAH and vasospasm as well as neuroprotective treatments that aim to reduce 

morbidity and mortality following SAH (Titova et al. 2009). Some previous models have proven 

ineffective in producing vasospasm and/or delayed neurological deficits as are seen frequently in 

human SAH (such as rat vessel puncture and single-injection models). Other models are more 

effective in modeling human SAH but suffer from various drawbacks. For example, large animal 

models (dogs and non-human primates) are much more difficult and expensive to perform. Some 

models require very traumatic techniques to create the SAH, such as a craniotomy or orbital 

exenteration. Intracranial vessel puncture techniques are both invasive as well as inconsistent in 

terms of the degree of SAH that results and therefore the resulting clinical manifestations and 

mortality. 

 

The one model that has been shown to both consistently produce vasospasm, delayed 

neurological deficits and infarction and to be relatively cost-effective and easy to perform 

(compared to large animal models) is the rat cisternal double-injection model which utilizes two 

injections of arterial blood into the cisterna magna spaced 24 hours apart (Solomon et al. 1985; 
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Meguro et al. 2013; Vatter, Gueresir, and Seifert 2009; Vatter et al. 2006; Güresir et al. 2010). 

This technique produces reliable vasospasm, infarction and delayed deficits with relatively low 

mortality (4- 9%). However, there are still some disadvantages to the model. While it is less 

invasive than some models, it still requires two large incisions to expose both the femoral artery 

(to obtain arterial blood) and the atlanto-occipital membrane (for puncture of the cisterna magna 

and blood injection). These large incisions put stress on the animal and are potential sources for 

infection. The authors have also described a problem with leakage of blood from the injection 

site, requiring the use of hemostypticum patches and cotton. 

 

Among the multiple mechanisms involved, it has been suggested that an inflammatory response 

and the associated leukocyte-endothelial cell interactions play a significant role in the 

pathophysiology of cerebral vasospasm (Chaichana et al. 2010; Pradilla et al. 2010). Therefore, 

we feel that invasive and stressful procedures, which produce inflammation in the experimental 

animal, should be kept to a minimum to avoid confounding the study of cerebral vasospasm and 

its effects. A model that minimizes additional sources of inflammation appears to be ideal. For 

this reason, we set out to refine the double-injection model of SAH and vasospasm. By using a 

percutaneous, stereotactic injection technique, eliminating the suboccipital incision and 

dissection and moving the arterial access point to the ventral tail artery, we feel that the model is 

significantly streamlined while reducing surgical trauma and risk for infection. The percutaneous 

injection technique also eliminates significant leakage of blood from the subarachnoid space, 

obviating the need for foreign body implants (hemostypticum and cotton), which could 

contribute to further inflammation. Our initial experience suggests that these modifications do 

not sacrifice efficacy, as the expected occurrence of vasospasm, delayed neurological deficits 
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and cerebral infarction have been observed. This minimally invasive, double-injection model of 

SAH and vasospasm appears to be an excellent platform for future laboratory investigations of 

the pathophysiology of SAH and vasospasm as well as for testing of neuroprotective treatments 

for this devastating disease. 

 

In conclusion, a minimally invasive, double-injection rat model of SAH and vasospasm is 

feasible and produces neurological deficits and infarction as has been previously demonstrated 

with similar models. This model may be used to study neuroprotective treatments for vasospasm 

and delayed neurological deficits following SAH, reducing the confounding effects of surgical 

interventions inherent to other models. 
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CHAPTER 6 

 

Rigorous Anesthesia Management Protocol for Patients with Intracranial Arterial Stenosis 
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This section is adapted from: 

 

Laiwalla A, Ooi Y, Van De Wiele B, Ziv K, Brown A, Liou R, Saver JL, and Gonzalez NR. 

Rigorous Anesthesia Management Protocol for Patients with Intracranial Arterial Stenosis. 

Submitted.  

 

Introduction 

 

Reduction in variability, a central tenet of quality control in many disciplines, has gained 

growing attention in the medical field (Berwick 1991). Unintended variations can lead to a 

reduction in quality and reliability, which may increase the risk for complications; such 

variations therefore indicate the need for improved treatment methodologies (Selby et al. 2010). 

In the surgical setting, intraoperative hemodynamics are a common source of variability (Bijker 

and Gelb 2012; Lonjaret et al. 2014; Watterson et al. 2005; Marcantonio et al. 1998; Fanelli et al. 

1998; Nicolay et al. 2011). Intraoperative hypotension occurs in up to 99% of surgical patients, 

with perioperative hypertension affecting 25% of surgical patients (Bijker and Gelb 2012; 

Lonjaret et al. 2014). Both intraoperative bradycardia and tachycardia have also been reported as 

common among surgical patients (Watterson et al. 2005; Marcantonio et al. 1998; Fanelli et al. 

1998). Applying quality management principles, such as variability reduction, is essential in 

improving the quality of surgical care (Nicolay et al. 2011). 

 

Intraoperative hemodynamic variability can result in insufficient cerebral perfusion (Aronson 

and Varon 2011; Chen et al. 2012; Aronson et al. 2014). Patients with intracranial arterial 
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stenosis (ICAS) are particularly susceptible to variations in cerebral perfusion and are at 

increased risk for perioperative strokes. In patients with symptomatic cerebrovascular disease 

and preexisting ischemic symptoms, a stroke rate of up to 13% has been reported (Szeder and 

Torbey 2008).  

 

In addition to meticulous surgical technique and use of perioperative antiplatelet therapy, strict 

intraoperative management is necessary to minimize complications. An anesthesia protocol 

composed of strict physiological goals with extensive personnel briefings and checks was 

developed as part of the ongoing Encephaloduroarteriosynangiosis (EDAS) Revascularization 

for Symptomatic Intracranial Arterial Stenosis (ERSIAS) trial. The purpose of this protocol was 

to minimize fluctuations in physiological variables and achieve parameters conducive to 

adequate cerebral perfusion in ICAS patients. In the study presented here, we evaluated the 

hypothesis that the ERSIAS anesthesia protocol would be able to reduce the intraoperative 

variability of patient vitals compared to nonstenosis-related vascular neurosurgical interventions 

used in a control group.  

 

Methods 

 

EDAS Anesthesia Protocol Design 

 

Study Design 

To evaluate the impact of the ERSIAS anesthesia protocol on intraoperative physiological 

parameters during EDAS surgery, we performed a prospective controlled-cohort study of the 
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patients enrolled in the ERSIAS trial (clinicaltrial.gov # NCT01819597) (Gonzalez 2015). 

Adults 30 to 80 years, with TIA or non-severe stroke attributed to 70-99% intracranial stenosis of 

a major intracranial artery and confirmed by catheter angiography, were considered for 

enrollment. The study was conducted with institutional review board approval (IRB# 12-000439) 

and participants gave informed consent before taking part. 

 

A matching algorithm was used to identify a control group of individuals from our institutional 

departmental database with a 1:1 allocation ratio. Controls were identified matching for age 

within 5 years, gender, and a neurovascular intervention, including arteriovenous malformation 

resection and aneurysm clipping.  

 

A detailed evidence-based perioperative management protocol was developed for the ERSIAS 

trial. This ERSIAS anesthesia protocol was developed in consultation with experienced 

neuroanesthesiologists after extensive reviews of the literature regarding perioperative 

management of ischemic patients. The protocol requires establishing systolic blood pressure 

(SBP) baseline during the preoperative evaluation with measures of SBP in the recumbent, 

sitting, and standing positions to the level at which the patient does not present symptoms 

suggestive of hypoperfusion. The goal SBP level is set at 20% over the patient’s known baseline, 

unless the patient is hypertensive at baseline (SBP ≥ 140 mm Hg). For hypertensive patients, the 

asymptomatic SBP level determined during the preoperative evaluation is selected for the 

intraoperative goal. End tidal CO2 (ETCO2) is kept between 35 to 45 mm Hg, and 

hyperventilation is avoided. Fluid balance is targeted at euvolemia to 1.5 liters hypervolemia, 

with early replacement of the calculated volume deficit due to the NPO time before the surgery. 
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Vitals are monitored with standard electrocardiographic monitoring, an arterial line, and central 

venous pressure monitoring. Aspirin (325 mg) is administered on the date of surgery and for at 

least 3 days prior. Body temperature is maintained between 35.5 and 36.5°C. Barbiturates, 

steroids (except dexamethasone for nausea), and mannitol are not administered during the 

procedure.  

 

All involved parties are alerted via electronic mail and pager of upcoming EDAS cases. On the 

day of the operation, the surgical, anesthesia, electrophysiology, and nursing teams review, line 

by line, an ERSIAS Surgical-Anesthesia Management Briefing with a detailed checklist. In this 

process there is confirmation of completion of basic presurgical safety practices from all team 

members—surgeons, anesthesiologists, nurses, and technicians—prior to the administration of 

anesthesia. The patient-specific goals for anesthesia management are confirmed during the 

briefing, and audible alarms are set to indicate deviations from intended goals. Monitors are 

strategically positioned to allow the entire surgical staff continuous visualization of all patient 

physiological parameters.  

 

Patient Involvement 

 

Patients, service users, carers, and lay people were not involved in setting the research question, 

the outcome measures, the design of the study, or the dissemination of its results. 
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Data Collection 

 

Minute-by-minute physiological parameters were electronically collected throughout the 

duration of surgery using the electronic medical record system CareConnect (Epic Systems, 

Madison, WI). The recorded physiological parameters include heart rate (HR), respiration rate, 

O2 saturation, temperature, ETCO2, central venous pressure, SBP, diastolic blood pressure, 

MAP, central venous pressure, urine output, and temperature. Surgical duration was defined as 

the period between patient arrival and departure from the operating room.  

 

Endpoint Measures 

 

The endpoint measure of this study is the variability of HR, MAP, SBP, and ETCO2 throughout 

the surgical duration.  

 

Statistics 

 

Statistical analysis was performed with JMP® (Version 11, SAS Institute, Inc., Cary, NC, 1989–

2007). Descriptive statistics were prepared with the use of contingency-table analyses for 

categorical data and Fisher’s exact test. Student’s t-test was used to compare continuous, 

normally distributed data. The Wilcoxon rank-sum test was used to compare continuous, non-

normal data. Heterogeneity of variance tests were performed to compare variances across groups. 

Heterogeneity of variance tests use a permutation simulation to compute decision limits. Groups 

exceeding the computed decision limits were concluded to have variances statistically different 
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from the square root of the average group variance. To further confirm the heterogeneity of 

variance, a Bartlett test was performed to test that the variances were equal. One-way ANOVA 

was used when two groups had equal variances. To evaluate the effects of the protocol on the 

specific targeted monitored parameters, a mixed-model regression for repeated measures was 

performed. The first-order autoregressive (AR[1]) covariance structure was used, random effects 

were assigned to account for intersubject variability, and the measurements were nested by 

subject. This provides an adequate correlation structure for repeated measures in time.  

 

Results 

 

The ERSIAS group consisted of 12 patients (10 females, 2 males) with a mean age of 53.8y (SD 

= 16.7y). Twelve control patients (10 females, 2 males) were identified using the matching 

algorithm with a mean age of 51.3y (SD = 15.2y). Ten underwent aneurysm clipping, and 2 had 

an arteriovenous malformation resection. The total surgical duration of the EDAS group was 

5386.0 min (SD = 49.8 min), and that of the control group was 4634.0 min (SD = 164.9 min). 

There were no significant differences in the mean age or surgical duration between groups. 

Demographics are summarized in Table 6-1. No major adverse events were observed throughout 

this study, and all patients completed their surgical intervention. Figure 6-1 represents the 

distribution of the endpoint data—HR, SBP, MAP, and ETCO2. Patient physiologic parameters 

are summarized in Table 6-2. 
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Demographics Control Group ERSIAS Group 

Number of patients 12 12 

Mean age ± 51.3y ± 15.2 53.8y ± 16.7 

Gender   

Female 10 (83.3%) 10 (83.3%) 

Male 2 (16.6%) 2 (16.6%) 

Procedure   

EDAS1 0 12 (100%) 

Aneurysm 10 (83.3%) 0 

AVM2 2 (16.6%) 0 

Total surgery duration 4634.0 min 5386.0 min 

 

Table 6-1. Summary of Demographics and Total Surgery Duration between ERSIAS 

(Encephaloduroarteriosynangiosis Revascularization for Symptomatic Intracranial Arterial 

Stenosis) and Control Groups. A t-test analysis was used to compare mean values. 

1Encephaloduroarteriosynangiosis, 2Arteriovenous malformation 
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Figure 6-1. Scatterplot of Endpoint Vitals per Group. Distribution of 3,219,917 data points 

obtained by minute-to-minute electronic data collection in 24 patients (12 ERSIAS and 12 

matched controls).  
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 Control Group ERSIAS Group 

Vitals Median 

IQR 

Median 

IQR 

Heart rate 71 

20 

68 

14 

Systolic blood pressure 107 

19 

144 

32 

Mean arterial blood pressure 75 

15 

98 

23 

End tidal CO2 32 

3 

38 

4 

 

Table 6-2. Summary of Intraoperative Physiological Parameters between ERSIAS 

(Encephaloduroarteriosynangiosis Revascularization for Symptomatic Intracranial Arterial 

Stenosis) and Control Groups. Median and interquartile range (IQR) are presented, as variables 

were not of normal distribution. The association of group to the outcome variables (HR, SBP, 

MAP, ETCO2) was investigated by a mixed model regression analysis. 

 

There were significant reductions in the intraoperative variability of MAP and ETCO2 in the 

ERSIAS group below the lower-boundary decision limit computed by using a permutation 

simulation. The variability of the HR and SBP were not significantly different between the 

ERSIAS and control groups during the surgical period. There were significant reductions in the 

intraoperative MAP SD and ETCO2 SD between the ERSIAS and control groups. The MAP SD 
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of the ERSIAS group was 4.26 mm Hg, while that for the control group was 10.23 mm Hg (p = 

0.007). The ETCO2 SD for the ERSIAS and control groups was 0.94 mm Hg and 1.26 mm Hg, 

respectively (p = 0.05). There were no significant differences in the intraoperative HR SD and 

SBP SD between groups.  

 

As intended by protocol design, the intraoperative median MAP and ETCO2 in the ERSIAS 

group were higher than in the control group. The intraoperative median MAP was 98 mm Hg 

(IQR 23) for the ERSIAS group and 75 mm Hg (IQR 15) for the control group, p < 0.001. The 

intraoperative median ETCO2 was 38 mm Hg (IQR 4) for the ERSIAS group and 32 mm Hg 

(IQR 3) for the control group, p < 0.001. The median HR of the ERSIAS group (68 bpm, IQR 

14) was lower than that of the control group (71 bpm, IQR 20; p = 0.005) over the surgical 

duration. The intraoperative median SBP of the ERSIAS group was 144 mm Hg (IQR 32), while 

that for the control group was 107 mm Hg (IQR 19), p < 0.001.  

 

Discussion 

 

Consistent and reliable application of quality improvement principles to health care has 

significant positive effects on patient outcomes (Gonzales et al. 2010; Lipitz-Snyderman et al. 

2011). Among the most relevant principles applicable to surgical specialties is the minimization 

of unintended variability, which translates into error reduction and increased consistency in 

procedural results (Nicolay et al. 2011). While every case requires specific goals, detailed, 

comprehensive protocols and practices for procedural standardization and reproducibility are 

fundamental to the future of evidence-based medicine. The goal of this study was to evaluate the 
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effectiveness of the ERSIAS anesthesia protocol in minimizing intraoperative hemodynamic 

variation compared to standard neurovascular interventions. The importance of this goal was not 

only to achieve the intended benefit for the enrolled patients but also to serve as a model for the 

future generalization of procedures for patients with or at risk of stroke. Our study demonstrated 

a reduction in the variability of MAP and ETCO2 during the surgical period. This study also 

demonstrated successful and consistent increases in intraoperative median MAP and ETCO2 in 

the ERSIAS group, as intended by the protocol, given the specific needs of the patients treated. 

By using electronically collected data in this study, we were able to avoid the bias that is 

introduced by the traditional manual collection of anesthesia vitals. This method represents a 

valuable application of the large body of information that current electronic record management 

can provide. 

 

The reduction of unintended variability around targets can have important effects following 

surgery. There is increasing evidence that perioperative hemodynamic variability has a negative 

impact on postsurgical clinical outcomes (Aronson et al. 2014; Reich et al. 2002; Aronson, 

Boisvert, and Lapp 2002; CHARLSON et al. 1990). In a recent large cohort of patients who 

underwent major noncardiac surgery, intraoperative variance in blood pressure was found to be 

significantly associated with postoperative delirium (Hirsch et al. 2015). In a study of cardiac 

surgery patients, intraoperative SBP variability was determined to be associated with increased 

30-day postoperative mortality, proportional to the degree of SBP excursion from a specific 

intraoperative range (Aronson et al. 2011; Aronson et al. 2010). Increased perioperative blood 

pressure variability was also associated with increased time to extubation and hospital stay 

(Aronson et al. 2014). Perioperative blood pressure variability has also been reported to increase 
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the risk of stroke, myocardial ischemia, and bleeding (Aronson et al. 2014; Aronson, Boisvert, 

and Lapp 2002). Methodologies to reduce variability may contribute significantly to the 

improvement of surgical care. 

 

The inclusion of preoperative preparation and alerts, intraoperative detail briefing with the 

participation of all the involved personnel, and the creation of and adherence to a checklist in the 

ERSIAS protocol were practical measures that had an objective impact in reduced variability. 

Checklists have been shown to increase adherence to care processes, to increase standardization, 

and to reduce errors (Treadwell, Lucas, and Tsou 2014; Arriaga et al. 2013; 2012). In a study on 

the WHO (World Health Organization) Surgical Safety Checklist conducted on noncardiac 

surgical patients in eight hospitals worldwide, inpatient complications were reduced from 11% to 

7%, and mortality decreased from 1.5% to 0.8% (Haynes et al. 2009). Supplementing a checklist 

with structured briefings among team members also contributes to a reduction in complications 

and mortality (Walker, Reshamwalla, and Wilson 2012; 2015). These processes have also 

enhanced communication and situational awareness among team members, which ultimately 

improves surgical outcomes (Walker, Reshamwalla, and Wilson 2012; 2012).  

 

Adequate cerebral perfusion pressure in patients with ICAS is necessary to sufficiently perfuse 

cerebral tissue (Engelhard 2013). The ERSIAS anesthesia protocol was developed to meet 

specific physiological targets. For optimal perfusion across stenotic vessels and collaterals, blood 

pressure was maintained to patient-specific needs (baseline asymptomatic or 20% over the 

preoperative blood pressure baseline) (Scott and Smith 2009; Chui et al. 2015). This was 

supplemented by ensuring normovolemia to a slight hypervolemic fluid state, early during the 
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operation. To avoid cerebral vasoconstriction, intraoperative ventilation was targeted to 

normocarbia to a slight hypercarbia, avoiding hyperventilation (Chui et al. 2015; Engelhard 

2013). To reduce the stroke risk associated with embolic events in ICAS perioperative, full 

aspirin doses were maintained (Engelhard 2013; Chui et al. 2015).  

 

The ERSIAS anesthesia protocol examined in this study produced a reduction in physiological 

parameter variability, promoting consistent conditions favorable to cerebral perfusion. Beyond 

improving the quality of surgical care for patients at risk for stroke, the attention to standardized 

anesthesia and perioperative protocols is key to reduce confounders in the evaluation of surgical 

or interventional techniques in clinical trials. Recent trials (the Stenting versus Aggressive 

Medical Therapy for Intracranial Arterial Stenosis [SAMMPRIS] trial, the Carotid Occlusion 

Surgery Study [COSS], and the Vitesse Intracranial Stent Study for Ischemic Therapy [VISSIT]) 

have failed to prove the benefit of certain interventions in stroke management (Derdeyn et al. 

2014; Fiorella et al. 2012; Lutsep et al. 2015; Powers et al. 2011; Robert L Grubb et al. 2013; 

Zaidat et al. 2015). Several authors have suggested that general anesthesia may negatively affect 

endovascular interventions for stroke (Jantzen 2014; Reddy and Smith 2012; Rahme et al. 2011; 

Abou-Chebl and Steinmetz 2012; Amin-Hanjani et al. 2005). However, little attention has been 

given to the standardization and adherence to protocols directed to avoid unfavorable 

hemodynamic conditions that can significantly affect patients at risk for or with strokes. In 

several of these trials the majority of adverse events have occurred during the immediate 

operative or postoperative period. In SAMMPRIS, 25 out of 33 events occurred within 24 hours 

of the percutaneous transluminal angioplasty and stenting procedure (Fiorella et al. 2012; Abou-

Chebl and Steinmetz 2012). In COSS, 12 out of 14 ipsilateral hemispheric strokes occurred 
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within 48 hours of the surgical bypass procedure (Grubb et al. 2013). Although the effectiveness 

of the techniques being investigated most likely played a key role in the results, additional 

aspects beyond the procedure should be controlled in the future.  

 

Conclusions 

 

The ERSIAS anesthesia protocol was effective in reducing variability of intraoperative 

physiological parameters and achieving the hemodynamic goals established for patients with 

ICAS undergoing EDAS surgery. The application of protocol and standard practices to reduce 

intraoperative variability may prove to be an important addition to future large-scale clinical trial 

protocols attempting to evaluate the efficacy of a treatment or surgical technique, minimizing the 

confounding effect of variations in anesthetic management on patient outcomes.   
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CHAPTER 7 

 

Perfusion Changes After Encephaloduroarteriosynangiosis 
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This section is adapted from:  

 

Laiwalla AN, Leu K, Pamplona J, Ooi Y, Liou R, Ellingson B, and Gonzalez NR. Independent 

Component Analysis of Perfusion-Weighted MRI to Evaluate the Effects of 

Encephaloduroarteriosynangiosis. In preparation.  

 

Introduction 

 

Encephaloduroarteriosynangiosis (EDAS) is a form of indirect cerebral revascularization used to 

supplement blood flow to hypoperfused brain regions. Extracranial arterial branches (superficial 

temporal artery (STA) or middle meningeal artery (MMA)) and their galeal cuffs are apposed to 

intracranial arterial branches on the brain surface without direct anastomosis. Endogenous 

angiogenesis from redirected extracranial arterial branches creates new vessels, and in some 

instances, anastomoses with the intracranial circulation (Gonzalez, Liebeskind, et al. 2013). 

EDAS is an established treatment modality for moyamoya disease (MMD), particularly in the 

pediatric population, and has more recently been adapted for the treatment of symptomatic 

intracranial arterial stenosis (IAS) in adults (Adelson and Scott 1995; T. Matsushima et al. 1998; 

Sainte-Rose et al. 2006; Scott et al. 2004; Dusick, Gonzalez, and Martin 2011; Dusick et al. 

2012; Gonzalez, Liebeskind, et al. 2013; Starke, Komotar, and Connolly 2009). 

 

Multiple imaging modalities have been employed to assess the extent of indirect 

revascularization. Catheter angiography, CTA, and MRA have demonstrated increased blood 

flow to the EDAS operative territory through newly formed transdural and transpial collateral 
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vessels (Ginat et al. 2013). Increased donor STA and MMA vessel sizes, and a decrease in 

preoperative collaterals following EDAS, has also been reported (Ginat et al. 2013; Yoon et al. 

2000; Robertson et al. 1997; Dusick, Gonzalez, and Martin 2011). The effects of EDAS extend 

beyond anatomical changes, and investigation into the functional aspects are necessary (S. C. 

Lee et al. 2014). Single photon emission computerized tomography (SPECT), xenon-CT 

scanning, and PET have established improved cerebrovascular reactivity in territories of the 

intervened hemisphere (Song, Oh, Kim, Kim, Wang, and Lee 2012; Ginat et al. 2013; Sam et al. 

2015). Furthermore, CT perfusion and perfusion-weighted MR have shown improved 

postoperative cerebral hemodynamics through time to peak, cerebral blood flow, and cerebral 

blood volume measures (S.-K. Lee et al. 2003; Dai et al. 2013). 

 

Independent component analysis (ICA) of dynamic susceptibility contrast perfusion MR (DSC-

MR) allows for further functional characterization of vascular changes following EDAS by the 

spatiotemporal characterization of contrast agent through the cerebrovasculature and brain 

parenchyma (LaViolette et al. 2013; Kao et al. 2008). ICA is a multivariate approach, whereby 

voxel time series are examined and classified according to temporal response patterns, separating 

perfusion through different vessel types. ICA has been applied to functional MR imaging 

(fMRI), electroencephalographic (EEG) recordings, and recently, brain tumor imaging where it 

demonstrated the ability to discern tumor from normal vasculature and characterize tumor 

perfusion patterns (LaViolette et al. 2013). 

 

We hypothesize that hypoperfused brain regions in symptomatic IAS adults contain a greater 

probability of cerebrovasculature classified as venous and both venous and arterial ICA 
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components (arterio-venous overlap [AVOL]) as compared to normally perfused brain regions. 

We further hypothesize a shift towards arterial ICA components following EDAS surgery. To 

evaluate these hypotheses, we applied ICA to DSC perfusion MR images of patients enrolled in 

the ongoing Encephaloduroarteriosynagiosis (EDAS) Revascularization for Symptomatic 

Intracranial Arterial Stenosis (ERSIAS) trial.  

 

Methods 

 

Study Design 

 

To better characterize the perfusion effects of EDAS on cerebrovascular perfusion in 

symptomatic IAS patients, we performed a prospective study of patients enrolled in the ERSIAS 

trial (clinicaltrial.gov # NCT01819597). Adults (30 - 80y) with TIA or non-severe stroke 

attributed to 70-99% intracranial stenosis of a major intracranial artery, and confirmed by 

catheter angiography, were considered for enrollment. Participants provided informed consent 

before taking part. The study was conducted with institutional review board approval (IRB# 12-

000439). 

 

Study Participants 

 

All ten patients enrolled in the ERSIAS trial from 2013 to 2014 with DSC perfusion MR imaging 

at baseline and after EDAS surgery were included in the study. Three patients without both 

baseline and postoperative DSC perfusion MR imaging, each at the same resolution, were 
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excluded. Ten patients (8 females, 2 males), with a mean age of 57.2 (SD = 13.7), underwent 

unilateral EDAS of which 1 had simultaneous burr holes with frontal or frontoparietal duropial 

synangiosis. 8 were diagnosed with IAS and 2 with MMD. The median follow up period was 

551.5 days (240-730: 480.6 mean). 

 

Preoperative Evaluation 

 

All patients underwent preoperative imaging that included digital subtraction angiography (DSA) 

and MR imaging. DSA of all ten patients revealed severe stenosis in the intracranial cerebral 

vasculature. All patients suffered from perfusion deficits that correlated with their symptoms. 

EDAS was considered for treatment based on clinical need, including ischemic symptoms within 

30 days, and imaging abnormalities.  

 

Anesthetic Considerations and Surgical Technique 

 

Anesthesia management and the EDAS surgical technique have been previously described 

(Dusick, Gonzalez, and Martin 2011). Anesthesia teams have strict perioperative management 

goals to minimize intraoperative fluctuations and maintain adequate cerebral perfusion. In 

general, systolic blood pressure (SBP) is set at or 20% over the patient’s preoperatively 

measured asymptomatic baseline for hypertensive or normotensive patients, respectively. End 

tidal CO2 is maintained between 35 to 45 mm Hg, while avoiding hyperventilation and the risk 

of hypocapneic-induced vasoconstriction. Fluid balance is targeted to euvolemia to 1.5L 

hypervolemia, with early replacement of the calculated volume deficit. Aspirin is administered 
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throughout the perioperative period, at least three days preoperatively and two weeks 

postoperatively. Barbiturates, mannitol, and hypothermia are not used during the surgical 

procedure. Intraoperative electroencephalographic, arterial pressure, and central venous pressure 

monitoring are used in all cases.  

 

The general EDAS technique and our specific nuances have been previously described (Dusick, 

Gonzalez, and Martin 2011). In brief, the superficial temporal artery (STA) is identified and 

dissected with its surrounding galeal cuff. A craniotomy is performed, and the dura is opened in 

cruciate fashion, preserving middle meningeal artery branches. The dural layers are separated, 

the inner avascular layer is removed, and the arachnoid is widely opened with microdissection 

under the surgical microscope. The STA is subsequently sutured to the edges of the dura, not the 

pia mater, as previously described (Adelson and Scott 1995). The ends and inner table of the 

bone flap are reduced to prevent kinking and compression of the STA upon its replacement. 

Thorough hemostasis of the arachnoid, dura, STA galeal cuff, and scalp is necessary prior to 

closure.  

 

Supplementary burr holes are made in most patients, typically one each in the frontal and parietal 

regions. The dura and arachnoid are opened as described above. Burr holes are left open or 

closed with linear titanium plates to allow space for vascular growth from the scalp, which it 

closed over the burr hole.  
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Perfusion-Weighted Imaging 

 

All patients underwent DSC perfusion MR imaging 3 to 19 days prior to EDAS surgery, and up 

to 3, 6, 9 and/or 12 months postoperatively, depending on the follow up period. A 0.05 ml/kg 

dose of gadobenate dimeglumine contrast agent was administered immediately prior to DSC 

imaging. Pre- and post- contrast T1-weighted images were obtained. DSC data was optimized 

using FMRIB tool library. Probabilistic independent component analysis was performed 

(MELODIC, FMRIB), modeling data into 3 components, and categorized into arterial, venous, 

and AVOL components. DSC, T1, and T1 + contrast images were coregistered. Using AFNI, 

regions of interest of the MCA territory directly under the surgical hemisphere and its 

complementary territory in the non-surgical hemisphere were manually traced. The probabilities 

of arterial, venous, and AVOL components were calculated and compared.  

  

Statistical Analysis 

 

Statistical analysis was performed with JMP® (Version 11, SAS Institute, Inc., Cary, NC, 1989–

2007). Descriptive statistics were generated for demographic and clinical assessments to 

characterize the study population. Standard plots of the probability of arterial, venous, and 

AVOL components over time were created for the longitudinal analysis. Non-parametric 

Wilcoxon signed-rank tests were used to perform matched pair analysis of the arterial, venous, 

and AVOL components between the surgical and non-surgical hemispheres at the time points. 

Spearman’s rank correlation coefficients were calculated between arterial, venous, and AVOL 

components of the surgical and non-surgical hemispheres.  
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Clinical Analysis 

 

Patient data was reviewed to evaluate the primary endpoints of stroke and death, and the 

secondary endpoint of transient ischemic attacks, at last follow-up.  

 

Results 

 

Independent Component Analysis of Perfusion MR imaging 

 

Preoperative arterial, venous, and AVOL components are shown in Figure 7-1 for a 

representative patient, with arterial, venous, and AVOL components labeled in blue, red, and 

green, respectively. Table 7-1 shows the probability of the individual components in the surgical 

and nonsurgical regions from preoperative and most recent postoperative images, within the 

follow up period. Average venous and AVOL component probabilities of the surgical region are 

higher than that of the non-surgical region.  
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Figure 7-1. Independent Component Analysis of Presurgical DSC-MR Imaging of an ERSIAS 

Patient. Probabilities of arterial, venous, and arterio-venous overlap [AVOL] components are 

shown in blue, red, and green, respectively. A. Arterial component. B. Venous component.  

 

Patient Days from 
Baseline 

Surg 
Artery 

Non-surg 
Artery 

Surg 
Venous 

Non-surg 
Venous 

Surg 
AVOL 

Non-Surg 
AVOL 

1 0 0.361 0.361 0.203 0.079 0.259 0.162 
1 392 0.355 0.415 0.211 0.117 0.369 0.257 
2 0 0.340 0.257 0.345 0.177 0.209 0.178 
2 378 0.097 0.272 0.202 0.253 0.182 0.245 
3 0 0.181 0.270 0.105 0.162 0.158 0.294 
3 258 0.212 0.231 0.120 0.122 0.257 0.252 
4 0 0.193 0.422 0.316 0.144 0.404 0.261 
4 273 0.173 0.440 0.218 0.123 0.140 0.303 
5 0 0.167 0.472 0.761 0.102 0.477 0.177 
5 384 0.216 0.458 0.385 0.110 0.257 0.185 
6 0 0.254 0.452 0.325 0.196 0.324 0.192 
6 243 0.163 0.386 0.276 0.223 0.250 0.340 
7 0 0.286 0.446 0.280 0.122 0.199 0.193 
7 98 0.200 0.447 0.307 0.152 0.258 0.198 
8 0 0.102 0.409 0.675 0.136 0.572 0.372 
8 189 0.063 0.579 0.099 0.084 0.119 0.140 
9 0 0.267 0.429 0.494 0.134 0.526 0.167 
9 197 0.243 0.470 0.299 0.122 0.361 0.127 
10 0 0.101 0.290 0.571 0.331 0.519 0.356 
10 142 0.174 0.293 0.211 0.318 0.300 0.357 

Average  0.207 0.390 0.320 0.160 0.307 0.238 
Spearman Correlation -0.64533  0.06655  0.01899   
p-value  
  

3.00E-05   0.70406   0.91378   

 

Table 7-1. Probability of Individual Components in the Surgical and Non-Surgical Regions. 

 

The probabilities of the individual components over time for the surgical and non-surgical 

regions are plot in Figure 7-2. At baseline, the non-surgical site has a high probability of arterial 
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components, and a low probability of venous and AVOL components, all which are maintained 

over time. The probabilities of arterial and venous components of the surgical site at baseline are 

inverted relative to that of the non-surgical side. The probabilities of the surgical venous and 

AVOL components decrease over time, while the probability of the arterial components slightly 

increases. At approximately nine months, probabilities of the individual components are inverted 

to reflect that of the non-surgical side. The venous and AVOL component probabilities continue 

to decrease through the 12-month follow up period, nearly reaching the probabilities of 

components of the non-surgical side.  
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Figure 7-2. Independent Component Analysis of DSC-MRI between Surgical and Non-Surgical 

Hemispheres. Arterial = blue, Venous = red, AVOL = green. (Top) Non-surgical hemisphere 

(Bottom) Surgical hemisphere 

 

Clinical Results 

 

All patients suffered stroke or TIAs prior to surgery. Six of the ten patients experienced stroke 

preoperatively, three of which occurred less than one month prior to surgery. Five of the ten 

patients had a history of TIA, four of which occurred less than one month before surgery.  

 

No patient reached the primary endpoint for stroke or death within the follow-up period. One of 

the ten patients met the secondary endpoint for TIA at 1-6 months postoperatively. Further TIAs 

were not observed during the follow-up period of 21 months for this patient. None of the other 

nine patients suffered a TIA postoperatively. 

 

Discussion 

 

Collaterals are of critical importance in maintaining cerebral perfusion in patients with 

intracranial arterial stenosis (Macchi et al. 1996). EDAS facilitates the formation of new 

collaterals between redirected extracranial arterial branches and the intracranial circulation 

(Gonzalez, Liebeskind, et al. 2013). The extent of revascularization following EDAS is 

traditionally focused on the anatomical investigation of collaterals by catheter angiography, 

however, consideration of the functional effects are also necessary (Amin-Hanjani et al. 2013; S. 
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C. Lee et al. 2014). The goal of this study was to better characterize perfusion following EDAS 

using ICA of DSC-MR imaging. This study shows that the non-surgical site has a constant high 

probability of arterial components, and low probabilities of venous and AVOL components. The 

surgical site at baseline has high probabilities of venous and AVOL components, and a low 

probability of arterial components. Over time the probabilities of arterial components increase in 

the surgical site, while the probabilities of venous and AVOL components decrease, with the 

point of inversion at nine months.  

 

Improved cerebral perfusion following indirect revascularization has been demonstrated by 

multimodal functional neuroimaging. In a recent study with 12 pediatric MMD patients, SPECT 

revealed improvements in basal and acetazolamide-stress perfusion in the MCA surgical 

territory, approximately 3 months following revascularization by EDAS surgery (Y.-I. Kim et al. 

2014). In a similar study in 17 pediatric MMD disease patients that underwent EDAS, SPECT at 

approximately 5 months (153+/-110 days) showed significant improvements in the 

acetazolamide-stress CBF and cerebrovascular reserve, with non-significant improvement of the 

basal CBF (Song, Oh, Kim, Kim, Wang, and Lee 2012). Furthermore, perfusion MR imaging in 

13 children with MMD demonstrated delayed presurgical time to peak (TTP) enhancement 

compared to controls, which was significantly reduced following EDAS (S.-K. Lee et al. 2003). 

CT perfusion was also used to evaluate multiple burr hole revascularization is ischemic adult 

MMD (Dai et al. 2013). Six months follow-up CT perfusion showed postoperative increases in 

CBF, with decreases in MTT and TTP.  
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ICA of DSC-MR imaging allows for enhanced characterization of perfusion. Separation of the 

mixed dynamic signals of DSC-MR into independent source signals provides spatiotemporal 

hemodynamic information on local perfusion for cerebral vasculature and parenchyma (Kao et 

al. 2008; Kao et al. 2003). First developed in the engineering field of signal processing, ICA has 

been applied to fMRI for the separation of task-related fMRI activations, and to EEG to resolve 

differences between evoked responses (Onton et al. 2006; McKeown et al. 1998). More recently, 

ICA has been used to separate and distinguish phases of cerebral perfusion. In a study of 12 

patients with unilateral carotid stenosis, ICA differentiated normal arterial, stenotic arterial, and 

stenotic-side parenchymal phases, suggesting that stenosis and poor collateral circulation 

resulted in delayed contrast perfusion through parenchyma on the side of the stenosis (Kao et al. 

2008). Additionally, ICA applied to neuro-oncology allowed for the detection of abnormal tumor 

vasculature, distinguishing tumor from normal tissue, and potentially serving as a biomarker to 

predict response to anti-angiogenic drugs (LaViolette et al. 2013; LaViolette et al. 2014; 

LaViolette, Cohen, and Rand 2011). 

 

In this study, ICA of DSC-MR imaging differentiated phases of cerebral perfusion into arterial, 

venous, and AVOL components at baseline and up to one year after EDAS revascularization. In 

the non-surgical side, the high probability of arterial components and low probability of AVOL 

and venous components suggest timely arrival of arterial contrast agent. However, at baseline in 

the surgical side, the high probability of venous and AVOL components and low probability of 

arterial components suggest a severe delay in arterial contrast, likely due to intracranial stenosis 

and poor collateral flow. Over time, as the EDAS collaterals grow from the extracranial 

circulation to the intracranial circulation, there is less delay in the arrival of contrast agent. At 9 
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months, sufficient collateralization has occurred to lessen the delay reverting towards the normal 

perfusion profile. Longer follow-up is necessary to determine if the probabilty of arterial 

components of the surgical side will continue to increase to the level of the non-surgical side 

over time.  

 

Limitations 

 

The main limitations of this prospective study are its study size and mixed population of MMD 

and IAS patients. Although the findings of this study are statistically significant, further 

enrollment of patients into the ongoing ERSIAS trial will allow for a larger, balanced study 

population. Additionally, a longer follow-up period will allow for a more complete 

characterization of the perfusion profile following EDAS. Another limitation of this study is the 

recent finding that contrast leakage results in larger signal variances that may be identified as a 

distinct component by ICA analysis, ultimately underestimating the AVOL component 

(LaViolette et al. 2014). Although this is a significant concern for tumor perfusion studies, not 

enough is known about early angiogenesis in the formation of EDAS collaterals to rule out this 

concern. Furthermore, the characteristics of immature collaterals are unknown, and may register 

as AVOL components by ICA. 

 

Conclusions 

 

Hypoperfused brain regions in symptomatic IAS adults contain a greater probability of 

cerebrovasculature classified as venous and AVOL components as compared to normally 
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perfused brain regions, representing delay of contrast perfusion through stenotic arteries and 

poor collaterals. There is a shift towards arterial ICA components following EDAS surgery due 

to collateralization from the extracranial to the intracranial circulation.  
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CHAPTER 8 

 

A Mouse Model of Focal Cerebral Ischemia and Encephalomyosynangiosis 

  



	  
	  

99	  

Introduction 

 

Human ischemic stroke is most commonly a focal neurological deficit caused by disturbance of 

blood flow in the middle cerebral artery (MCA) (Casals et al. 2011; Durukan and Tatlisumak 

2009). Intracranial atherosclerosis (IAS) is the primary cause of ischemic stroke worldwide, 

accounting for approximately 61% of all strokes, and carries a worse prognosis than other stroke 

etiologies (Gorelick et al. 2008; De Silva et al. 2007; Wong 2006; Chimowitz et al. 2005; 

Derdeyn et al. 2014; Wityk et al. 1996; Casals et al. 2011).	  Strokes in humans are generally small 

in size, ranging from 28-80mm3 or 4.5-14% of the hemispheric volume (Carmichael 2005). 

Nonetheless, stroke is a devastating disease, and is the leading cause of adult disability and the 

second cause of all death worldwide (Mozaffarian et al. 2014).  

 

Indirect cerebral revascularization is a surgical procedure used to supplement blood flow to 

hypoperfused brain territories. Encephaloduroarteriosynangiosis (EDAS), a form of indirect 

revascularization, has recently been proposed for the treatment of IAS (Gonzalez, Liebeskind, et 

al. 2013; Dusick, Gonzalez, and Martin 2011; Dusick et al. 2012). In this procedure, the 

superficial temporal artery and its galeal cuff are placed in direct contact with the brain surface. 

In another form of indirect revascularization, encephalomyosynangiosis (EMS), temporalis 

muscle is apposed to the brain surface. Both methods of indirect revascularization are established 

treatment modalities for pediatric moyamoya disease (MMD), and have demonstrated collateral 

growth from the vascular-rich donor tissue, and in some cases, anastomosis with the intracranial 

circulation (Adelson and Scott 1995; T. Matsushima et al. 1998; Sainte-Rose et al. 2006; Scott et 

al. 2004; Gonzalez, Liebeskind, et al. 2013; M. Nakamura et al. 2009). The formation of 
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collaterals following indirect revascularization occurs by angiogenesis (Gonzalez, Liebeskind, et 

al. 2013).  

 

Angiogenesis has been extensively studied in mice, particularly in embryo, hind limb ischemia, 

and tumor growth studies, providing fundamental insights into the molecular and cellular 

cascades involved in blood vessel growth (Carmeliet 2005; Arras et al. 1998; Daniel J Brat 2001; 

Carmeliet and Jain 2011; Carmeliet 2000; G. Ding et al. 2008; Leung and Jensen 2013). 

Applying this knowledge to the unique neovascularization processes following indirect 

revascularization will facilitate our understanding of the processes of hypoxia-induced 

collateralization. This will further the development of treatment techniques targeting this 

process. Based on the mouse focal cerebral ischemia model by Tamura et al., we have developed 

a mice model of MCA ischemic stroke and EMS that represents the disease state and therapeutic 

intervention as it occurs in humans (Tamura, Graham, McCulloch, and Teasdale 1981; Tamura, 

Graham, McCulloch, and Teasdale 1981). This model will allow for access to local tissues and 

local molecular profiles to establish the timing and events leading to collateralization.  

 

Methods 

 

Pre-surgical evaluation and prepping, including hair removal and antibiotic administration, are 

performed 24 hours before surgery. Male C57BL/6J mice, ages 12-16 weeks, are anesthetized on 

Day 1 with isoflurane gas (4-4.5%). The anesthetized mouse is placed prone in a stereotactic 

frame on top of a heating pad (37°C) with the snout resting in the nosepiece for anesthesia 
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maintenance (1.5-2% isoflurane), while the head is held in place by horizontal blunt ear bars in 

the external auricular canal (Figure 8-1 A). The surgical site is prepped and draped.  

 

 

 

Figure 8-1. Mouse Encephalomyosynangiosis Model. A. Animal in stereotactic frame – midline 

incision (dotted line). B. Temporal craniectomy (black arrow) and muscle flap (white arrow). 

Black dot marks location for MCA branch ligation. C. Re-approximated muscle flap in contact 

with brain surface (green arrows).  

 

Under the microscope, a midline incision is made from the interauricular to the interocular line, 

and soft tissue connections between skin and skull are dissected. Temporalis muscle is dissected 

off the temporalis insertion line. The head is rotated 45 degrees to the contralateral side, and 

parallel incisions are made along the anterior and posterior border of the temporalis muscle, 

leaving a small cuff of muscle while creating a window for the craniectomy (3-5 mm). The 

temporalis muscle is dissected off the temporal bone until the zygoma is visualized.  

 

Using a dental drill, a craniectomy is performed and the dura mater is opened and removed, 

exposing branches of the MCA (Figure 8-1 B). If the MCA is not visualized, the crainectomy can 
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be extended using microdissecting forceps as a rongeur. The exposed MCA branch is 

thermocoagulated. The temporalis muscle flap is tacked up against the skull, in contact with the 

brain, and followed by skin closure (Figure 8-1 C). Mice are supported until fully recovered from 

anesthesia. Pain medication and antibiotics are administered, and mice are monitored for signs of 

pain.  

 

On Days 14 and 30, mice are deeply anesthetized (5% isoflurane) and perfused transcardiacly 

with PBS followed by 4% paraformaldehyde. Brain and apposed temporalis muscle are removed 

and further fixed. After decalcification and sectioning, specimens undergo H&E (hematoxylin 

and eosin) staining, along with immunohistochemistry studies for cellular proliferation (ki-67) 

and angiogenesis (CD-31). 

 

Results 

 

Using the above technique, focal occlusion of a MCA branch followed by apposition of the 

temporalis muscle produced a model of ischemic stroke and indirect revascularization with 

minimal surgical manipulation. Clinical evaluation of mice was performed on and after Day 2 to 

assess the basic sensory and motor functions. This included assessment of general health, activity 

level, and postural reflex (Lubjuhn et al. 2009). Consistent survival of mice with minimal 

behavioral deficits was noted. One animal exhibited minor gait deficits on Day 3, which 

improved by the following neurological assessment. Another animal was slow to move, despite 

receiving adequate pain medication, but improved by the following day. One animal died on Day 

22, and post-mortem analysis revealed asphyxiation of food as the cause of death.  



	  
	  

103	  

Histology and immunohistochemistry studies identified small areas of cortical infarcts, 

demonstrated by neuronal clearing in the MCA territory (Figure 8-2 A and B). Furthermore, the 

craniectomy site with muscle closely approximated to the brain surface is demonstrated, 

allowing for evaluation of the muscle-brain interface and collateralization after indirect 

revascularization (Figure 8-2 A).  

 

 

 

Figure 8-2. Post-Operative Histological Analysis. A. H&E stain of surgical side craniotomy and 

muscle (arrow) approximated on brain surface B. Immunohistochemistry stain (CD31) showing 

increased vascular density (arrow) compared to lesser vascular density of non surgical side (C).  

 

Immunohistochemical markers of endothelial cells, CD31, showed increased vascular density in 

the surgical side, and lower vascular density in the non-surgical control side (Figure 8-2 B and 

C). Furthermore, ki-67, a marker of cellular proliferation, showed increase cell proliferation in 

the surgical side (Figure 8-3). No collaterals between the temporalis muscle and brain 

parenchyma were observed.  
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Figure 8-3. Post-Operative Immunohistochemical Analysis. Surgical side craniotomy and muscle 

(top left) showing vascular endothelial cells (CD31= red), cell proliferation (ki-67 = green), and 

nuclei (DAPI = blue).  

 

Discussion	  

	  

Intracranial	  atherosclerosis	  is	  the	  primary	  cause	  of	  stroke	  worldwide,	  with	  an	  annual	  rate	  

of	  recurrence	  up	  to	  35%	  despite	  intensive	  medical	  management	  (Gorelick et al. 2008; De 

Silva et al. 2007; Wong 2006; Chimowitz et al. 2005; Derdeyn et al. 2014; Wityk et al. 1996).	  

Atherothrombic	  occlusions	  most	  commonly	  cause	  focal	  neurological	  deficits	  in	  the	  MCA	  

(Durukan and Tatlisumak 2009; Casals et al. 2011).	  EDAS	  is	  an	  established	  treatment	  
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modality	  for	  pediatric	  moyamoya	  disease,	  and	  has	  recently	  been	  proposed	  for	  the	  

treatment	  of	  symptomatic	  IAS	  (Gonzalez, Liebeskind, et al. 2013; Dusick, Gonzalez, and 

Martin 2011; Dusick et al. 2012).	  EDAS	  has	  since	  been	  shown	  to	  induce	  vascular	  connections	  

between	  the	  extracranial	  and	  intracranial	  circulation	  in	  adults	  with	  moyamoya	  disease	  and	  

IAS,	  reducing	  transient	  ischemic	  attacks,	  preventing	  stroke,	  and	  increasing	  cerebral	  

perfusion	  (Gonzalez, Liebeskind, et al. 2013; Dusick, Gonzalez, and Martin 2011; Dusick et al. 

2012).	  This	  evidence	  of	  post-‐EDAS	  neovascularization	  in	  adults	  is	  a	  novel	  phenomenon,	  and	  

a	  reproducible,	  clinically	  relevant	  model	  of	  focal	  cerebral	  ischemia	  and	  EMS	  is	  critical	  for	  

understanding	  this	  mechanism	  and	  the	  development	  of	  therapeutics	  to	  target	  and	  enhance	  

these	  processes.	  	  

	  

Multiple	  rodent	  models	  of	  focal	  ischemia	  have	  been	  developed	  to	  mimic	  human	  stroke	  (S. 

Lee et al. 2014).	  MCA	  occlusion	  models	  are	  the	  most	  common,	  reflecting	  the	  vessel	  most	  

commonly	  affected	  in	  human	  stroke	  (Carmichael 2005).	  Permanent	  distal	  MCA	  occlusion	  

mice	  models	  have	  demonstrated	  small	  stroke	  volumes	  of	  less	  than	  8%,	  closely	  resembling	  

human	  ischemic	  stroke	  volumes	  of	  4.5-‐14%	  (Lubjuhn et al. 2009; Carmichael 2005).	  In	  our	  

model,	  although	  the	  stroke	  volume	  was	  not	  quantified,	  a	  small	  cortical	  infarct	  in	  the	  MCA	  

territory	  was	  visualized	  in	  both	  H&E	  and	  immunohistochemistry	  stains,	  consistent	  with	  

these	  studies.	  In	  addition	  to	  stroke	  volume,	  the	  permanent	  distal	  MCA	  occlusion	  model	  also	  

represents	  clinically	  relevant	  sensory	  and	  motor	  dysfunction,	  including	  transient	  altered	  

gait	  dynamics,	  increased	  latency	  to	  move,	  and	  poor	  performance	  in	  the	  corner	  test	  and	  

handedness	  (Lubjuhn et al. 2009).	  In	  this	  study,	  one	  animal	  was	  noted	  to	  have	  transient	  gait	  
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deficits	  while	  another	  seemed	  slow	  to	  move,	  both	  of	  which	  improved	  the	  following	  day.	  

Although	  not	  formally	  quantified,	  these	  observations	  are	  consistent	  with	  previous	  studies.	  	  

	  

In	  addition	  to	  the	  focal	  ischemic	  mice	  model	  well	  representing	  human	  stroke,	  it	  is	  ideally	  

suited	  for	  EMS.	  The	  permanent	  distal	  MCA	  occlusion	  model	  developed	  by	  Tamura et al. 

requires a temporal craniectomy to expose and ligate the distal MCA. Minimal surgical 

manipulation is thereafter necessary to prepare the temporalis muscle for placement over the 

exposed surface of the brain to serve as the vascular rich donor tissue. Thus, this mice model of 

focal ischemia and EMS minimizes surgical damage and inflammation to well represent the 

disease process and the therapeutic intervention. EMS is used to model EDAS as it is a lower 

risk procedure with less complexity (M. Nakamura et al. 2009). Given the small diameter of 

mice vasculature, identification and isolation of the superficial temporal artery in mice is not 

feasible for a reproducible model. Furthermore, the thin dura in conjunction with the narrow 3-

5mm craniectomy, makes it increasingly difficult to suture the vessels into the dura. The EMS 

modification allows for reproducibility of this model.  

	  

To	  be	  effective,	  models	  must	  be	  clinically	  relevant,	  reproducible,	  and	  easily	  executed	  

(Casals et al. 2011).	  Previous	  models	  of	  stroke	  and	  EMS	  suffer	  from	  various	  drawbacks	  and	  

do	  not	  well	  represent	  symptomatic	  IAS	  and	  indirect	  revascularization.	  Most	  frequently,	  

these	  models	  do	  not	  represent	  focal	  occlusion.	  In	  previous	  models	  of	  EMS,	  investigators	  

induced	  stroke	  by	  occlusion	  of	  the	  internal	  carotid	  artery	  or	  both	  common	  carotid	  arteries	  

(Kusaka et al. 2005; M. Nakamura et al. 2009; Hecht et al. 2009).	  Furthermore,	  two	  of	  these	  

models	  were	  quite	  traumatic,	  requiring	  access	  to	  the	  carotid	  arteries	  through	  a	  cervical	  
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incision,	  followed	  by	  the	  trauma	  of	  a	  craniectomy	  (Kusaka et al. 2005; M. Nakamura et al. 

2009).	  These	  differences	  may	  have	  an	  impact	  on	  the	  size	  of	  infarction,	  behavioral	  deficits	  

produced,	  and	  complications.	  	  

 

Animal	  models	  have	  had	  a	  tremendous	  impact	  on	  our	  understanding	  of	  stroke	  

pathophysiology	  and	  intervention,	  and	  selection	  of	  the	  correct	  model	  is	  essential	  for	  

success	  of	  the	  study	  (Casals et al. 2011; Carmichael 2005).	  The	  mouse	  was	  selected	  to	  serve	  

as	  the	  model	  for	  focal	  cerebral	  ischemia	  and	  EMS	  for	  several	  reasons.	  Mice	  are	  the	  primary	  

animals	  used	  in	  biomedical	  research,	  and	  with	  vasculature	  similar	  to	  that	  of	  humans,	  have	  

provided	  much	  of	  our	  knowledge	  of	  angiogenesis,	  particularly	  through	  embryo,	  hind	  limb	  

ischemia,	  and	  tumor	  growth	  studies	  (Carmeliet 2005; Arras et al. 1998; Daniel J Brat 2001; 

Carmeliet and Jain 2011; Carmeliet 2000; G. Ding et al. 2008; Leung and Jensen 2013). 

Information from these studies applied to a different process within the same animal minimizes 

animal-animal confounders. Furthermore, genetic engineered mice are the most widely available 

animals, allowing for the design of more refined models and therapies (Eklund, Bry, and Alitalo 

2013). The ability to manipulate mice genomes further allows for the opportunity to uncover the 

molecular basis of complex disease processes (Carmeliet, Moons, and Collen 1998). Finally, 

several tools exist for the standardized assessment of sensory and motor behavior in mice (Leung 

and Jensen 2013). 

 

The mouse model is not without its limitations, however. Neovascularization elicits a systemic 

response, involving migration of cells, activation of inflammatory processes, and differentiation 

of monocytes (Carmeliet, Moons, and Collen 1998). Although surgical trauma in our model is 
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minimized, inflammation resulting from the surgery may have an impact on the 

neovascularization process. Furthermore, skeletal muscle injury by surgical manipulation 

activates genes involved in inflammatory responses and tissue modeling, which may be distinct 

from responses of a donor artery used in EDAS. Finally, regardless of how well the disease and 

intervention are modeled, inherent differences exist between mice and humans, and findings 

from mouse models must be cautiously interpreted before being applied to humans (Carmeliet, 

Moons, and Collen 1998).   

 

Conclusions 

 

An EMAS – MCA occlusion model is feasible and can be used to study neovascularization 

following ischemic cerebral infarction. The neurological deficits and infarctions are consistent 

with published MCA occlusion models 
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CHAPTER 9 

 

White Matter Superselective Endovascular Canine Model of Focal Ischemic Stroke 
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Introduction 

 

White matter, comprising half the brain volume in humans, with a disproportionally 

smaller blood supply than gray matter, is especially susceptible to ischemia (Shereen et al. 2010). 

Thus, most of the 800,000 people affected by stroke in the United States each year have white 

matter injury (Mozaffarian et al. 2014). White matter abnormalities have been linked with 

cognitive, mood, and motor impairments, as well as increased recurrent stroke risk and death (C. 

Wang et al. 2006). As white matter lacks the neuronal cell bodies and dendrites that compose 

gray matter, it necessarily differs in its mechanism of injury. However, the predominant stroke 

animal model used to study the pathophysiology of stroke and potential therapeutic targets, a 

large artery mouse or rat brain, is comprised of only 14% total brain volume white matter 

(Matute 2010). Along with conventional magnetic resonance imaging modalities that are 

insufficient to characterize white matter damage, the effect of white matter injury in stroke is 

underestimated.  

 

Gyroencephalic canine brains, in contrast to rodent brains, are structurally and 

functionally more similar to human brains, and therefore more advantageous as stroke models 

(Zu et al. 2013). The composition of neural tissue, the lesser proportion of gray matter in basal 

ganglia, as well as the higher ratio of white to gray matter in canines, better represent human 

neural tissue. Furthermore, the larger blood vessels allow endovascular techniques to establish 

ischemia and thus minimize the extraneous effects of surgery and inflammation. Visualization of 

the effects of ischemia through clinical MR imaging additionally allows for sufficient resolution. 

In this study, a reproducible superselective endovascular canine model of ischemic stroke was 
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utilized to monitor the pathophysiological progression of ischemia and correlate it to gross 

histological and immunohistochemical changes with a focus on white matter.  

 

Materials and Methods 

 

Animals 

 

All experimentation was conducted according to the guidelines outlined by the Chancellor’s 

Animal Research Committee at UCLA. Six male mongrel canines, weighing 18-27kg, were 

acclimated for 5-7 days after receipt. A physical exam was performed and stool samples were 

collected for parasitology. Animals were fed once daily according to body weight, with a 

constant supply of fresh water changed daily. The facility was maintained at standard 

environmental conditions (18-29C, 30-70% humidity), with a controlled 12-hour light cycle. 

Animals were free from behavioral and physical abnormalities upon physical examination.  

 

Animal preparation and monitoring 

 

Animals were fasted 12 hours before the procedure. Immediately prior to the endovascular 

approach, animals were administered acepromazine maleate (0.1mg/kg) intramuscularly and 

propofol (6mg/kg) intravenously. Animals were placed supine on a radiolucent angiography 

table on a heating pad maintained at 37C, intubated, and mechanically ventilated with 2-3% 

isoflurane in a 1:1 oxygen and air mixture. Heart rate, respiration rate, blood pressure, oxygen 

saturation, and rectal temperature were continually monitored and maintained.  
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Endovascular approach 

 

The femoral artery was accessed using a 5-French (Fr) sheath and placement was verified by 

fluoroscopy. Heparin (100u/kg) was administered intraarterially in a single bolus. A 6-Fr guide 

catheter with angle tip was navigated to the common carotid artery. A 4.3-Fr catheter was 

advanced to the internal carotid or basilar artery. A microcatheter was then advanced into the 

MCA (M1) or MCA (M1)-ACA (A1). Papaverine HCl (3mg) was injected intrarterially to 

control vasospasm as needed. Arterial occlusion was induced by the deployment of detachable 

coils or n-butylcryanoloacetate and verified by fluoroscopy.  

 

Imaging 

 

All imaging was conducted after 4 hours of ischemia and fluoroscopic verification of the 

occlusion. Animals remained under continued sedation from the endovascular procedure and 

physiological parameters were continually monitored and maintained. Multiple modalities of a 

1.5T full-body MRI with head coils were used to capture the images.  

 

Histology 

 

Immediately upon imaging, animals were euthanized by intracardial injection of euthasol. 

Chilled buffered saline was injected via an infusion pump through intraarterial catheters already 

in place from the endovascular procedure.  
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2,3,5-Triphenyl-tetrazolium chloride (TTC) staining 

 

Craniotomy was preformed to isolate the brain. The brain was sliced into 2mm continuous 

coronal sections immediately upon harvest or after shock-frozen for one minute in a dry ice and 

isopentane solution at -30C. Slices were immersed in 2% TTC solution in normal saline at 37C 

for 45-60 minutes with gentle rocking. After documentation, slices were transferred to formalin 

(10% w/v) for subsequent immunohistochemical processing.  

 

Immunohistochemistry 

 

Following saline infusion, chilled formalin was injected intrarterially via an infusion pump and 

intravenously with pressurized bags. Craniotomy was preformed to isolate the brain. The brain 

was immersed in chilled formalin, and later transferred to 4% formaldehyde for 7 days at 5C on a 

slow-speed shaker. Specimens were passed through a sucrose gradient for cyroprotection, 4 days 

at 10%, 4 days at 20%, and 4-5 days at 30%, until the specimen sank. Subsequently, the brain 

was cut grossly into six blocks, along the midsaggital plane, anterior to the internal capsule, and 

posterior to the thalamus. Blocks were rapidly frozen in Cryocool solution with dry ice and 

stored at -80C until sectioning.  

 

Several hours prior to sectioning, blocks were transferred to -20C. Blocks were then fixed to the 

sliding microtome stage with OCT and covered with powdered dry ice. 50- and 25- micron 

sections were collected in sucrose and glycerol anti-freeze solution and stored in -20C until 

staining.  
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In preparation for primary antibody incubation, sections were rinsed in 0.02M KPBS, then 

blocked with 5% normal donkey serum and 0.3% Triton X. Sections were then incubated for 5 

nights in diluted antibody solution - anti MAP-2, anti transferrin, anti Iba-1, anti active caspase 

3, anti GST-pi, and anti NeuN. After rinsing with PBS and 0.1% Triton X, sections were 

incubated at room temperature for 1 hour with secondary antibodies composed of donkey host 

IgG Fab2 fragments conjugated with Cy2 or Cy3.  

 

Results 

 

Endovascular procedure 

 

Complete focal ischemia was selectively induced in the MCA (M1) or MCA (M1) - ACA (A1) 

in five mongrel dogs. A large hemispheric stroke was induced in one animal after fragmentation 

of the ethiodized oil and n-butylcryanoloacetate mixture. Arteriograms after the endovascular 

procedure and prior to imaging confirmed occlusion (Figure 9-1). All physiological parameters 

were maintained within normal limits.  
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Figure 9-1. Cerebral Angiography Typically Observed After Endovascular Embolization. Right 

MCA (M1) occlusion (arrow) by detachable coils.  

 

Imaging 

 

All imaging was conducted 4 hours after embolization. T1- and T2- weighted images, and 

FLAIR, showed no observable difference between the ischemic and corresponding contralateral 

region. Marked regions of unilateral hyperintensities appeared in the stroke-induced hemisphere 

in the DWI images of all imaged animals.  
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Figure 9-2. Typical T2-Weighted Image (A), DWI Image (B), and ADC Map (C) of MCA (M1) 

- ACA (A1) Territory 4 hours After Arterial Occlusion (animal 3). T2-weighted image lacks 

discernible structural changes between ischemic and contralateral control in acute period. 

Marked region of hyperintensity (arrow) in DWI image with corresponding hypointense region 

(arrow) in ADC map.  

 

DTI imaging of the hyperacute ischemic lesions revealed FA values of 0.25 and 0.23 for 

ipsilesional and contralesional regions, respectively (p=0.1509) (Figure 9-3). Mean diffusivity 

decreased from 0.60 um2/ms in the normal contralateral region to 0.40 um2/ms in the lesion 

(p<0.0001). DTI fiber tract density increased by 0.15 fibers/voxel in the lesion compared to 

control (p=0.0174). DTI tractography revealed continuous white matter tracts throughout the 

brain, without noticeable differences between ischemic and control regions (Figure 9-4). Images 

of the last two animals were not acquired due to technical difficulties with the scanner; the period 

of ischemia for these two animals was prolonged to 10 hours. 

B A C 
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Figure 9-3. Average DTI Fractional Anisotropy (A), Mean Diffusion (B), and Fiber Tract 

Densities (C) of Ischemic Core and Contralateral Control After 4 Hours of Ischemia (animal 3). 

Hyperacute ischemic lesions exhibited no change in fractional anisotropy, decreased mean 

diffusivity, and increased fiber tract density.  

 

 

 

Figure 9-4. Typical DTI Tractography 4 hours After Left MCA (M1)-ACA (A1) Occlusion 

(animal 3). White matter tract connectivity is maintained in ischemic and contralateral control 

regions. 
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Histology 

 

Animals that underwent focal ischemia had TTC unreactive areas in the lateral cortex and 

internal capsule. In the single animal with a hemispheric insult, TTC was largely unreactive, with 

a focal reactive patch in the lateral cortex.  

 

Immunohistochemistry 

 

Contralateral control regions were positive for DAPI, GST-pi, and NeuN, and negative for 

caspase. Ischemic core regions were positive for DAPI, and negative for caspase and NeuN. 

Penumbral regions were positive for DAPI, caspase, and NeuN, and overlapped with GST-pi.  
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Figure 9-5. Histology and Immunohistochemistry of Canine Brain after Hyperacute Ischemia. 

Typical TTC stained section (A), sliced (B), and stained for immunohistochemical analysis (C) 

in ischemic core (1), penumbra (2), and contralateral control (3) regions. Cells undergoing 

apoptosis were detected in the penumbra, with neuronal loss observed in the core.  
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Discussion 

 

Advances in stroke models have improved our understanding of the pathophysiological process 

of focal ischemic stroke and its effect on the underlying cellular architecture. Since the advent of 

the extravascular anoxic-ischemia rat model by Levine in 1960, animal models have progressed 

to better represent human stroke (Levine 1960). Noninvasive models, such as the intraluminal rat 

suture model originally described by Koizumi et al. in 1986, have circumvented the confounding 

inflammatory processes of extravascular models (Rink et al. 2008). Recent shifts to larger stroke 

animal models, such as primate, sheep, and canine, have permitted insight on the deleterious 

effects of stroke on more evolved brain structures and connections. We have reproducibly 

implemented a superselective minimally invasive canine model of ischemic stroke that has 

allowed for better understanding of the susceptibility of neural white and gray matter to 

ischemia, and interaction with immune system cells.  

 

Adequate blood perfusion in the canine brain is maintained by neurovasculature similar to that in 

humans. The large canine blood vessel diameter permits the careful manipulation of catheters 

under continuous fluoroscopic monitoring. The most common location of focal ischemic stroke 

in humans, the MCA, was chosen as the region of interest. In the first set of animals, the catheter 

was navigated through the ICA to the MCA (M1). Due to the difficulty in guiding the catheter 

through the cavernous section of the ICA, and the resulting perforation of the MCA in one 

animal, the endovascular route was modified. In subsequent animals, the catheter was advanced 

through the relatively straight vertebrobasilar system, directed along the PCOM, and into the 
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MCA (M1) or MCA (M1) - ACA (A1). The right or left MCA was chosen based on ease of 

access under fluoroscopy, which also confirmed the patency of vasculature.  

 

Complete focal ischemia was selectively induced in the MCA (M1) or MCA (M1) - ACA (A1). 

In the first set of animals, detachable coils were specifically deployed to induce ischemia in the 

MCA (M1), which was confirmed by fluoroscopy. Retrieving and repositioning coils until 

verified by fluoroscopy resolved partial occlusion. Because of complications detaching the coils, 

along with the need to reposition the coils for complete occlusion, n-butylcryanoloacetate was 

used to occlude vessels in subsequent animals. n-butylcryanoloacetate quickly and effectively 

occluded the vessel. With the increased efficacy of n-butylcryanoloacetate, and for improved 

reproducibility, the site of occlusion was increased to include MCA (M1) – ACA (A1). Careful 

and swift catheter manipulation prevented inadvertent occlusion, especially in smaller vessels. 

Furthermore, vasospasm was cautiously monitored and controlled with endovascular 

administration of spasmolytic agent. Ischemia was induced for four hours in all animals, and 

fluoroscopy before and after the ischemic period confirmed selective occlusion without 

recanalization.  

 

Ischemia manifests in the brain as a central region of severe hypoperfusion, surrounded by a 

penumbra, tissue with minimalistic blood flow and metabolic function. Conventional MR 

imaging techniques are inadequate to assess the effects of ischemia in the hyperacute stage 

(Wessmann, Chandler, and Garosi 2009; Garosi 2010; Garosi and McConnell 2005). 

Accordingly, T1- and T2- weighted images, as well as FLAIR, show no observable difference 

between the ischemic and corresponding contralateral region. Structural changes measured by 
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these MR modalities do not occur within a four period of ischemia. However, in the acute to 

subacute stage, conventional MR modalities can differentiate between new and preexisting 

lesions. The lack of abnormalities in these images confirms that the animals did not have a 

history of stroke prior to the endovascular procedure.  

 

Hypoperfusion of neural tissue, typically less than forty percent of normal blood flow, initiates a 

cascade of metabolic events (Wessmann, Chandler, and Garosi 2009). Hypoxia, hypoglycemia, 

and lack of intracellular high-energy phosphate compounds (ATP, creatine, phosphocreatine) 

cause a shift to anaerobic glycolysis, with the concomitant build up of lactate. Insufficient 

intracellular ATP disturbs cellular homeostasis, ultimately disrupting membrane integrity, ion 

separation, and the resting membrane potential (White et al. 2000; Wessmann, Chandler, and 

Garosi 2009). General depolarization follows, causing increases in cytosolic calcium 

concentrations. Activation of calcium-dependent enzymes, such as phospholipases, degrades cell 

membrane composed of phospholipids, including glycerophosphocholine and phosphocholine, 

and contributes to cell degradation. The production of free radicals also furthers cell destruction.  

 

In vivo cerebral chemical changes can be monitored noninvasively with MRS. Lactate is 

significantly increased in acute ischemic lesions, while not measurable in normally perfused 

tissue (Beauchamp et al. 1999). Although increased in the ischemic core, elevated levels of 

lactate are not observed in the penumbra, possibly due to the hyperacute period of ischemia. N-

acetylaspartate, created in neuronal mitochondria and interspersed throughout mature neurons or 

axons, serves as a metabolic neuronal marker (Kang, Jang, Lee, et al. 2009; Beauchamp et al. 

1999). The decrease of NAA observed in the penumbra, and to a larger extent in the core, 
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represents neuronal cell death as a result of ischemia, consistent with infarct formation. Creatine, 

in its free and bound form, phosphocreatine, is representative of the energy status of the cell. 

Marked decreases in creatine concentrations are observed in the ischemic core, although greater 

than in the penumbra. A similar trend is observed for choline, a constituent of membrane 

phospholipids. Varying reports of choline and creatine concentrations deem them unreliable to 

characterize canine ischemia (Kang, Jang, Lee, et al. 2009). 

 

Loss of homeostasis and the inability to maintain adequate ion separation, results in cytotoxic 

edema that can be characterized by DWI in gray matter. The diffusion of water molecules, 

quantified by the apparent diffusion coefficient (ADC), is sensitive to ischemic change within 

minutes of onset (Wessmann, Chandler, and Garosi 2009). Decreased diffusion due to cytotoxic 

edema is reflected in decreased ADC values and hyperintensities in DWI images. Marked 

regions of hyperintensities appear unilateral in the stroke-induced hemisphere in all DWI images. 

In animals with MCA (M1) occlusions, regions of hyperintensities appear fragmented and 

inconsistent between animals. Selective occlusion of MCA (M1) – ACA (A1) results in 

hyperintensities in the cerebral cortex, basal ganglia, and striatocapsular territories in contrast to 

the corresponding contralateral regions. Consistencies between the locations and lesions volumes 

as a result of MCA (M1) – ACA (A1) occlusion suggest reproducibility of this model. Whereas 

DWI is sensitive for cytotoxic edema in gray matter, it is unreliable for assessing ischemia in 

white matter brain areas (Kang et al. 2007; Kang, Jang, Gu, et al. 2009).  

 

DTI is a powerful imaging modality to assess the ischemic effects on neural white matter. 

Occupying nearly half the brain volume in humans, with a disproportionally lower blood supply 
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than gray matter, white matter is especially susceptible to ischemia (Shereen et al. 2010). This 

high composition of neural white to gray matter is more similar in canines than smaller rodent 

animal models. DTI characterizes axonal organization by assessing the diffusion of water and its 

directionality through mean diffusivity and fractional anisotropy, respectively. Hyperacute 

ischemic lesions exhibit little change in fractional anisotropy, with a decrease in mean diffusivity 

(Shereen et al. 2010). Consistent with our data, this is suggestive of reduced axial and radial 

axonal diffusion, likely due to extraaxonal edema as opposed to severe axonal structural damage 

(Shereen et al. 2010). Contiguous fibers tracts in tractography further confirm ischemia related 

diffusion effects as opposed to the structural breakdown of axons.  

 

The ischemic effects characterized by imaging directly correlate to histological and 

immunohistochemical changes. Neurons vulnerable to ischemia and supplied by the MCA, are 

localized to the cerebral cortex, internal capsule, basal ganglia, and thalamus (Kang et al. 2007). 

Reduced ADC values and DWI hyperintensties were observed in each of these areas, while MRS 

demonstrated characteristic spectral patterns between ischemic and non-ischemic cortical 

regions. TTC staining, differentiating between metabolically active and inactive tissues, similarly 

indicates lesions in the cerebral cortex, internal capsule, basal ganglia, and thalamus. 

Immunohistochemical staining further confirms this, with NeuN, DAPI, and caspase-6 antibody 

labeling of neurons, nuclear regions, and caspase-6 protein, respectively. TTC reactive regions 

are labeled with NeuN and DAPI, representing normal neuronal density, while TTC unreactive 

regions are positive for DAPI, indicating neuronal loss with microglia infiltration. Variable TTC 

staining regions observed around the infarcts are suggestive of penumbral regions and are also 

confirmed by immunohistochemistry. Caspase-6 antibody labeling, occurring only in variable 
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TTC staining areas, suggests controlled cell death of the penumbral region, with overlap with 

white matter marker, GST-pi. In contrast, caspase-6 antibody labeling is not observed in either 

the ischemic core or contralateral control sites.  

 

Conclusions 

 

MR imaging and correlated immunohistochemical changes after focal cerebral ischemia in a 

canine model of ischemic stroke demonstrate hyperacute white matter changes. DTI suggests 

reduced axonal diffusion, likely due to extraaxonal edema. Immunohistochemistry co-labeling in 

the penumbra region indicate changes to oligodendrocytes as early as 4 hours after insult.  
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CHAPTER 10 

 

Conclusions and Future Work 
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10.1. Conclusions 

	  
The work presented in this dissertation demonstrates that RIC and EDAS have tremendous 

potential in the treatment and prevention of ischemic stroke. The contribution of this work 

includes the following:  

 

• Lower-limb RIC had a positive effect on the functional outcomes of patients with aSAH, 

as demonstrated by a matched-cohort analysis. RIC was independently associated with 

good outcome. RIC also showed a trend toward lower incidence of stroke and death. 

This effect is consistent with prior preclinical studies and may justify a prospective 

randomized investigation of the therapeutic benefits of RIC for aSAH. 

 

• Activation of basic cell-survival responses secondary to transient ischemia in aSAH 

patients caused a shift towards a protective genetic profile. Overlap analysis of the 

differentially expressed genes and differentially methylated sites after RIC identified 103 

genes that enriched for cell cycle and inflammatory response pathways. Identification of 

suitable biomarkers of conditioning activity is essential in determining the effective RIC 

dose as well as to lend further insight into the mechanisms of RIC-induced 

neuroprotection.  

 

• The rigorous anesthesia protocol established for EDAS procedures was effective in 

reducing the intraoperative variability of targeted physiological parameters while 

achieving established hemodynamic goals. There were significant reductions in the 

intraoperative variability of MAP and ETCO2 in the EDAS surgical group. As intended 
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by protocol design, the median MAP and ETCO2 in the ERSIAS group were higher. 

Application of protocols to reduce intraoperative variability may prove to be an 

important addition to future large-scale clinical trial protocols attempting to evaluate the 

efficacy of a treatment, minimizing the confounding effect of variations in anesthetic 

management on patient outcomes. 

 
• ICA of perfusion MR imaging following revascularization by EDAS demonstrated an 

increase in the probability of arterial ICA components in the surgical site. The 

probabilities of the venous and capillary components decreased, with the point of 

inversion at nine months. The increase in the probability of arterial components suggests 

arterial neovascularization from the external to internal cerebral circulation. 

Additionally, ICA of perfusion-weighted data may predict the response of EDAS in IAS 

patients, as well as the likelihood of ischemic insults in untreated patients. 

 

• Reliable animal models of subarachnoid hemorrhage and vasospasm and of ischemic 

stroke and EDAS were created. These relevant models allow for investigation of the 

pathophysiology of the disease processes and enhancement of the interventions. There is 

a direct link between these preclinical models and the clinical state, maximizing the 

chances for translational success.  

 

• Ischemic white matter changes must be considered in animal models of stroke. A 

superselective canine model of focal ischemia was developed by endovascular 

techniques that allowed visualization of blood flow cessation and produced infarcts 

consistent with open surgical approaches. Furthermore, ischemic changes in white matter 
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were observed within four hours of insult through imaging and immunohistochemical 

changes.  

 

Both RIC and EDAS have shown positive effects in pilot clinical studies. Further testing in 

larger clinical studies is necessary to fully evaluate their potential in protecting and treating 

ischemic stroke. There is much room to improve RIC and EDAS to maximize their benefits 

while investigating the underlying pathophysiology of the disease processes. 

 

10.2. Future Work 

	  
My research team previously explored the effects of EDAS on perfusion, while reducing post-

surgical neurological events. The team is currently investigating the cerebral gray and white 

matter microstructural changes resulting from chronic ischemia in IAS patients, and monitoring 

the changes in the structure after EDAS. In a preliminary study of eight patients enrolled in the 

ERIAS trial, tensor-based morphometry was used to analyze brain microstructure before and 

after 3 or 6 months following the EDAS procedure. We found the postsurgical cortical thickness 

in the anterior cingulate cortex was higher (t = -2.67; df = 7; p = 0.038), with a mean difference 

of -0.227 (CI: -0.428 – -0.026) (Figure 10-1). EDAS not only shows a benefit in perfusion within 

the cerebral tissue but also causes structural changes, as early as 3 months following EDAS. 

Relating hemodynamic and structural changes may provide insights into the pathological loss of 

cerebral tissue, methods to prevent it, and furthermore, therapies to enhance the reversal process.  
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Figure 10-1. Cortical Thickening in Anterior Cingulate Cortex following EDAS.  

 

Both EDAS and RIC have independently shown benefits in the prevention and treatment of 

ischemic stroke. There is good reason to believe that their neuroprotective effects would be 

synergistic. As previously mentioned, EDAS has shown an increase in cerebral perfusion and a 

rise in the probability of arterial components in the surgical region. RIC has demonstrated 

transient cerebral vasodilation, which persists 25 to 54 hours after the final RIC session 

(Gonzalez, Hamilton, et al. 2013). Furthermore, both RIC after aSAH and EDAS in IAS patients 

have had a positive effect on patient outcomes. Recent clinical trials of RIC in the prevention of 

stroke also lend support to its beneficial effect (Meng et al. 2012).  

 

A joint EDAS-RIC study in the prevention of stroke has recently been proposed, and we will 

explore the synergistic role of EDAS and RIC. Such a study may also allow for a larger scale 
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genetic investigation into the identification of biomarkers towards the determination of an ideal 

RIC dose.  
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