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Figure 1.3 Feedback loop used to describe metabolic regulation of blood flow.
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comparison, an 18-month-old APP23 tg mouse. The missing microvasculature is forming
holes (black arrows) in the dense vascular network. (C) Detail of a hole illustrating the
multitude of typical vessel deformations. ...........ccooveiiriiiiniie s 17

Figure 2.2 Dorsal view of the microvasculature (maximal intensity projection)
imaged by MPCM. This image is from 100 planar scans acquired every 2 um, adapted
TEOM [AB]. .ottt ettt b et bbb reenne e 18

Figure 2.3 Regional assessment of cortical blood flow using LSI, adapted from [47].
Laser speckle images reflect local standard deviation of speckle patterns divided by the
mean gray value. Occlusion of the right MCA results in a large blood flow deficit. The
white arrowheads indicate the blood vessel flowing before middle cerebral artery
occlusion (MCAO) and after reperfusion, and stalled during MCAO. The white arrows
show the direction of DIOOd FIOW. ..o, 20
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brain tissue damage is shown by a typical histological section across the center of the
injury site. The injury depth is around 1.5mm measured from the surface of the
parenchyma. (C) is the schematic of the OMAG system used to collect the 3D micro-
angiography of traumatic brain tissue in small animal model in vivo. CCD represents the
charge coupled device, PC the polarization controller. ...........ccocooveeiiiiiiciie i 39
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(B) under 10x magnification. CD34 immunoreactive images from sEHKO mice are used
to detect neovascularization, denoted by arrows in the enlarged images of the
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Figure 3.7 Vascular Response to cerebral ischemia identified and quantified by
OMAG and compared with conventional results from LDF. (A) Cerebral blood
perfusion obtained by OMAG (projection views) illustrates the drop of perfusion in
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Figure 3.8 OMAG projection views illustrating neovascularization of WT and 2C
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immunohistochemical method, VvWF (B1-B6) & CD34 (C1-C3) to show
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Abstract

Assessment of Optical Micro-AngioGraphy Technique to Image 3D Blood

Flow within Microcirculatory Tissue Beds in vivo
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Doctor of Philosophy
Department of Biomedical Engineering
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November 2010

Thesis Advisor: Dr. Ruikang Wang

Functional microcirculation, a system consisting of intact blood vessels perfused with red
blood cells (RBCs), is required for the maintenance of O, and nutrient delivery to living
tissues. Disruption of this system can be indicative of organ dysfunction and is
characteristic of various disease pathologies. In vascular diseases, development and
maintenance of functional microvasculature are crucial to facilitate the recovery of tissue

functions in the body.

To quantify changes in microvascular perfusion in animal models of vascular
diseases, it is necessary to directly visualize the microcirculation in vivo and quantify
functional microvascular blood flow. Although non-invasive methods, such as magnetic
resonance imaging (MRI) and ultrasound, have greatly advanced in temporal and spatial

resolution, they remain limited in their ability to resolve vascular structures and to assess

Xiv



microhemodynamics at the capillary level. For these reasons, our group has chosen
optical microangiography (OMAG) to evaluate microcirculatory function in various

disease models.

The broad goal of this research is to assess the OMAG technique to image 3D
blood flow within microcirculatory tissue beds in vivo, so that it may be accepted as a
standard imaging modality for preclinical study on vascular disease. This thesis addresses
a number of animal models regarding blood flow under pathological conditions. In
particular, we used OMAG for imaging cerebral blood flow (CBF) and peripheral blood
flow (PBF). For CBF measurement, we included animal models that represent trauma,
stroke and meningeal thrombosis. For PBF measurement, we studied diabetic peripheral
neuropathy (DPN). In each animal model, (1) we optimize the scanning protocols and
optics to test the feasibility of OMAG for 3D dynamic visualization of specific
microvasculature; (2) we establish quantification algorithms to process OMAG data in
order to obtain the parameters for tissue perfusion, such as blood volume, vessel density,

blood velocity, etc.

Based on the OMAG results obtained in this study, we find that 3D OMAG can
be a useful tool to non-invasively and quantitatively characterize cerebral tissue perfusion
responses due to trauma, stroke and meningeal thrombosis, and peripheral tissue
perfusion responses due to diabetes in mouse models. Based on these findings we further
conclude that OMAG imaging method in conjunction with the quantifying methods
developed on it will provide a new level of information regarding blood flow in the

functions of human brain and other organs.
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Chapter 1

Introduction

The blood flow within microcirculatory tissue beds offers a fascinating challenge for
imaging modalities. The microvasculature is essential for the survival and well-being of
all organs. It shows remarkable stability and organ specificity, and yet provides incredible
potential for very rapid as well as sustained adaptation to changes. During embryonic
development, precise programming of the microvasculature is critical for survival [1].
Adult tissues show functional changes in microvasculature that are coupled tightly with
acute cellular demands and tissue activity and show structural changes that are associated
with sustained changes in tissue requirements and are tightly linked with tissue
remodeling. Examples for the former include hemodynamic response to functional brain
activity and response to acute stress. The latter include physiological processes, such as
the cyclic changes in the female reproductive organs and muscle buildup with exercise, as
well as pathological processes, including wound healing and tumor growth. Aberrations
in vascular development are frequently linked with pathologies, demonstrating the
absolute requirement for homeostasis in vascular structure and function. Many internal or
external agents that are involved in microvascular development and function have been

discovered over the past decade and provide attractive targets for therapeutic intervention
[2].

In order to demonstrate our aim directed toward the development of noninvasive
imaging of the 3D blood flow within microcirculatory tissue beds, primarily using optical
micro-angiography (OMAG), in this Chapter, we will specify the blood flow studied in
this research as cerebral blood flow (CBF) and peripheral blood flow (PBF) and discuss

their functions and characteristics and the popular diseases related to their abnormity.



1.1 Cerebral Blood Flow

1.1.1 Relationships between CBF and neurological activity

In mammals, brain tissue is undeniably the most sensitive of all tissue to energy
deprivation and it is dependent on aerobic metabolism. The delivery of oxygen and
metabolic substrate to the brain is maintained by a constant supply of blood known as
cerebral blood flow (CBF). CBF, defined as the amount of blood in transit through the
brain at one given point in time, is estimated to be 50mL/100g/min in a health adult [3].
If blood flow to the brain is compromised, even for a short time, loss of consciousness or
irreversible neurological injury can occur. In rat, cortical activity ceases after only two
minutes of complete oxygen deprivation [4]. This emphasizes the importance of the

cerebral circulation in maintenance of normal neurological activity.

Figure 1.1 The communication between neurons and vessels. Vessels get the
regulation from nerves, and they also supply the nutrition and oxygen to nerve cells.
Inset: schematic representation of the “neurovascular unit” as seen at the electron
microscopic level with the vascular [endothelium (medium red) and smooth muscle or
pericyte (dark red)], astroglial (light red), and neuronal compartments. This graph is
adapted from [5].

Meanwhile, cerebral arteries are innervated and regulated by perivascular nerves.
In addition, there is a network of nerves within the brain itself, known as intrinsic

innervations, which also can modulate CBF. Figure 1.1 shows the communication



between neurons and vessels. Vessels not only supply the nutrition and oxygen to nerves

cells, but also get the regulation from nerves.
1.1.2 Cerebrovascular autoregulation

If the viscosity of blood is not altered, CBF is determined by two factors, cerebral
perfusion pressure (CPP) and cerebral vascular resistance (CVR). CBF is proportional to
CPP divided by CVR as shown in Eqg. 1.1:

CBF = CPP/CVR (1.1)

CPP is defined as the pressure gradient in the brain; that is the difference between mean
arterial blood pressure (MABP) and venous pressure (VP) as shown in Eq. 1.2:

CPP = MABP - VP (1.2)
Since venous pressure is essentially equal to the intracranial pressure (ICP), therefore
CPP =MABP - ICP (1.3)

Vascular resistance essentially reflects changes in diameter of the vasculature:
vasoconstriction causes an increase in resistance, while vasodilation causes a decrease in
vascular resistance. Under physiological conditions, CBF is mainly regulated by changes
in the resistance of cerebral arteries. Unlike in many peripheral tissues where the
microvasculature plays a dominant role, the larger cerebral arteries, such as the middle
cerebral artery (MCA), provide approximately 45-50% of the overall resistance of the
cerebral resistance of the cerebral circulation [6]. A number of factors contribute towards
changes in cerebrovascular resistance including local chemical factors [7], and

endothelial factors, such as vasoconstricting factors, and vasodilating factors.

The control of blood flow in the brain can be accomplished by CPP and CVR,
however, CBF is largely independent of CPP within the range of MABP, due to the

phenomenon known as cerebral autoregulation.

Cerebrovascular autoregulation is defined as the capacity of the brain to maintain
a constant CBF in the face of variations in systemic arterial pressure. This homeostatic

mechanism is effective between systemic arterial pressures of approximately 50 and 150
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mmHg, known as the lower and upper limits of autoregulation, respectively [8]. When
MABP is reduced, cerebral vessels will compensate by dilating until a maximum limit is
reached. As is shown in Fig. 1.2, beyond this lower limit of autoregulation, CBF will
decrease passively in response to further reduction in MABP. Similarly, a rise in MABP
will cause cerebral vessels to constrict until upper limit of autoregulation is reached

above which further increases in MABP result in an increase in CBF.

&0

S0

30

Cerebral blood flow (ml/100g/min)

40 [=l0] [=0] 100 120 140 160

Mhean arterial bloed pressure (mmHg)

Figure 1.2 Autoregulation of CBF in relation to MABP. Over a wide range of blood
pressure, CBF remains constant if metabolic demands are unchanged. Beyond the lower
limit (~50mmHg), CBF will decrease passively in response to further reduction of blood
pressure; and beyond the upper limit (~150mmHg), CBF will increase passively in
response to further rise of blood pressure.

1.1.3 CBF perturbation in brain injury

Disease states of the brain may impair or abolish CBF autoregulation. Autoregulation is
easy to be lost in severe head injury or acute ischemic stroke, leaving surviving brain
tissue unprotected against the potentially harmful effect of blood pressure changes.
Unlike brain trauma influencing CPP to destroy the CBF balance, ischemic stroke usually
increases CVR by forming a clot to block cerebral arteries. This increase in resistance

produces a decrease in the CBF and finally results in cerebral ischemic state.

1.1.3.1 Focal traumatic brain injury

Traumatic brain injury (TBI), traumatic injuries to the brain, also called intracranial
injury, is the fourth leading cause of death in the United States and is the leading cause of

death in persons aged 1-44 years [9]. TBI can result from a closed head injury or a
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penetrating head injury and is one of two subsets of acquired brain injury. The other
subset is non-traumatic brain injury (e.g. stroke, meningitis, anoxia). The principal
mechanisms of TBI are classified as (a) focal traumatic brain damage due to contact
injury types resulting in contusion, laceration, and intracranial hemorrhage or (b) diffuse
traumatic brain damage due to acceleration or deceleration injury types resulting in
diffuse axonal injury or brain swelling [10, 11] A focal traumatic injury resulted from
direct mechanical impact is usually associated with brain tissue damage visible to the
naked eye. A common cause of focal injury is penetrating head injury, in which the skull
is perforated, as frequently occurs in auto accidents, blows, and gunshot wounds. The
current increase in firearm-related violence and subsequent increase in TBI remains of

concern to neurosurgeons in particular [11].

Improvements in the understanding of the mechanisms of injury may lead to
improved outcomes. Outcome from TBI is determined by two substantially different
stages [12]: (a) the primary damage (mechanical damage) occurring at the moment of
impact. Primary damage exposes the brain tissue to shear forces with consecutive
structural injury of neuronal cells and cerebral microvascular and endothelial cell damage
[13]. The mechanism by which post-traumatic ischemia occurs at local trauma zone may
be related with morphological injury (e.g. vessel distortion or vessel destruction) as a
result of mechanical displacement [13]. (b) The secondary damage (delayed non-
mechanical damage) represents consecutive pathological processes initiated at the
moment of injury with delayed clinical presentation. Under physiological conditions,
intact blood brain barrier forms a semi-permeable membrane. The rate of fluid movement
(FM) between the cerebral capillaries (c) and brain parenchyma or interstitial fluid (if) is
expressed by FM = Kf [(Hc-Hif)-(Oc-Oif)], where Hc is capillary hydrostatic pressure,
Hif is interstitial hydrostatic pressure, Oc is capillary osmotic pressure, Oif is Interstitial
osmotic pressure and Kf is filtration coefficient. After TBI, big protein and electrolytes
flow across membrane due to the disrupted blood brain barrier. Hence, flow movement is
dominantly driven by hydrostatic pressure gradient, resulting in increased brain tissue
volume and cerebral spinal fluid volume. Accordingly, CPP is decreased caused by the

intracranial hypertension [14-17]. Cerebrovascular autoregulation (i.e. cerebrovascular
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dilation in response to decreases in CPP) is an important mechanism to provide adequate
CBF at that time. Once CBF autoregulation is impaired or abolished, consequently,
cerebral hypotension can result in global or regional cerebral ischemia [15]. The presence

of cerebral ischemia is associated with poor ultimate neurological outcome.

1.1.3.2 Focal ischemic brain injury

Focal ischemic brain injury is the clinical manifestation of ischemic stroke. Stroke, a
cerebrovascular disease, is the third most common causes of mortality and morbidity in
United States with 700,000 new or recurring cases annually [18]. It is already, and will
continue to be, the most challenging disease. In stroke, the cerebrovascular system is
impaired when the blood supply to a part of the brain is suddenly interrupted by
occlusion (an ischemic stroke) or by hemorrhage (a hemorrhagic stroke) [19]. Ischemic
stroke accounts for approximately 85% of all strokes and results from a thrombotic or
embolic occlusion of a major cerebral artery (most often MCA) or its branches [20].
Ischemic stroke can further be divided into two main types: thrombotic and embolic. A
thrombotic stroke occurs when diseased or damaged cerebral arteries become blocked by
the formation of a blood clot within the brain. Clinically referred to as cerebral
thrombosis or cerebral infarction, this type of event is responsible for almost 50% of all
strokes. An embolic stroke is also caused by a clot within an artery, but in this case the
clot (or emboli) was formed somewhere other than in the brain itself. Often from the
heart, these emboli will travel the bloodstream until they become lodged and cannot
travel any further. This naturally increases CVR and restricts the flow of blood to the
brain and results in almost immediate physical and neurological deficits. Most
commonly, the focal metabolic impairment and neurological dysfunction is restricted to a

specific area, thus giving so call focal ischemic brain injury [21].
1.1.4 CBF restoration after brain injury

The vascular response to brain injury during intra-traumatic or intra-ischemic period [22]
and the fundamental mechanism of CBF fluctuation and the CBF restoration during post-

traumatic or post-ischemic phases [23] has been the focus of a great deal of research as it



is believed to play an integral role in reducing the risk for brain damage. It is generally
believed that a thorough understanding of the mechanism of CBF alteration during or
after brain injury will lead the way to aid the development of novel therapeutic strategies
in their treatments. Advances in our understanding of the coupling of CBF and brain
metabolism in these pathophysiologic conditions have highlighted a clear need for the
ability to visualize and quantify dynamic cerebral blood perfusion and its response to

novel brain injury therapies.

Also, it has been observed by ultrastructural studies and indicated by
immunohistochemistry measurements that beside the recovery of global cerebral blood
perfusion, the vessel remodeling (a vascular repair process) around traumatic or ischemic
area is also involved in the restoration of CBF and then rehabilitation of injury [24, 25].
There are three ways of blood vessel formation in the body. Vasculogenesis means
angioblasts differentiate into endothelial cells to form a vessel lumen. The primary
vessels in the body are established by this way. Angiogenesis means new vessels are
formed by sprouting or splitting from preexisting vessels. It is responsible for the
development of vessels after birth. It is also required for pathological process, such as
tumor growth, ischemic disease etc. Arteriogenesis refers to the enlargement of
preexisting ipsilateral arterioles to form larger arteries which can deliver more blood to
specific tissues. Vessel remodeling usually means angiogenesis or arteriogenesis. It also
be suggested that therapeutic angiogenesis may repair damaged and leaky vessels,
ameliorate vascular insufficiency and replenish ischemic tissue during inflammation and
probably also provide direct beneficial effects on axonal remodeling or neural integrity,
indicating a new paradigm for the treatment of neural disorders caused by brain injury
[26].

Currently, extensive research goes into CBF restoration after focal brain injuries,
however, it is difficult to say how it actually alter structurally and functionally in vivo as
none of the studies to date have non-invasively visualized 3D cerebral blood perfusion at

capillary resolution level.



1.2 Peripheral Blood Flow

1.2.1 Peripheral vascular system and its functions

Peripheral blood flow (PBF) refers to blood flow that occurs in the extremities as
opposed to blood that flows to the brain, heart, lungs, and vital organs [27]. The
peripheral vasculature is a branching, tapering network of distensible tubes. Blood enters
the network from the heart at a pressure of about 100 mm Hg and at a flow rate of 4-6
liters/min in the resting adult human. The blood ejected from the heart during each
systole, approximately 70 ml, is received by the aorta and large arteries, which constitute
the reservoir and conduit portion of the arterial system. During diastole, the recoil of
these elastic reservoirs provides a supply of arterialized blood under pressure to the
periphery [28]. Peripheral vascular system consists of five types of vessels, arteries,
arterioles, capillaries, venules and veins [29]. Arteries are a type of vessels with heavy
elastic walls. Due to their elasticity, they convert intermittent heart pumping action to
continuously maintained pressure. Thus, there is continuous capillary flow, despite the
pulsating nature of cardiac ejection. Because of low resistance to flow, arteries distribute
blood pumped by the heart to the microvascular bed. Arterioles and associated structures
are sites of controlled resistance. They acting as variable resistance valves control the
flow to individual vascular beds accordance with its needs. Capillaries are small vessels
with 5-10 um inner diameters. They are non-contractile and have a very thin wall (single
cell layer), which promote exchanging substances between blood and interstitial fluid.
Venules are small but larger than capillaries, in the order of 18 pum inner diameter. They
collect blood from capillaries and also support diffusion between blood and interstitial
fluid. Veins are large vessels which normally contain about 55% of body’s total blood
and can expel blood to the remaining circulation by vasoconstriction. They can aid in
return of blood to the heart by rhythmic skeletal muscle contraction (muscle pump) and

respiratory movements (respiratory pump).

The peripheral circulation carries out a variety of functions that maintain

homeostasis [27]. Among these are delivery of nutrients to the tissue, removal of waste



products, maintenance of normal tissue fluid volume, bulk transfer between organs, and
facilitation of the processes of food absorption and waste excretion in specialized organs.
Generally, their function can be categorized into five types. First, they transport
metabolic substrates from their source (e.g. alimentary tract, lungs, liver) to the tissues
that utilize them (e.g. muscles). Second, they transport metabolic end products (e.g.
carbon dioxide, urea, heat) to the organs that dispose of them (e.g. muscles, skin). Third,
they transport endocrine from the organs that secret them to their target tissues. Fourth,
they provide a short diffusion distance between the vascular system and the cells. Fifth,
they contribute to maintaining the consistency of the cells’ internal environment (e.g.

interstitial fluid) which is called homeostasis.
1.2.2 Autoregulation of PBF

In keeping with the multiplicity of functions performed, blood flow in some organs is far
above that required to meet local nutritional needs. Thus it seems inappropriate to assume
that regulatory mechanisms are geared entirely to satisfying tissue nutritional
requirements. In reality, regulation of the peripheral circulation involves a variety of
central and local control mechanisms that serve to maintain organismic and local tissue
homeostasis. It can be basically divided into extrinsic control performed by neurohumoral
system and intrinsic control performed locally in the tissues and determined by the

conditions in the immediate vicinity of the blood vessels [30].

Moment-to-moment regulation of vascular tone in individual organs is largely
carried out by local control mechanisms that are not neural in nature. These mechanisms
become apparent when local conditions, i.e., blood flow, intravascular pressure, or tissue
metabolism, change. Autoregulation is the tendency for blood flow to remain constant in
the face of changes in arterial pressure to the organ. It is seen in virtually all organs and
tissues of the body. It is most pronounced in brain which we have described above. It is
also quite prominent in skeletal muscle. Autoregulation could be explained as being due
either to a pressure sensitivity of the arterioles (a myogenic response) or flow sensitivity
(due to an accumulation or washout of vasodilator metabolites during the period of
altered flow) [31].



One of the most fundamental principles of circulatory function is the ability of
each tissue to control its own local blood flow in proportion to its metabolic needs [32].
Any intervention that results in an inadequate oxygen (nutrient) supply for the metabolic
requirements of the tissues results in the formation of vasodilator substances which
increase blood flow to the tissues. When the pressure increases to a tissue, the flow
increases, and excess oxygen and nutrients are provided to the tissues. These excess
nutrients cause the blood vessels to constrict and the flow to return nearly to normal
despite the increased pressure. The feedback loop for metabolic regulation is shown in
Fig. 1.3. In this feedback loop, vasodilator metabolites are released from endothelial cells
in response to increased metabolic activity or decreased O, supply and diffuse to nearby
arteriolar smooth muscle cells, where they cause relaxation. Relaxation of arteriolar

smooth muscle cells increases diameter and blood flow, supplying more O, and other

nutrients.
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Figure 1.3 Feedback loop used to describe metabolic regulation of blood flow.
Increased tissue metabolism reduces tissue PO,. This leads to release of vasodilatory
metabolites, relaxation of arteriolar smooth muscle, and decreased vascular resistance.
This figure is adapted from [33].

1.2.3 PBF perturbation

Many medical conditions that afflict the heart may also or independently affect the
network of arteries and veins that carry blood to and from the body’s tissues. Such
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damage is generally referred to as peripheral vascular disease (PVD). Arterial diseases
may cause narrowing or blockage of vessels in the legs and other parts of the body distant
from the heart (known as the periphery). In peripheral arterial vascular disease, however,
the most common symptoms are leg pains from decreased circulation. The veins, which
send blood from the limbs and other tissues back to the heart, are also vulnerable to a

variety of disorders that can cause blood clots to form or inflammation to develop.

1.2.3.1 Peripheral arterial disease

PVD commonly referred to as peripheral arterial disease (PAD) [34], is a disease of the
arteries that affects 10 million Americans and affects 12-20 percent of Americans age 65
and older. It can happen to anyone, regardless of age, but it is most common in men and
women over age 50 [35]. PAD is a common circulation problem in which the arteries that
carry blood to the legs and arms become narrowed or clogged. This interferes with the
normal flow of blood, sometimes causing pain, but often causing no symptoms at all. The
most common cause of PAD is atherosclerosis, often called “hardening of the arteries”
[36]. Atherosclerosis is a gradual process in which cholesterol and scar tissue build up,
forming a substance called “plaque” that clogs the blood vessels. In some cases, PAD
may be caused by blood clots that lodge in the arteries and restrict blood flow. Left
untreated, this insufficient blood flow will lead to limb amputation in some patients. In
atherosclerosis, the blood flow channel narrows from the buildup of plagque, preventing
blood from passing through as needed, restricting oxygen and other nutrients from getting
to normal tissue. The arteries also become rigid and less elastic, and are less able to react
to tissue demands for changes in blood flow. Many of the risk factors-high cholesterol,
high blood pressure, smoking and diabetes-may also damage the blood vessel wall,

making the blood vessel prone to diffuse plaque deposits [37].

The most common symptom of PAD is called claudication, which is leg pain that
occurs when walking or exercising and disappears when the person stops the activity.
Other symptoms of PAD include: numbness and tingling in the lower legs and feet,

coldness in the lower legs and feet, and ulcers or sores on the legs or feet that don't heal.
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1.2.3.2 Diabetic peripheral neuropathy

The perturbation of PBF sometimes occurs when a person has had diabetes mellitus for a
long time. High blood glucose levels cause the endothelial cells lining the blood vessels
to take in more glucose than normal (these cells do not depend on insulin). They then
form more glycoproteins on their surface than normal, and also cause the basement
membrane to grow thicker and weaker. The walls of the vessels become abnormally thick
but weak, and therefore they bleed, leak protein, and slow the flow of blood through the
body. Then some cells, for example in the retina (diabetic retinopathy) or kidney
(diabetic nephropathy), may not get enough blood and may be damaged. Nerves, if not
sufficiently supplied with blood, are also damaged which may lead to loss of function,

which is usually called diabetic neuropathy [38].

Vascular and neural diseases are closely related and intertwined. Blood vessels
depend on normal nerve function, and nerves depend on adequate blood flow. The first
pathological change in the microvasculature is vasoconstriction. As the diabetic
neuropathy progresses, neuronal dysfunction correlated closely with the development of
vascular abnormalities, such as capillary basement membrane thickening and endothelial
hyperplasia, which contribute to diminished oxygen tension and hypoxia. Neuronal
ischemia is a well-established characteristic of diabetic neuropathy. Vasodilator agents
can lead to substantial improvements in neuronal blood flow in the peripheral vascular
system, with corresponding improvements in nerve conduction velocities. Thus,
microvascular dysfunction occurs early in diabetes, parallels the progression of neural
dysfunction, and may be sufficient to support the severity of structural, functional, and

clinical changes observed in diabetic neuropathy [39].
1.2.4 PBF restoration

Blood perfusion restoration plays a prominent role for the survival of peripheral tissue

suffered from circulatory aberration. In the adult organism, vessels grow either via

capillary sprouting, a process called angiogenesis [26], or via in situ proliferation of

preexisting arteriolar connections into true collateral arteries, a process we named

arteriogenesis [40, 41]. Although capillary sprouting may deliver some relief to the
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under-perfused territory, only true collateral arteries are principally capable of providing
large enough amounts of blood flow to the ischemic area at risk for necrosis or loss of
function. Arteriogenesis is by far the most efficient adaptive mechanism for the survival
of ischemic limbs or other peripheral organs such as skin because of its ability to conduct,
after adaptive growth, relatively large blood volumes per unit of time [42]. An increase in
the number of capillaries, the result of stimulated angiogenesis, is unable to do that.
Arteriogenesis differs from angiogenesis in several aspects, the most important being the
dependence of angiogenesis on hypoxia and the dependence of arteriogenesis on
inflammation. However, angiogenesis and arteriogenesis share several mechanisms of
action, e.g., their dependence on growth factors. Whereas angiogenesis can be largely
explained by the actions of vascular endothelial growth factor (VEGF), arteriogenesis is

probably a multifactorial process in which several growth factors are orchestrated [43].

Recently the hindlimb ischemia models are frequently used to describe the PBF
restoration. In these models, collateral growth (arteriogenesis) was usually restricted to
the thigh, whereas capillary sprouting (angiogenesis) was observed in the calf muscles
upon femoral artery occlusion. Both arteriogenesis and angiogenesis were initiated and
showed proliferation after arterial occlusion. However, in clinical practice the
endogenous angiogenic response is often suboptimal or impaired, e.g., by factors such as
ageing, diabetes or drug therapies. Therapeutic angiogenesis or arteriogenesis is an
application of biotechnology to stimulate new vessel formation via local administration
of pro-angiogenic growth factors in the form of recombinant protein or gene therapy or
by implantation of endothelial progenitor cells [44]. Numerous experimental and clinical
studies have sought to establish “proof of concept” for the therapeutic angiogenesis or
arteriogenesis in PAD, DPN or other peripheral vascular diseases using different

treatment modalities.

However, how to evaluate the therapeutic treatment poses immense challenges for
current vascular imaging techniques as none of them have non-invasively visualized and

quantified 3D peripheral blood perfusion at capillary resolution level,
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1.3 Thesis outline

This thesis aims to investigate the utility of OMAG for non-invasive monitoring of
changes in microcirculation within both cerebral and peripheral tissue beds.

In this thesis, Chapter 2 presents the microvascular imaging methods for
visualizing or quantifying blood flow within microcirculatory tissue beds. We summarize
the current widely used techniques in small animal models for preclinical purpose. We
introduce optical micro-angiography (OMAG), the system used in this study, describe its
basic principles and report its validation results for quantification of blood flow in vitro
or in vivo. We also briefly described the recent generations of OMAG: Doppler OMAG
(DOMAG) and ultrahigh sensitive OMAG (UHS-OMAG).

Chapter 3 details three cerebral experiments using OMAG and quantification
algorithms developed. In trauma experiment, we demonstrate OMAG can in vivo monitor
post-traumatic revascularization and evaluate agents that promote this process by
quantifying the restored blood volume in injury site. In stroke experiment, we
demonstrate OMAG can evaluate in vivo vascular response during intra-ischemic period
by visualizing and quantifying residual blood volume and track neovascularization in real
time in the post-ischemic period by longitudinally imaging and measuring vessel density.
In meningeal thrombosis experiment, we show UHS-OMAG method is able to
dynamically visualize meningeal microcirculation decoupled from the cortical blood flow
and chronically measure blood velocity, vessel diameter, flow rate and blood volume

during thrombotic event.

Chapter 4 details one peripheral experiment using OMAG and quantification
algorithms developed. OMAG is utilized to characterize blood perfusion of peripheral
nerve in diabetic mice. The results indicate the potential of OMAG to assess the blood
supply of nerve involved in the pathology and treatment of peripheral diabetic

neuropathy.

Chapter 5 summaries our findings and contributions, and provides

recommendations for future investigation.
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Chapter 2
Vascular Imaging Methods

In characterizing the cerebral and peripheral vascular diseases in humans, the guiding
study is the visualization of animals which faithfully mimic the clinical symptoms.
Preclinical vascular imaging modalities have long been crucial to the researcher in
observing changes, either at the macro- or micro-vessel level, in animals responding to
physiological or environmental changes. Imaging modalities that are non-invasive and in

vivo have become especially important to study animal models longitudinally.

The discussion in the previous chapter motivates the need for non-invasive
visualization and quantification of microvascular blood flow, primarily as a standard tool
for monitoring vascular diseases and the response to their therapies. In order to help
illustrate why currently available techniques are insufficient for the task we present a

brief review of vascular imaging modalities.

2.1 Current vascular imaging methods

Firstly, we need be aware of the important parameters commonly used to describe the
specific tissue perfusion. Then we will review the corresponding available methods to
acquire these parameters. To my best knowledge, usually, four parameters are used to
characterize tissue perfusion in experimental studies. They are vessel morphology, blood
flow volume, blood flow rate, and blood perfusion rate. Table 2.1 summarizes the
definitions of these important perfusion parameters. In literatures, people like to use two
terminology “blood volume” and “blood flow”. Blood flow means either blood flow rate
or perfusion rate. Here we clarify them. Blood flow rate means blood volume per unit

time. Blood perfusion rate means flow rate is divided by tissue mass.

Microscopic methods to evaluate vessel morphology include scanning electron
microscopy (SEM), confocal and multi-photon confocal microscopy (MPCM). SEM is

performed by first casting the vascular network with a polymer which hardens inside
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blood vessels. The tissue is subsequently eroded away and imaged with a scanning
electron microscope, which yields 3D information on vessel dimension, branching and
tortuosity, defined as the ratio of the distance between two points in the vascular network
measured along the blood vessel and the corresponding geometric distance between the
two points (see Table 2.1). In one recent study this technique was used to analyze the
age-dependent morphological and architectural changes of the cerebral vasculature of
APP23 transgenic (tg) mice which mimic Alzheimer’s disease [45]. The study
demonstrated vessel eliminations forming holes associated with angiogenesis in old

APP23 tg mice relative to wide-type mice. Representative images are shown in Fig. 2.1.

Table 2.1 Four important perfusion parameters and their definitions

Parameters Definition

Vessel diameter . .
DV:Inner diameter at vessel cross-section

(nm)
1.Vessel Vessel density Geometrical length of all vessels within VOI
Morphology (ratio, %) divided by volume of VOI
Tortuosity Total pathlength of a vessel divided by the
(ratio, %) linear distance between its endpoints

Volume of blood within VOI divided by the

2. Blood flow volume (pnL/g) mass of VOI

2
V =v 7R, where V _is the mean velocity at

3. Blood flow rate (pL/s) i
vessel cross-section and R:DV/2

Net blood flow through the VOI divided by the

4. Blood perfusion rate (uL/g/s) mass of VOI
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Studies like this help demonstrate the power of SEM as a tool to assess
microvascular morphology. However, it also comes with some practical limitations,
specifically: (1) SEM cannot be performed longitudinally (2) SEMs are costly and not
widely available.

Figure 2.1 Vessel deformation and elimination imaged by SEM, adapted from [45].
(A) Overview of the left anterior cortex of a 18-month-old APP23 WT mouse. (B) In
comparison, an 18-month-old APP23 tg mouse. The missing microvasculature is forming
holes (black arrows) in the dense vascular network. (C) Detail of a hole illustrating the
multitude of typical vessel deformations.

Much more practical and more widely available than SEM are light based
microscopes. These can be used in a limited set of in vivo preclinical models, such as
mouse ear, retinal imaging, dorsal and cranial window chamber models, to perform
longitudinal microvascular imaging. Specifically, intravital MPCM can be used in
conjunction with fluorescently labeled dextrans to obtain 3D images of the microvascular
network. This technique has been used a number of preclinical studies involving CBF and
PBF to evaluate vascular response and effectiveness [46, 47]. A typical example of an
intravital fluorescence confocal image from mouse cortical region under cranial window
is shown in Fig. 2.2. Standard metrics used to quantify vascular networks obtained with
MPCM are vascular density, vessel diameter, branching points and vessel tortuosity.
MPCM, like SEM, suffers from a number of drawbacks that makes it impractical for
large preclinical studies (1) it is time consuming; scanning a 5Smmx5mm region takes
over one hour (2) it requires removal of intervening tissues to access vascular layers since
its imaging depth is only up to 200 um, which is not desirable for repeated and long-term
imaging studies (3) it requires injection of fluorescent tissue markers, which may
complicate the interpretation of the results
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Figure 2.2 Dorsal view of the microvasculature from mouse cortical region
(maximal intensity projection) imaged by MPCM. This image is from 100 planar
scans acquired every 2 um, adapted from [46].

Due to the limitation of intravital confocal microscopy and the limited number of
suitable animal models, the vast majority of preclinical studies involving measurements
of vascular response still rely on animal sacrifice followed by histochemical staining with
CD31 or von Willebrand factor (vWF), and quantitative analysis using parameters such
as Mean Vascular Density (MVD, number of vessel per unit area) and Luminal Vascular
Area (LVA, the cross sectional area of vasculature in the stained histological section).
Functionality of blood vessels can also be assessed using intravital tracers (fluorescent
lectins) that are injected into the circulatory system prior to tissue fixation. However, the
obvious limitation of histochemical staining techniques is that only a single time point or
snapshot of the vascular network is obtained and the longitudinal effects of disease
progression and reponse to therapy cannot be followed in a single animal. Furthermore,
3D parameters to quantify the vascular structure are difficult to obtain from a stack of

histological sections, primarily due to physical processing artefacts.

Preclinical imaging methods such as micro magnetic resonance imaging (micro-
MRI), micro computed tomography (micro-CT), micro positron emission tomography
(micro-PET) and high frequency ultrasound (HFUS) all have the ability to longitudinally
image deeply seated tissue, but lack the spatial resolution to actually resolve
microvasculature in the 10-50 um diameter range and, therefore, are unable to assess the
full 3D vasculature. However, each of these methods does have the capability to make

blood volume measurements through the use of wvarious contrast agents. MRI
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macromolecular contrast agents such as superparamagnetic iron oxide particles [48] and
gadolinium-labled albumin, dendrimers or liposomes can be used to estimated functional
cerebral blood volume [49]. However, due to the low molecular weight of the iodinated
contrast agents, there is rapid diffusion into the surrounding tissue, making measurements
inaccurate in the absence of a blood brain barrier. PET can be used to measure blood
volume by inhaling small amounts of carbon monoxide composed of radioactive isotopes
Y¢ or 0 [50]. The carbon monoxide permanently binds to red blood cells, which
distribute according to the vascular volume. HFUS can be used in conjunction with
microbubbles composed of a hydrophobic shell that encapsulates various types of
perfluro hydrocarbon gas [51]. The microbubbles can be burst using HFUS, yielding a
strong transient signal that reflects the microvascular blood volume.

In order to obtain the blood flow information besides vessel morphology,
attention has been paid to some optical methods, such as laser speckle imaging (LSI) [52]
and scanning laser Doppler imaging (SLDI) [53] techniques. In LSI, speckle contrast is a
measure of speckle visibility, which is related to the motion of the scattering particles and
therefore blood flow. A relative blood-flow image was then obtained by using speckle-
contrast values. A typical example of LSI used for CBF measurement is shown in Fig.
2.3. Laser speckle images reflect local standard deviation of speckle patterns divided by
the mean gray value. Occlusion of the right MCA results in a large blood flow deficit.
Actually, laser Doppler flowmetry (LDF) is a widely used method to detect blood flow or
flux in small animal models. LDF is a non-invasive technique based on the well-known
Doppler shift principle for detecting changes of blood flow at a single point. Now SLDI
extends this technique by scanning a laser beam across the tissue to generate a spatial
map of perfusion with hundreds or thousands of measurement points per scan, depending
on the area scanned [54]. This technique has proved to be of value in assessing CBF or
PBF fluctuations [55]. Both LSI and SLDI are based on the Doppler effect that is induced
by the moving blood cells in the micro-vessels, and more importantly, they provide
longitudinal images. With these approaches, high flow sensitivity (~10 um/s) is typically

achieved. However, these optical imaging techniques do not have the depth-resolved
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capability to image 3D microvasculature. Another apparent drawback of them is the

relative blood flow values.

Pre-MCAQO Reperfusion

Figure 2.3 Regional assessment of cortical blood flow in mice using LSI, adapted
from [47]. Laser speckle images reflect local standard deviation of speckle patterns
divided by the mean gray value. Occlusion of the right MCA results in a large blood flow
deficit. The white arrowheads indicate the blood vessel flowing before middle cerebral
artery occlusion (MCAOQ) and after reperfusion, and stalled during MCAO. The white
arrows show the direction of blood flow.

Recently, photoacoustic microscopy [56] is another promising imaging technique
that provides the volumetric imaging of microcirculations deep within the brain of small
animals, and dynamically measures blood volume and relative blood flow. This technique
relies on the transient optical energy deposition within blood (i.e., due to light absorption)
and subsequent detection of acoustic emission from the blood volume to achieve blood
vessel isolation for imaging. Though it has high enough penetration depth (>1 mm), the
relatively low spatial resolution (~50 um) makes it difficult to resolve the capillary blood

vessel networks, which requires an imaging resolution at ~10 pm.

Currently, autoradiographic is the only gold standard method used in preclinical
study to identify the endpoint blood flow information, blood perfusion rate (uL/g/s). For
example, '*C-iodoantipyrine (IAP) autoradiography [57] is widely used for CBF
quantitative measurement. Autoradiography is performed by first injecting radioactive
tracer at a constant flow rate. The brain tissue is subsequently removed and sectioned into

coronal slices, on which tracer’s concentration can be determined. The localized tracer
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concentration is proportional to the tissue localized perfusion rate. However, undoubtedly

this imaging method is of limited use in delineating the dynamic vascular evolution.

2.2 The imaging system used in the study

An ideal modality to image and quantify microvascular perfusion in 3D should have a
high sensitivity and specificity for the detection of moving red blood cells (RBC), and be
able to detect RBC in all vascular beds with high target-to-background ratios. To monitor
dynamic blood flow longitudinally, it is imperative that this system is non-invasive and

reproducible, can detect blood flow changes sensitively and rapidly.

Recent study has shown the DOCT is able to characterize the dynamic blood flow
with high-resolution and high-velocity sensitivity, especially in human retina. DOCT is a
functional extension of optical coherence tomography (OCT), which is a non-invasive,
three dimensional, interferometric imaging technique with a high resolution approaching
that of conventional histology within highly scattering sample, such as biological tissue
[58]. OCT is analogous to ultrasound, except that near infrared light is used as opposed to
sound, and its imaging contrast is based on optical properties of tissue rather than
acoustic properties. Because of the use of optical wavelengths, OCT provides an imaging
resolution that is of an order of magnitude higher than that of ultrasound [59-61].
Standard OCT utilizes only the amplitude of back-scattered light as a function of depth
within the tissue, whereas DOCT uses the additional phase information of the OCT
signals to monitor the velocities of moving particles in the back-scattered spectrum. This
is based on the principle that the Doppler frequency shift of the light that is backscattered
from the moving objects within a sample is either added to or subtracted from the probing
optical frequency, depending on the flow direction [62]. Because DOCT is built on the
phase assessment of OCT signals, it is inherently sensitive to phase stability caused by

both the system and the measurement environments, e.g. sample movement.

To overcome the problems involved in DOCT, we recently developed a novel

imaging technique, OMAG that is capable of imaging dynamic blood flow, down to
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capillary level resolution, within tissue beds up to 2mm beneath the surface [63]. Imaging
contrast of blood perfusion in OMAG is based on endogenous light scattering from
moving blood cells within biological tissue; thus, no exogenous contrast agents are
necessary for imaging. In OMAG a constant modulation frequency is introduced in the
spectral interferograms. This make it possible to use the mathematical properties of
Hilbert and Fourier transformations of real-valued interferometric signal, then to separate
the moving scattering elements, such as flowing blood cells, from the static elements,
such as bulk tissue, within an illuminated tissue [63]. In essence, OMAG mathematically
maps the backscattered optical signals from the moving particles into one image — that is,
the blood flow image — while it simultaneously maps the backscattered optical signals
from the static particles into a second image, which is the microstructural image. Because
it is not built on the phase assessment of OCT signal, OMAG is not sensitive to the
environmental phase stability and has higher resolution and higher sensitivity than DOCT

for in vivo imaging.
2.2.1 Doppler Optical Coherence Tomography

Doppler OCT was developed that essentially combines OCT with the well known laser
Doppler velocimetry [64, 65]. By relying on the Doppler frequency shift that is imposed
on the light when the light interacts with a moving particle, i.e., the Doppler effect,
DOCT provides an optical tool to quantitatively evaluate the velocity information of flow
within functional blood vessels in a depth-resolved manner. Due to its relevance to

OMAG, we will discuss it before we explain OMAG technique.

For a typical DOCT as illustrated in Fig.2.4, according to the Doppler principle,
the optical wave-vector reflected from the moving particle, kq, will be modulated by the
velocity projection along the beam direction with a Doppler shift, Af, compared with the

initial optical wave-vector, ko. Af could be presented as the following equation:

Af :i(kd —k,)xucosé (2.1)
2w
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If the Doppler shift, Af, of the back scattered light from the moving particle is
determined and the angle, 6, is known a priori, then the velocity of the moving particles

can be directly evaluated by,

Af
u=41 2.2
°2co0s0 (22)

Where A is the central wavelength of the light source.

Micro-Channel

Sample arm
of

OCT system S
- OCT system

Figure 2.4 Schematic for the operation of Optical Doppler Tomography. The OCT
system is the same as described in [8]. The angle between incident light beam from the
sample arm and the flow direction is set at angle 0, ko is the initial optical wave-vector
before the light hit the moving particle, while kd is the modulated optical wave-vector
reflected from the moving particle. u is the velocity of moving particle.

To extract the Doppler shift, the phase-resolved DOCT is developed, first in the
time domain OCT [66-68], and later in Fourier domain OCT [69-73]. Because of the
significant advantage in imaging speed and sensitivity of frequency domain OCT
(FDOCT) over time domain OCT (TDOCT), the FDOCT method is now becoming
increasingly adopted in many in vivo imaging applications. In Fourier domain phase-

resolve DOCT, the acquired spectral interferogram, 1(k), was Fourier transformed to
generate a depth-resolved complex OCT signal, I~(z)= FFET(1(v)) = A(z) exp(i®(2)) ,
where Kk is the wavenumber and z is the depth coordinate. The magnitude A(z) is used to

generate cross sectional microstructure image of the sample which is the standard OCT
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image, while the phase difference between adjacent A-lines, Ad®(z),is used to obtain

velocity map [70, 72].

y)
u(z) = A@(Z,r)m (2.3)

Where 1 is the time delay between adjacent A-lines.

Using phase-resolved method, DOCT has shown to achieve high speed, high
resolution cross sectional, microstructural image and the velocity image, simultaneously.
The axial resolution is dependent on the coherence length of the light source used, while
the lateral resolution is determined by the probe beam spot size on the sample. The
velocity sensitivity is dependent on a number of factors, such as the time delay between
adjacent A-lines, the system SNR, optical properties of the sample, as well as the Doppler

angle 6 .
2.2.2 Optical Micro-Angiography

OMAG is a functional extension of FDOCT. The key difference between OMAG and
FDOCT is that, in OMAG, the spatial interferogram in the lateral direction (B-scan) is
modulated with a constant frequency that can separate the moving and static scattering
components within the sample. This modulation frequency can be introduced by
mounting the reference mirror in the reference arm onto a linear Piezo-translation stage,
which moves the mirror at a constant velocity across the B-scan (i.e., x direction scan), or

simply via inherent scattering fluid flow within the sample.

We achieved this by mounting the reference mirror in the reference arm onto a
linear Piezo-translation stage that moved the mirror at a constant velocity across the B-
scan (i.e., the x direction scan). However, the latest version of OMAG utilizes the spatial
modulation frequency provided by the inherent blood flow rather than reference arm

modulation.
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2.2.2.1 OMAG theory

In OMAG/FDOCT, the camera records the spectral interference fringe signal formed
between the reference light and the light backscattered from within sample. Because the
light backscattered from the sample is quite weak compared to the light reflected from the
reference mirror, we do not consider the self cross-correlation between the light
backscattered from different positions within the sample. We also do not consider the
direct current (DC) signals because they do not contribute to useful OMAG signals. As a
consequence, it can be written as a function of wavenumbers k and time variable t that

relates to the position of focus beam spot on the sample.
I(k;, #)=25(k;)Eq j‘” a(z,t) cos(2k;nz)dz (2.4)

where kjis the wavenumber of the light captured by the jth detector (pixel) of the charge
coupled device (CCD) camera, | is the light intensity, S(k;) is the spectral density of the
light source at kj, n is the refractive index of the sample, a is the magnitude of the

backscattered light.

It is clear that Eq. (2.4) is constant if the sample is totally optically homogeneous,
which means that a(z,t) and n do not vary within the entire sample. If this is the case, then
the spatial frequency components of the sample in lateral direction presented by Eq. (2.4)
will be a delta function, shown as a black arrow in Fig. 2.5 (A). However in real
situations, our imaging sample is often optically heterogeneous, which means that a(z,t)
and n are functions of time variable t. Thus, Eq. (2.4) can be expressed as:

I(k;, £)=25(k;)E, [~ a(z,t)cos(2k;n(z,1)2)dz (2.5)

As a consequence, Eq. (2.5) is not constant anymore. The intensity captured by
the CCD camera will be modulated by the heterogeneous properties of the sample along
each B-scan. The spatial frequency components of a static tissue sample, which we call
the heterogeneous frequencies, will exhibit as a randomly distributed function around

zero frequency with a bandwidth of BW, as shown in gray curve in Fig. 2.5 (B).

On the other hand, the moving particle at a velocity v, produces a frequency shift,
which is caused by the Doppler effect of the moving particles and shifts them away from
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the heterogeneous frequencies of the static tissues. This is expressed as Eq. (2.6) and

illustrated in Fig. 2.5 (C). The red curves are the Doppler beating frequency part.

I(k;, £)=25(k,)Eg [ [‘; a(z,t) cos(2kn(z,1)2)dz + a(z, 1, ) cos[2k ;n(z,,t,)(z, - vt)]} (2.6)

1 Heterogeneous
Frequency of Doppler Frequency
Static tissue beating

Freiiency
f (Hz)' -BW/2 BWI/2 f(Hz)
(A) (€)
! .
Heterogeneous Doppler
Frequency beating
Frequency
-BW/2 | BW/2 / (HZ)' -BW/2 BW/2 f(Hz)
(B) (D)

Figure 2.5 Diagram of frequency components for different tissue sample (A) an ideal
tissue sample (optically homogeneous sample) with no moving particles; (B) a real tissue
sample (optically heterogeneous sample) with no moving particles; (C) a real tissue
sample (optically heterogeneous sample) with moving particles.(D) moving particles only.
This figure is adapted from [74].

Next, the structural signal is filtered out in the frequency domain. The cut-off
frequency, fc =BW/2, which depends upon the heterogeneity of the static scatterers. Now
the remaining flow signals can be expressed as Eq. (2.7) and illustrated in Fig. 2.5 (D)

I(k;, ¢)=25(k;)Eqa(z,,t,) cos|[2k;n(z,,t,)(z, —v1)| 2.7)
Then we use the Hilbert transform to convert the flow signal to an analytic signal, which
includes both the amplitude and phase of the flow signal. For the flow signal, the inverse
Fourier transforms have positive and negative frequencies. After inverse transforming

from the frequency domain, we apply the conventional spectral Fourier transform along
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the depth direction to retrieve the strength of the flow signal. Based on the signal
processing, the real flow signal is transformed to an analytic signal by the Hilbert
transform, which enables the bidirectional flow configuration. In other words, the
positive and negative flows can be separated in different imaging planes.

2.2.2.2 OMAG system setup

Figure 2.6 shows a schematic of a typical OMAG system based on the spectral domain
OCT system. In this case, the system typically employs a superluminescent diode (SLD)
as the light source, with its bandwidth and central wavelength determining the axial
resolution of the system. The light eliminated from the SLD is coupled into a fiber based
Michelson-based optical interferometer where it splits into two arms, the reference arm
and the sample arm. In reference arm, the mirror is either stationary or mounted on a
piezo-stage. In the sample arm, the light is delivered onto the sample by a probe, in which
a pair of X-Y galvanometer scanners is used to achieve 2D scanning. The collimating and
objective lens in the probe determine the lateral resolution of the system. The light back
scattered from the sample and reflected from the mirror is then collected by the fiber
coupler and delivered into a high speed spectrometer for capturing the spectral
interferograms. The spectral resolution in the spectrometer, together with the wavelength
of the broadband source, determines the maximum detectable range of the system.
Because the whole system is based on the optical fibers, polarization controllers (PC) are
often used in the reference arm, sample arm and/or detection arm in order to maximum

the spectral interference fringe contrast at the detector.

For the first version OMAG technology, the key point is the introduction of
modulation frequency, which will make it feasible to separate the moving signals from
the static background tissue signals. Previously, there are two methods from our group to
achieve this purpose. The first one is mounting the reference mirror onto a linear pizeo-
stage [63, 75], which moves the mirror with a constant velocity during one B-scan.
Another approach is to offset the incident beam of the sample arm away from the pivot of

the x scanner [76]. For the latest version OMAG, this technique works on inherent
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Doppler beating frequency rather than the additional modulated frequency, therefore

current OMAG system is same as FDOCT system.
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Figure 2.6 Schematic of the OMAG system used to collect the 3-D spectral
interferogram data cube to perform the 3-D angiogram of thick tissue in vivo. CCD:
the charge coupled device, PC: the polarization controller.

2.2.3 Doppler OMAG

The key advantage of OMAG is that only the signals backscattered by the functional
blood appear in the OMAG flow output plane; this makes the blood flow imaging almost
free of artifact-induced noise. However, the early version of OMAG is incapable of
providing flow velocity information like phase-resolved DOCT can. This is because, in
the OMAG flow image, the regions that are occupied by microstructural signals are
rejected by OMAG. Thus, the required correlation between the adjacent A-scans within
the static tissue regions are totally lost, leading to a rather noisy appearance in the output

plane of flow velocity.
1(k,, £)=25(k,){Eq 2, cos(2k;n,2)dz +E,a(z,.t,) cos[2k;n(z,.1,)(z, i 2.8)

To overcome this, we digitally reconstructed an ideal static background tissue [the
first term in Eq. (2.8)] that is totally optically homogeneous to replace the real
heterogeneous tissue sample. This tissue provides a constant background signal that
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makes the adjacent A-scans totally correlated, leading to a dramatic increase of the phase
signal-to-noise ratio for the phase-resolved signals that represent flow velocities. This
method inherits the advantages of both OMAG and DOCT.

In ref.[74], we then demonstrated the feasibility of Doppler OMAG (DOMAG)
for imaging cerebral blood perfusion in mice in vivo. We also showed that the in vivo
performance of DOMAG imaging of blood flow is superior to the traditional DOCT. To
show the advantages of DOMAG in imaging the fluid flow velocities over DOCT in
tissue engineering field, in Chapter 5, we compared DOMAG and DOCT images
evaluated from a scanned tissue volume from both a fluid flow phantom and an

engineered construct.
2.2.4 Ultra-high sensitive OMAG

Previous OMAG methods have demonstrated flow sensitivity (~160um/s) within the
reach for imaging microcirculations within biological tissue beds, limited by the optical
heterogenous property of tissues. However, the blood flow in some tissues, for example
cutaneous blood flow [77], cochlear blood flow and meningeal blood flow [78],
particularly in their capillaries, is slow. In order to visualize the capillary plexus with
slow velocity, our group designed an improved and ultrahigh sensitive OMAG (UHS-
OMAG) system [77].

The essential principle of UHS-OMAG is the same as the traditional one [20],
except that the OMAG algorithm is applied on slow axis (C scan direction) rather than
fast axis (B scan direction). So, the scanning protocol is modified in UHS-OMAG. In
order to keep the imaging time at the same order as conventional OMAG, we need to
acquire low density B-scan frame and high density C-scan, which is opposite in OMAG.
Then, Using high pass filtering along C-scan to isolate optical scattering signals between
the static and moving scatters, the maximum resolvable velocity that is not wrapped is
determined by the time spacing, At, between adjacent B frames, according to v =27/
2nAt, where A is the central wave length of the light source and n is the refractive index

of the sample. The minimal flow velocity that can be detected by the system is
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determined by the system phase noise floor, S, of the OMAG/OCT system by oA(PZ =

1/S [74]. Thus, with the current system signal to noise ratio at 85dB, the minimum

detectable flow velocity would be ~4.0 um/s.
2.2.5 Validation of OMAG

Since OMAG has high spatial resolution and velocity sensitivity, it has been used in
different applications to visualize the micro-circulatory vessel networks within the tissue
bed. Combined with Doppler method, OMAG also can provide axial velocity values; and
then using the 3D vasculature, OMAG will be a promising method to calculate
parameters related to blood flow, such as flow rate (uL/s) and perfusion rate (uL/g/s). In
this section, we will briefly discuss two important experiments which were designed to

validate whether OMAG can quantify blood flow in vitro and in vivo.

18 .(A) : . ‘ - : 0.15
16 et R2=0.98 1 B
= R2=0.99
7 14 E A
£ ol e I
= 12 g_ 0.1 o
510 g
| =
% 8 g “.EJ'
2 6t = 0.05}
3 a
(o] I o
il 5 A
2t = Kl
0.25 -015 -0.05 005 015 025 0 0.05 ) 0.1 _ 0.15
Radius (mm) Pump reading (ml/min)

Figure 2.7 The correlation results between OMAG and pump readings. All OMAG
values shown here were corrected by Doppler angle. In (A), the flow velocities on the
midline obtained from OMAG are compared with the ideal parabolic profile at five
different flow rates. (B) shows the high correlation between the flow rates calculated by
OMAG and the real pump readings.

Firstly, we did in vitro validation on flow phantom because it is easy to control

flow parameters in the simple structure. To fabricate a flow phantom to simulate a blood
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vessel in the biological tissue, a glass capillary was imbedded in heterogeneous tissue,
and then perfused by scattering solution at different known flow rates. We used OMAG
to image it with a Doppler angle, and then calculated flow rate (Mean velocity x cross-
sectional area) using OMAG velocity map. The correlation results between OMAG and
pump readings are shown in Fig. 2.7. All OMAG values shown here were corrected by
Doppler angle. In fig. 2.7 (A), the flow velocities on the midline obtained from OMAG
were compared with the ideal parabolic profile at five different flow rates. They are
highly correlated. Fig. 2.7 (B) shows the high correlation between the flow rates

calculated by OMAG and the real pump readings.

Then we did in vivo validation on normal mice. We compared perfusion rates
obtained by OMAG with the gold standard values from autoradiography. In this study,
we calculated regional blood perfusion rate in both methods at 12 representative spots
shown in the OMAG projection view (Fig. 2.8(A)). We collected 36 individual values on
three animals to do correlation analysis. Figure 2.8 (A) depicts the locations of regions
selected for correlative studies using OMAG in vivo and IAP autoradiography post
mortem. Figure 2.8 (B) is a scatter plot relating blood flow rates obtained by OMAG in
vivo against postmortem measurements using IAP autoradiography. The correlation
between OMAG and IAP was ~0.79. They are correlated but with some acceptable error.
This is because the volumetric region used for quantification in two methods is not
exactly same. Then, we averaged the six values over each hemisphere, and found their
correlation is increased. Figure 2.8 (C) shows plot of the averaged regional CBF (rCBF)
over the hemispheres for each mouse obtained from OMAG in vivo and IAP post-
mortem. The correlation between OMAG and IAP was ~0.96. Although the result is
promising, in the future work we need increase the number of animal to do statistics for

further validation.
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Figure 2.8 Correlation of in-vivo measurements of cortical perfusion using OMAG
and post-mortem blood flow rates using IAP autoradiography [79]. (A).Coordinates
used to match areas sampled in vivo using OMAG with corresponding areas on post
mortem brain slices. The 12 regions of were located 2 and 3 mm lateral and 0, 1 and 2
mm posterior to Bregma on both sides. C. Summary table from showing close blood flow
rate values obtained in 12 ROI from 2 mice using OMAG and IAP autoradiography. (B).
Scatter plot of blood flow rates obtained from OMAG in vivo against IAP postmortem.
The correlation coefficient was 0.8. The slight difference between the two measurements
may be due to: 1) errors in accurately localizing the volumes used for quantification, 2)
errors in calculating Doppler angles from 3D OMAG flow image, and 3) the minimal
resolvable blood flow velocity of ~200um/s in OMAG. (C). Plot of averaged rCBF over
the hemispheres for each mouse obtained from OMAG in vivo and IAP post-mortem.
The correlation between OMAG and IAP was ~0.96.
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2.3 Objectives of my study

Since OMAG has high spatial resolution and velocity sensitivity over other imaging
modalities, the primary objective of this work is to demonstrate the utility of OMAG
system to visualize the 3D micro-circulatory vessel network within the tissue beds. The
imaging targets involved in this work are both the cerebral tissues and the peripheral

tissues.

The direct motivation of this research is to accelerate the usage of OMAG in basic
scientific research for better understanding the basic mechanisms involved in vascular
diseases. Accordingly, the secondary objective of this work is to evaluate the capability
of OMAG for in vivo chronic imaging vessel morphology and quantifying blood flow

changes in mouse under diverse pathologic conditions. Correspondingly, we aim to:

1. Establish the animal models for this work which closely mimics cerebral
physiology and peripheral physiology observed in humans, which will help our
imaging studies toward understanding fundamental aspects of human physiology

as well as toward the development of clinical diagnostic instrumentation.

2. Assess the utility of OMAG on imaging and quantifying of blood perfusion within
microcirculatory tissue beds in vivo; and compare the in vivo results obtained by

OMAG with those from invasive gold standard methods in animal models.

3. Assess the feasibility of OMAG for differentiating the vascular responses between
vehicle and treated animals in order to facilitate the application of OMAG on

identifying therapeutic effects.

The major contributions include the establishment of experimental base or guide
for the application of OMAG in the explored animal models and corresponding biological
tissues, the discovery of the characteristics of vascular development in animal models

studied and the effects of agents which promote tissue perfusion restoration.
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Chapter 3

Assessment of Optical Micro-

AngioGraphy in Cerebral Blood Flow

Functional changes in CBF are tightly coupled with neural activity, closely associated
with brain tissue requirements, and tightly linked with brain tissue remodeling in
pathological processes [80]. In an effort to better understand brain activity and response
to internal or external stimulus [81], and cerebrovascular diseaseses, the detailed
information on cerebal microvasculature is a requirement. However, microscopic
methods cannot provide their highest resolution without compromise of the integrity of
the cranium, whereas in vivo methods cannot give images of 3D vasculature down to
microcirculatory tissue beds [82]. Further, very few methods can simultaneously provide
multiple perfusion parameters, such as vessel morphology, blood velocity, blood volume,
blood flow rate or perfusion rate, etc. The newly developed method, OMAG is proposed
to be a non-invasive and quantitative method to image depth-resolved cerebral blood
flow, especially the microcirculatory network. By collaborating with other groups, the
relationship between CBF and neural activity is being studied by OMAG in whisker and
electrical stimulation animal models. In this Chapter, the assessment of OMAG was
performed in three pathological animal models respectively described in three sections.
Focal traumatic brain injury model is an easy-handling model to obtain restored
microcirculation for testing OMAG performance and optimizing its configuration. Focal
ischemic brain injury model is an extensively-used model which demonstrates a typical
hemodynamic process for detection of in vivo imaging system. The third model,
meningeal thrombosis model was used to test the flow sensitivity of OMAG and to see if
OMAG can document the meningeal blood circulation which may be responsible for the

cause of some pathological conditions, such as migraine.
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3.1 In vivo optical imaging of revascularization after
brain trauma’

Brain trauma is a leading cause of death and long-term cognitive and behavioral
dysfunction in children and young adults, yet effective treatments are lacking, in part
because critical aspects of post-traumatic repair are not understood. Vascular imaging
methods play a critical role to address the reconstruction of damaged tissue perfusion
which is essential to brain tissue repair after trauma. In this section, penetrating brain
injury model as a representative brain injury model was employed to assess new vascular
imaging technique, OMAG. The microvasculature emerging during recovery process
demonstrates the high resolution of OMAG, and the difference of restored blood volume

between normal and transgenic mice exhibits the quantitative property of OMAG.
3.1.1 Abstract

Revascularization following brain trauma is crucial to the repair process. We used
OMAG to study endogenous revascularization in living mice following brain injury.
OMAG is a volumetric optical imaging method capable of in vivo mapping of localized
blood perfusion within the scanned tissue beds down to capillary level imaging
resolution. We demonstrated that OMAG can differentiate revascularization progression
between traumatized mice with and without soluble epoxide hydrolase (SEH) gene
deletion. A quantitative time course of revascularization was determined from serial
imaging of the traumatic region in the same mice over a one-month period of
rehabilitation. Restoration of blood volume at the lesion site was more pronounced in
SEH knockout mice than in wild-type mice as determined by OMAG. These OMAG
measurements were confirmed by histology and showed that the sEH knockout effect

may be involved in enhancing revascularization and may thus contribute to an effective

! This work has been accepted by in Microvascular Research. [Y.L. Jia, M. R. Grafe, A. Gruber,
N. J. Alkayed and R.K. Wang, “In vivo optical imaging of revascularization after brain trauma in
mice”, Microvascular Research (In press, 2010)]
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treatment strategy for brain trauma. The correlation of OMAG with histology also
suggests that OMAG is a useful imaging tool for real-time in vivo monitoring of post-
traumatic revascularization and for evaluating agents that inhibit or promote endogenous

revascularization during the recovery process.
3.1.2 Background

Revascularization is an endogenous process or a surgical procedure for the provision of
new, additional or augmented blood supply in order to restore the impaired circulation of
affected organ [83]. It is also in conjunction with other medical terms such as
neovascularization (new vessel formation) [84], vascular remodeling (structural
rearrangement) [85] and vascular reperfusion (reopening of occluded vessels) [86] to

denote specific forms of revascularization.

Endogenous revascularization occurs in a wide range of pathologic processes.
Following an ischemic event, the injured tissue is dependent on peripheral blood
perfusion; and revascularization can play a pivotal role in the design of therapeutic
strategies against ischemic injury [87, 88]. Following penetrating brain trauma, when the
layers of the meninges are breached and the brain parenchyma is disrupted by mechanical
damage, ultra-structural studies indicate that neovascularization occurs in the traumatized
brain of adult rats [89, 90]. Previous studies also suggest that therapeutic
revascularization after therapeutic treatment may repair damaged and leaky vessels,
ameliorate vascular insufficiency, and replenish ischemic tissue during inflammation
[26]. Revascularization may also provide direct beneficial effects on axonal remodeling
or neural integrity, indicating a new paradigm for treating neural disorders caused by

traumatic brain injury [26].

To design an effective treatment, we must have a better understanding of vascular
restoration under traumatic neurological conditions. However, no means are currently
available that can visualize and quantify the dynamic process of revascularization in the
course of post-traumatic rehabilitation. Thus, assessing therapeutic potential based on
vascular modulation in brain injury models is difficult, if not impossible. In this regard,
methods are required that can provide precise identification and quantification of
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revascularization and monitor the effects of promising agents on augmenting vascular

activity in preclinical studies.

Vascular imaging is indispensable for studying trauma-related revascularization
and for evaluating the potential of novel modulators to restore microvascular activity.
Currently, microscopic methods — ranging from fluorescence, confocal, and multiphoton
microscopy to electron microscopic imaging — are often used to elucidate the structure of
blood vessels. Magnetic resonance imaging, positron emission tomography,
ultrasonography, and optical imaging provide non-invasive, functionally relevant images
of angiogenesis in animals and humans. An ongoing dilemma, however, is that
microscopic methods provide their highest resolution on preserved tissue specimens,
whereas in vivo methods give images of living tissues deep within the body but at much
lower resolution and specificity and generally cannot resolve vessels of the

microcirculation [82].

To circumvent limitations of non-invasive imaging of endogenous
revascularization in small animal models of brain injury, we used high-resolution OMAG
[63] to observe the process of revascularization in traumatized mice in vivo. OMAG is a
recently developed novel imaging technique capable of producing 3D images of dynamic
blood perfusion within microcirculatory tissue beds at an imaging depth up to ~2 mm
below the surface. As a variation of optical coherence tomography technology [58, 60],
OMAG produces imaging contrasts via endogenous light scattering from moving
particles (eg, flowing blood cells within open vessels); thus, no exogenous contrast agents
are necessary. The basic physics behind this type of imaging is the well-known Doppler
effect. The light backscattered from moving particles has a beating frequency that can be
used to distinguish scattering signals by moving elements from those by static elements.
Briefly, OMAG mathematically maps the backscattered optical signals from moving
particles into one image — the blood flow image — while it simultaneously maps the
backscattered optical signals from static particles into a second image - the
microstructural image. In this study, we demonstrated that the imaging resolution of

OMAG is sufficient to visualize lesion-induced cerebral endogenous revascularization.
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Because new functional vasculature (with flowing red blood cells) growing in damaged
tissue could be detected and quantified, we demonstrated the potential of OMAG to study

the therapeutic regulation of revascularization in the mouse brain after trauma.

P450 eicosanoid epoxyeicosatrienoic acids (EETs), which are derived from
arachidonic acid, are endogenous bioactive lipid mediators that play important roles in
vasodilation [91], promotion of angiogenesis [92], and many pathophysiological
processes. The beneficial effect of EETs, however, is limited by their metabolism via
SEH [93, 94]. Targeted deletion of sEH, therefore, inhibits EETs breakdown, causing
intracellular accumulation and increased levels of EETs in brain. Previous studies showed
that SEH pharmacological inhibitors can significantly protect brain from ischemic injury
through a vascular mechanism linked to the reduced hydration of EETs [95]. Here, for the
first time, we used OMAG to investigate endogenous revascularization for up to four
weeks after penetrating brain trauma in live mice with and without SEH gene deletion.
Our data demonstrated that SEH gene deletion promotes revascularization earlier and

more rapidly in genetically engineered mice than in their wild-type counterparts.
3.1.3 Materials and Methods

All experimental animal procedures performed in this study conform to the guidelines of
the US National Institutes of Health. The laboratory animal protocol was approved by the
Animal Care and Use Committee of Oregon Health & Science University (Portland, OR,
USA)

3.1.3.1 Animal model and experimental protocol

Three-month-old C57BL/6 male mice weighing 20-30g without (wild type, WT) (n=5)
and with targeted deletion of sEH (sEH knockout, SEHKO) (n=5) were subjected to
penetrating brain trauma by inducing a traumatic lesion in the cortex through the
cranium. A 21-gauge needle was disinfected, mounted on a stereotaxic device (Stoelting
Co., IL), and used to puncture a round vertical hole at a point 1.0 mm caudal to bregma,
2.0 mm lateral from the midline suture through the skull, schematically shown in Fig.

3.1A. Brain tissue damage induced by needle insertion is shown in a typical histological
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section crossing the center of the injury site (Fig. 3.1B). The injury depth is ~1.5mm
measured from the surface of the parenchyma. All mice were euthanized four weeks after

brain trauma.
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Figure 3.1 OMAG system and imaging protocol. (A) shows the mouse skin window
created for OMAG imaging, where a penetrating brain trauma (shown by a pink dot) was
introduced at a region 1.0mm caudal to bregma and 2,0mm lateral from the sagittal suture
through the skull. SS, sagittal suture; CS, coronal suture; B, bregma; L, lambda. In (B),
brain tissue damage is shown by a typical histological section across the center of the
injury site. The injury depth is around 1.5mm measured from the surface of the
parenchyma. (C) is the schematic of the OMAG system used to collect the 3D micro-
angiography of traumatic brain tissue in small animal model in vivo. CCD represents the
charge coupled device, PC the polarization controller.

3.1.3.2 OMAG in vivo imaging

OMAG measurements were performed using the system illustrated in Fig. 3.1C, similar
to the one previously described [96]. Briefly, a broadband infrared SLD with a central
wavelength of 1310 nm and a spectral bandwidth of 56 nm served as the light source. The
light from the SLD was coupled into a fiber-based Michelson interferometer and
subsequently delivered onto a stationary mirror (the reference arm) and focused into the
brain tissue via an objective lens (the sample arm). The light backscattered from the
sample and reflected from the reference mirror were recombined and then recorded by a
home-built high-speed spectrometer that employed a line scan infrared InGaAs array
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detector. The system had an imaging resolution of 16 x 16 x 8 pum?® at x-y-z imaging
direction and an imaging depth of ~2 mm in brain tissue. The minimum detectable blood
flow velocity of the system was ~160 um/s. To achieve 3D imaging, a pair of X-Y galvo-
scanners were used to raster-scan the focused beam across the tissue, with one scanner
for the X-direction (lateral) scan over ~2.5 mm of the sample and the other for the Y-
direction (elevational) scan also over ~2.5 mm of the sample. The imaging rate in this
study was set at 20 frames (X-scan) per second. The data cube of each 3D image was
composed of 500 discrete frames, which took ~25 seconds to acquire.

The animal head was shaved and depilated before OMAG imaging. During the
imaging, the animal was immobilized on a custom-made stereotaxic stage and was lightly
anesthetized with isoflurane (0.2 L/min O,, 0.8 L/min air). The body temperature was
kept at 35.5-36.5°C with a warming blanket and monitored by a rectal thermal probe
throughout the experiment. An incision of ~1 cm was made along the sagittal suture, and
the frontal parietal and interparietal bones were exposed by pulling the skin to the sides.
The animal was then positioned under the OMAG scanning probe. In order to acquire the
blood perfusion images over a large area of the cortex, the scan was performed
clockwise, which resulted in six OMAG images covering the area between the anterior
coronal suture and the posterior coronal suture. In this study, the total acquisition time for
six images was ~8 minutes. A volume segmentation algorithm [96] was then applied to
each OMAG image to isolate the blood flow signals within the cortex. After stitching the
six images together and cropping them, the final OMAG image represented the cerebral
blood perfusion over an area of ~4.2 x 7.2 mm? in the mouse cortex. If necessary,
maximum amplitude projection was used to project the volumetric blood flow signals
onto the X-Y plane to give a 2D view of blood vessel networks, ie, the projection image.
Before inducing brain trauma, a control OMAG image was acquired as the baseline.
After the trauma surgery, the animal was sutured, disinfected, and given antibiotics and
then returned to the cage for rehabilitation. A series of OMAG images were taken at 30
minutes, 24 hours, and weekly up to 4 weeks after brain trauma for all animals.
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3.1.3.3 Histological evaluation

After the last OMAG images were taken on day 30 after brain trauma, anesthetized mice
were transcardially perfused with 0.9% saline for 2 minutes, followed by 4% ice-cold
paraformaldehyde. The brains were removed together with the intact cranium and post-
fixed in 4% paraformaldehyde at°€ overnight. Blocks of 3 -mm-thick slices of brain
tissue were then cut, decalcified in 10% formic acid, processed, and embedded in
paraffin. Six- micron sections were cut on a sliding microtome (Leica 2155). After
drying, the sections were deparaffinized and rehydrated through graded ethanol. Coronal
sections were first stained with Hematoxylin and Eosin (H&E) to detect all types of
vessels and then stained by CD34 immunohistochemical staining to identify the newly
formed vessels around the wound site [97]. The primary antibody (rabbit anti-CD34,
1:2000) was bridged with a secondary goat anti-rabbit biotinylated antibody (Amersham)
and avidin-biotin-peroxidase complex (Vectastain Elite kit, Burlingame, CA), and then
visualized with 3, 3 -diaminobenzidine. Negative controls were performed by replacing
the primary antibody with non-immune rabbit serum. Each coronal section stained by
H&E or CD34 was digitized under a 10x or 40x objective (Nikon), and traumatic areas

were identified and compared to the homologous areas in the contralateral side.

3.1.3.4 Data and statistical analysis

The extent of endogenous revascularization or recovered blood supply in the trauma zone
was evaluated based on the total volume of blood flow in injured tissue that was
identified from the OMAG 3D flow data for each animal. OMAG observations are
expressed as mean values with standard deviation (S.D.). Two-way mixed-model analysis
of variation (ANOVA) was performed on the mean blood volume at injury site between
WT and sEHKO groups and between different time points to determine whether there is
any statistical difference (p<0.05). Depending on the variances of the data, post-hoc test
(Tukey) was conducted to determine where the differences were.

3.1.4 Results

OMAG imaging results provide evidence of revascularization after trauma in both WT
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and sEHKO mice. Two sets of the projection images of cerebrovascular perfusion from
representative WT and sEHKO animals are shown in Fig. 3.2. Because revascularization
can now be assessed without sacrificing the animal, it is possible to determine a time
course for individual animals. Figure 3.2 shows sequential intravital images of
revascularization during rehabilitation following trauma in a single WT (Fig. 3.2A) and
SEHKO (Fig. 3.2B) mouse. Before revascularization, the blood flow is totally absent as
shown by the black hole in Figs. 3.2A1, A2, B1, and B2, ie, OMAG detected no blood
flow signal. This is due to damage to the vessel walls and hemostasis after bleeding at the
trauma site. New blood flow signals within the trauma region indicate the formation of
new functional vessels. In the WT mouse, this revascularization process first appeared by
week 2 and continued to increase until week 3; whereas in the SEHKO mouse, new blood
flow signals were clearly visible by week 1 and continued to increase and connect with
established vasculature at least until week 4 after trauma. It should be noted that some
veins proximal to the injury site were activated after trauma in both WT and sEHKO
mice, expressed by the increased flow intensity and vessel diameter in OMAG images.
Their functions were probably related to draining excessive fluid caused by post-
traumatic edema and promoting the growth of new microvessels in the avascular area. In
the WT mouse, a draining vein only responded to the injury at day 1 (green arrow in Fig.
3.2 A2). However, in the SEHKO mouse, one branch of a draining vein was immediately
promoted at 30 minutes after trauma (yellow arrow in Fig. 3.2 B1), and its elevated
function was later taken over by another branch of the same draining vein (green arrow in

Fig. 3.2 B2) from week 1 to week 4, probably due to its position priority.

The cross-sectional OMAG maps in Fig. 3.3 detect the precise location of
revascularization and exhibit typical evolution patterns of revascularization for the same
WT and sEHKO mice imaged in Fig. 3.2. In the representative WT mouse, the cortical
vessels were destroyed by the penetrating injury; and early revascularization occurred on
the scanned layer of the brain cortex at week 2. The remodeled vessels were present and
extruded into the wound site from week 2 to week 3 and then stopped and regressed by
week 4 after trauma. In the representative SEHKO mouse, initial revascularization

occurred on the left side of the trauma site before week 1. The vessel density was
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elevated rapidly and peaked at week 4, nearly filling the whole lesion.

Figure 3.2 In representative WT (A) and sEHKO (B) mice, OMAG projection
images of cerebro-vascular perfusion tracked revascularization at injured regions
(green boxes) during trauma rehabilitation (A0&BO, baseline; A1&B1, 30 minutes;
A2&B2, day 1; A3-A6&B3-B6, week 1- week4). All images except baseline only show
ipsilateral sides. For this WT mouse, revascularization first appeared by week 2, and kept
growing until week 3; a draining vein (green arrow in A2) responded only at day 1. For
this SEHKO mouse, the recovered blood supply was visible by week 1, and continued to
increase at least until week 4; a draining vein (yellow arrow in B1l) responding to
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traumatic environment was substituted by another branch (green arrow in B2). The white
bar is 1 mm.

Figure 3.3 In representative WT (A) and sEHKO (B) mice, the cross-sectional (x-z)
OMAG flow images (red color) fused with OMAG structure images (grey color)
detect the precise location of revascularization in trauma zone (pink shadow). Newly
formed blood flow migrated into the lesion and nearly filled the wound site in the process
of recovery (A0O&BO, baseline; A1&B1, day 1; A2-A5&B2-B5, week 1- week4) which is
more apparent in SEHKO mouse. These OMAG fused maps also exhibit typical evolution
patterns of restored circulation that has described in Fig. 2. The white bar is 500um.

OMAG maps in both Fig. 3.2 and Fig. 3.3 comprise the cross-sectional optical
images of revascularization development with semi-quantification of the time course of
vascular morphogenesis in WT and SEHKO mouse brains. Supportive 3D data from the
same representative WT and SEHKO mice are shown in Fig. 3.4 and exhibit significant
differences in new established circulation (green) between WT and sEHKO at week 4

after trauma.
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Figure 3.4 3D OMAG images (2.2x2.2x2.2mm) at week 4 (the last imaging point)
show revascularization (green color) situated in the wound site and surrounded by the
undamaged functional vessels (yellow color) in representative WT (A) and sEHKO (B)
mice. Restored microvessels are clearly seen in both types of mice, but more
revascularization is present in the SEHKO mouse.
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Figure 3.5 The time course and quantification of restored blood volume (mean £ s.d.)
are determined by the OMAG method and are compared between WT and SEHKO mice.
The data is obtained from five pairs of animals. Statistically, revascularization was
significantly enhanced by sEH gene deletion in the traumatized mice with the greatest
differences occurring between weeks 3 and 4 (p<0.03).
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Figure 3.6 H&E staining shows revascularization after brain injury at week 4 for
representative WT (A) and SEHKO (B) mice, indicated by arrows in the zoomed images
(C) and (D), which correspond to the boxes between skull (s) and cortex (c) in (A) and
(B) under 10x magnification. CD34 immunoreactive images from sEHKO mice are used
to detect neovascularization, denoted by arrows in the enlarged images of the
extracortical (G) and cortical (H) sites, which correspond to the boxes in (F) under 10x
magnification. The CD34 immuno-negative vessels, denoted by arrow heads in (G),
indicate that vascular remodeling or reperfusion is also involved in trauma-induced
revascularization, which was also detected by OMAG. The black bar in (A), (B), and (F)
is 500 pm.
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The well-resolved, high contrast 3D OMAG images afforded by light scattering
from moving elements in the newly formed blood vessels also allow quantitative
measurements of revascularization in vivo (Fig. 3.5). The number of voxels in the same
chosen volume at the trauma site from each animal was calculated and reported as the
blood volume due to revascularization. The mean value with the SD among the animals
examined was then determined. Within 4 weeks after trauma, the restored circulation
detected by OMAG imaging in SEHKO animals increased markedly and reached a
maximum at week 4. In contrast, the blood volume due to revascularization in WT
animals increased gradually and peaked at week 3 after trauma. Figure 3.5 shows that
this parameter is significantly different between the SEHKO and WT groups from week 3
to week 4 after injury (P<0.03). Thus, by using OMAG, revascularization post trauma

can be quantified without sacrificing the animal.

OMAG data for detecting revascularization in this study were confirmed by
histological evaluation 4 weeks after trauma using H&E staining, as shown in Fig. 3.6
(A-E). H&E-stained slices (10x) crossing the center of the trauma site from both WT
mice (Fig. 3.6A) and SEHKO mice (Fig. 3.6B) demonstrate revascularization, denoted by
arrows in the enlarged images (Figs. 3.6C and 3.6D) where vessels are highly
intertwined with fibrous tissue. The comparison between Figs. 3.6C and 3.6D also
demonstrates that revascularization is enhanced by sEH gene deletion, which is consistent
with OMAG results. CD34 immunohistochemical staining was used to differentiate
neovascularization from vascular remodeling or vascular reperfusion. The monoclonal
antibody against CD34 reacts with endothelium of arteries and venules, and has been
found to stain more intensely capillary endothelim [97]. It has been used for the diagnosis
of wvascular tumors and detection of small vessel proliferation representing
neovascularization [98, 99]. In this study, the CD34 staining results from sEHKO mice
showed that the vessels localized at the injury site are partially sensitive to CD34
staining, ie, newly formed vessels (denoted by arrows in Fig. 3.6G) are intensely stained
while remodeled or reperfused vessels (denoted by arrow heads in Fig. 3.6G) are
immune-negatively expressed. In addition, at the parenchymal defects (Fig. 3.6H), CD34

is densely expressed on new microvessels (denoted by arrows), which are also visualized
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by H&E staining in Fig. 6E. It should be noted that histological studies show the cortical
lesion induced by needle was healed and integrated into the healthy unaffected brain
tissue after four-week recovery and repaired tissue with newly appearing vasculature
further extruded into the extracortical lesion, suggesting such vascular neoformation
detected by OMAG either within or above cortical defects are partially originating from

the new vessels growing inside the cortex.
3.1.5 Discussion

Because OMAG permits serial monitoring of microcirculation on the same experimental
animal over time, it may be particularly useful for in vivo evaluation of evolutional
revascularization observed following brain trauma. Furthermore, OMAG may prove
useful in evaluating the effectiveness of therapeutic interventions on revascularization. In
our study, by showing the temporal profiles of cerebral blood perfusion at the injury site,
the evolution of revascularization could be differentiated between WT and treated mice;
and by providing the quantitative information on the evolution of revascularization, the

effects of treatment could be further analyzed.

OMAG is a new optical angiography technology that provides markedly
improved resolution over the previous in vivo vascular imaging systems. For example, the
optical methods, laser speckle imaging and scanning laser Doppler imaging [100], have
recently been reported to map cerebral vascular structure in small animals, but are of
limited use in delineating microvascularization. In practice, the lower limit of flow
imaging of OMAG is determined by the optical heterogeneous properties of the sample.
For detecting the microvascular flow that has lower velocity, the OMAG imaging speed
may need to be reduced in order to increase the dwell time of the probe beam on the slow
flows, which would inevitably increase the imaging time required to obtain the necessary
blood flow images. Nevertheless, our studies demonstrated that the current OMAG
system has sufficient resolution to distinguish revascularization in the brains of mice that
were sedated and restrained during imaging. Thus, assessment of the restored blood flow
and, presumably, the patterns of both non-capillary and capillary flow in real time are

possible without sacrificing the animal, as would be required in other types of structural
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imaging studies. Comparing OMAG images between WT (Fig. 3.2A) and sEHKO (Fig.
3.2B) animals, revascularization began to mature in 1 week after trauma in treated
animals and was accelerated compared to WT mice, in which revascularization began in
week 2 after trauma. These data indicate that the SEH knockout mice evoke early and

rapid revascularization in response to traumatic brain injury.

Furthermore, OMAG is capable of resolving both the cortical structures and blood
perfusion at depths of ~2 mm through the intact cranium, a penetration depth that cannot
be achieved with confocal microscopy. The localized signals from flowing blood may be
combined with signals from static structures to capture a complete view of the orientation
of blood vessels within the tissue. Thus, we expect that the OMAG technology will be
useful not only in providing serial revascularization images, but also in localizing the
sites of revascularization in living animals. In this work, 2D OMAG flow images fused
with structure images (Fig. 3.3) clearly identified the dynamic position of endogenous
revascularization in two types of traumatized animals over a one-month period of
rehabilitation. 3D OMAG flow images around the wound site at week 4 (Fig. 3.4)
compared the recovered functional vasculature in detail between WT and SEHKO mice,
as confirmed by H&E histological evaluation (Fig. 3.4). From the histology studies, we
are convinced by CD34 immunoreactive images in both extracortical and cortical defects
that new endothelial cells were recruited to form new functional blood vessels after brain
injury. We note, then, that the restored cerebral perfusion imaged by OMAG can be
attributed to new vessel growth as well as to remodeling of undamaged vessels or

reperfusion of blocked vessels.

In addition to in vivo volumetric imaging of revascularization after trauma,
OMAG can be used to quantify the restored blood flow volume by measuring the number
of signals from flowing particles, ie, red blood cells in newly formed vessels. In our
study, these quantitative values distinguished the time course of revascularization
between WT and sEHKO animals (Fig. 3.5). The results indicated that revascularization
in mice with sEH gene deletion accelerated from week 1 to week 4 after trauma, while

revascularization in WT mice was observed at week 2 and slowly developed until week 3
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after trauma. The coupling between revascularization and neurogenesis has been
demonstrated by previous studies [101-103]. Furthermore, revascularization after trauma
may alleviate neuronal damage by improving local blood flow and metabolite delivery to
the nutrient-deprived neurons [89]. However, whether the noted accelerated
revascularization and the extended time window of revascularization in mice with sEH

gene deletion aides axonal remodeling or neural integrity deserves further investigation.

In addition, as a non-invasive imaging method, OMAG allows visualization of the
dynamic fluctuation in global or localized blood perfusion as well as accurate localization
of individual vascular activities that are likely related to pathological revascularization as
a consequence of trauma. The serial imaging of our two groups of animals revealed that
the enhanced revascularization response in SEHKO mice may relate to vascular
regulation from a proximal draining vein that may be associated with proper disposal
within the revascularization environment. For the WT animals, no apparent draining vein
connected to the trauma region was found after day 1, despite a tendency toward recovery
of vascular function; and revascularization remained more depressed in WT after week 3
compared with SEHKO mice, indicating that SEHKO mice have better potential for
promoting revascularization. Somewhat surprisingly, the whole-head hemodynamic
activity in animals with and without gene deletion dropped markedly at some time points,
for example, during the emergence of revascularization (Fig.3.2 A4, B3). This vascular
depression may be involved in regulating vascular plasticity during this early and
vulnerable phase of revascularization. Unlike the draining vein, the fluctuation in cerebral
blood perfusion is an unsteady phenomenon in the current animals examined. However,
OMAG is undoubtedly a useful tool to investigate this phenomenon on revascularization
following pathological conditions.

The current OMAG system is only sensitive to blood flow that is faster than ~160
pum/s, which is limited by the optical heterogamous property of the tissue as well as the
detection unit in the system, i.e., the speed of the camera used. However, the flow
velocity in capillaries ranges between 50 and 1000 pum/s [104], and is even slower under

pathological conditions, such as the current study. Therefore, if the investigation focuses
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on the initial event of revascularization following trauma, observation of the generation
of precursor microvessels will possibly be inhibited, given that this beginning event has a
flow velocity slower than 160 pm/s. Future studies, then, will focus on developing an
ultra-high sensitive OMAG system based on CMOS (Complementary metal-oxide—
semiconductor) detectors, so that capillary blood flows within injured tissue regions can
be detected and imaged. The high speed afforded by a CMOS camera will not only
increase the OMAG imaging speed, but will also facilitate the design of flexible optical
beam scanning patterns. These will minimize the effect of the optical heterogeneous
property of tissue on the minimal detectable flow velocity, so that the OMAG system will

be sensitive to the precursor microvessels within injured tissue regions.
3.1.6 Conclusion

The present study demonstrated that OMAG is a useful imaging tool capable of serial
imaging of cerebral endogenous revascularization after brain trauma in mice in vivo.
Using OMAG, we have shown that the differences in revascularization between WT and
SEHKO animals can be identified. In contrast to the WT mouse, revascularization
detected by OMAG was significantly accelerated after trauma in the SEHKO mouse,
indicating that SEH gene deletion protects the endogenous vasodilator EETs. Because of
its capability to image blood perfusion with high resolution, OMAG may prove to be a
practical tool for tracking revascularization and its vascular regulation following trauma.
Without the necessity to sacrifice the animal, we anticipate that OMAG will enhance the
use of rodent models to study novel anti-traumatic therapeutics and repair strategies that

are designed to manipulate revascularization for brain injury and other brain disorders.

3.2 In vivo optical imaging of vascular response to
cerebral ischemia and neovascularization

Stroke is the third leading cause of death in the United States, affecting more than

700,000 people annually, and may be ischemic or hemorrhagic in nature. Ischemic stroke
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also called cerebral ischemia accounts for approximately 85% of all strokes. In this
section, ischemic stroke model, the most popular cerebrovascular disease model, was
used to indicate the functions of OMAG in imaging this type of acute brain dyscirculation
event. This work shows different detections during intra- or post-ischemic period

currently can be achieved by one imaging system, OMAG.
3.2.1 Abstract

In cerebral ischemic disease, hemodynamic response during intra-ischemic period and
neovascularization in the post-ischemic period are two crucial ways to restore local blood
supply and consequently protect neurological functions. In this paper, we used OMAG, a
volumetric optical imaging method capable of in vivo mapping localized blood perfusion
within the scanned tissue beds, down to capillary level imaging resolution, to study
vascular perfusion response during occlusion and neovascularization following occlusion
in living mice. We demonstrate that OMAG is capable of differentiating the residual
blood flow during ischemia between ischemic mice with and without SEH gene deletion,
which was confirmed by traditional method laser Doppler flowmetry (LDF). We also
show that OMAG is feasible to dynamically distinguish the neovascularization at
ischemic penumbra between ischemic mice with and without cytochrome P450-2C
(CYP-2C) epoxygenase gene overexpression, which was also retested by
immunohistochemistry. These OMAG measurements indicated that two types of
transgenic effects may be involved in enhancing vasodilation and angiogenesis,
respectively, which will contribute to the pharmacological benefits in the treatment of
cerebral ischemia. The consistency of OMAG and conventional methods also suggest that
OMAG has potentials to be utilized for in vivo tracking intra-ischemic vascular response
and post-ischemic neovascularization and characterizing their pharmacological

interventions during the progression and regression of brain ischemia.
3.2.2 Background

Cerebral ischemia, also called ischemic stroke, induced by the occlusion of one or more
cerebral artery/arteries, dramatically decreases local cerebral blood flow and causes cell
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death, brain atrophy, and functional deficit [105]. Previous studies suggested that
preservation of surviving cells, tissue repair, and functional recovery largely depend on
appropriate restoration of local blood supply. Studies from human and experimental
stroke indicate that neovascularization is present in the adult brain after ischemic stroke
[106, 107] and ischemic brain can be stimulated to amplify its intrinsic restorative
processes to improve neurological function by cell-based or pharmacological-based
therapies [25, 108]. Therefore, neovascularization has been an intriguing research area in
the investigation of ischemic stroke. In recent years, there has been another considerable
interest in the determination of cerebral hemodynamic response in ischemic injury,
because it may be possible to protect ischemic cerebral tissue against an impending
cerebral infarction by increasing cerebral blood flow through use of appropriate treatment
[22].

Our current understanding of the ischemic cerebral vascular response during the
intra-ischemic interval has been derived mainly from laser Doppler flowmetry (LDF) and
autoradiography [109, 110]. However, LDF only provides the relative values obtained
from the blood perfusion in the surface and autoradiography is a one-point measure
[111]. The differential assessment of microvascular density during post-ischemic period
is traditionally achieved by histology or immunohistochemistry [112], whereas these
methods do not allow dynamical study in a given animal. MRI is the only imaging
modality applied for repeatedly monitoring CBF regulation during intra-ischemic period
and neovascularization during post-ischemic period [113], but its low resolution prohibits
localizing and precisely describing the changes of microcirculation after stroke. Recent
study has shown a novel and non-invasive three-dimensional optical imaging method,
OMAG [63] can be used for in vivo monitoring and quantification of blood perfusion in
the brain through an intact skull. In light of this, the vascular response to cerebral
ischemia may be dynamically investigated using OMAG. Additionally, its resolution,
down to capillary level, would make it also possible to monitor neovascularization after
stroke. To our knowledge, few studies to date have provided evidence to show achieving

these dual functions via one method.
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The purpose of the present study was to apply this new technique for monitoring
cerebral circulation during intra-ischemic period (short-term) and tracking
neovascularization during post-ischemic period (long-term). To further test its ability to
identify the effect of pharmacological therapies in the ischemic brain, we examined the
protective effect during intra-ischemic period that is correlated with EETs which are
well-known vasodilation agents [114, 115]. sEH is an important enzyme involved in the
metabolism and terminal inactivation of EETs [114]. Recent studies have demonstrated
that sEH knockout male mice were protected from ischemic brain injury compared to WT
male mice due to the higher residual blood flow during ischemia [95, 116]. In our study,
we employed our new method, OMAG, on both WT and sEHKO mice subjected to a
well-defined middle cerebral artery occlusion (MCAO) model. By comparing with the
results from LDF, we confirmed the reliability of OMAG and discussed its advantages
over current measuring modalities. Besides promoting vasodilation, additionally, EETs
has been shown to stimulate angiogenesis by the studies in vitro [117]. In our study, we
not only demonstrated the capability of OMAG to in vivo monitor neovascularization
during post-ischemic period, and but also tested the hypothesis that higher EETSs
production contributes to more neovascularization by overexpressing cellular CYP-2C
epoxygenase which is a major enzyme in the synthesis of EETs. To achieve this goal, we
used OMAG to investigate cerebral neovascularization up to 4 weeks after MCAO in
mice with and without CYP-2C overexpression. By comparison with immunohistological
study, our data demonstrated that OMAG can repeatedly characterize cerebral
neovascularization and help to define if elevated expression of ETTs enhances new vessel

growth.
3.2.3 Materials and Methods

All experimental animal procedures were performed in conformity with the guidelines of
the US National Institutes of Health. The laboratory animal protocol for this work was
approved by the Animal Care and Use Committee of Oregon Health and Science
University (Portland, OR, USA).
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3.2.3.1 Animals

Group 1: C57BL/6 male mice without (WT) (n=5) and with targeted deletion of sEH
(SEHKO) (n=5) was used for the study of vascular response to cerebral ischemia.

Group 2: C57BL/6 male mice without (WT) (n=4) and with overexpression of CYP-2C
(2C) (n=4) was used for the study of neovascularization in the post-ischemic period. All

mice weigh 25 to 289 at ages of three months.

3.2.3.2 Middle cerebral artery occlusion in mice

All mice were subjected to transient focal cerebral ischemia by use of the intraluminal
MCAO technique [116]. Briefly, mice were anesthetized with isoflurane (1.5-2%) and
kept warm with water pads. A transcranial laser-Doppler probe was secured on the right
temporal side of the head to verify vascular occlusion and reperfusion. A silicone-coated
6-0 nylon monofilament was advanced into the right internal carotid artery by passing
external carotid artery until laser-Doppler signal dropped to less than 30% of baseline.
After affixing the filament in place, the surgical site was closed. The animal was
awakened and assessed at 2 hours of occlusion for neurological deficit. Mice with clear
neurological deficit were re-anesthetized, laser-Doppler probe repositioned over the same
site on the skull, and the occluding filament was withdrawn to allow reperfusion. Mice

for long-term imaging were euthanized four weeks after brain ischemia.

3.2.3.3 OMAG in vivo imaging

OMAG measurements were performed using a system illustrated in Fig.3.1C , similar to
the one described previously [96]. A broadband infrared SLD (Denselight, Singapore)
with a central wavelength of 1310 nm and a spectral bandwidth of 56 nm was adopted as
the light source. The light from SLD was coupled into a fiber-based Michelson
interferometer and delivered onto a stationary mirror (the reference arm) and focused into
the brain tissue via an objective lens (the sample arm). The light backscattered from the
sample and reflected from the reference mirror were recombined and then recorded by a
home built high-speed spectrometer that employed a line scan infrared InGaAs detector.

The system has the imaging resolution of 16 x 16 x 8 um3 at x-y-z imaging direction, and
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an imaging depth of ~3 mm in brain tissue. To achieve 3D imaging, a pair of X-Y galvo-
scanners were used to raster-scan the focused beam spot across the tissue, with one
scanner for X-direction (lateral) scan over ~2.5 mm at the sample, and the other for Y-
direction (elevational) scan of also ~2.5 mm. The imaging rate in this study was set at 20
frames (X-scan) per second. The data cube of each 3D image was composed of 500
discrete x-scans, which took ~25 s to acquire. The minimal flow velocity that can be

detected by the system was ~260um/s.

The animal head was shaved and depilated before OMAG imaging. During the
imaging, the animal was immobilized in a custom made stereotaxic stage and was lightly
anesthetized with isoflurane (1.5-2%) and kept warm with heating pads. An incision of
~1 cm was made along the sagittal suture, and the frontal parietal and interparietal bones
were exposed by pulling the skin to the sides. The animal was then positioned under the
OMAG scanning probe. In order to acquire the cerebral blood perfusion images over a
large area of the cortex, the scan was performed clockwise that resulted in six OMAG
images covering areas between anterior coronal suture (Bregma) and posterior coronal
suture (Lambda). The total imaging acquisition time for six OMAG scans was ~8
minutes. For each 3D OMAG image, a volumetric segmentation algorithm [96] was
applied to isolate the blood flow signals within the cortex, and a maximum projection
method was then used to project the blood flow signals into X-Y plane in order to reduce
the image size. The final image, representing the CBP over the mouse cortex, was
obtained by stitching six resulted images together and cropping, covering an area of ~4.2
X 7.2 mm? over the mouse head. Before inducing MCAO, a control OMAG image was
acquired as the baseline. Then the mouse was subjected to MCAO surgery. For group 1
animals, at 30 min after filament insertion, OMAG imaging was again initiated and laser-
Doppler probe was left in position during OMAG imaging. Animal were euthanized
when imaging was done. For group 2 animals, in 2-hour occlusion, the animal was
sutured, disinfected and injected with antibiotics, and then returned to the cage for
rehabilitation. For long-term assessment, a series of OMAG imaging were performed

weekly up to 4 weeks after brain ischemia for all animals.
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3.2.3.4 Histological immunohistochemistry

Group 2 mice were transcardially perfused with 0.9% saline for 2 min, followed by 4%
ice-cold paraformaldehyde. The brains were removed and post fixed in 4%
paraformaldehyde at 4°C overnight, after which a total of 3-mm-thick blocks of brain
tissue over infarct area were cut, processed , and embedded in paraffin. Six micron
sections were cut on a sliding microtome (Leica 2155), and following drying, the sections
were deparaffinized and rehydrated through graded ethanol. Coronal sections were firstly
stained with von Willebrand factor (VWF) [118] to detect all types of vessels and describe
vessel densities, and then stained by CD34 immunohistochemical staining [97] to localize
the newly formed vessels around ischemic core area. The primary antibody (rabbit anti-
VWF or rabbit anti-CD34 1:2000) was bridged with a secondary goat anti-rabbit
biotinylated antibody (Amersham) and avidin-biotin-peroxidase complex (Vectastain
Elite kit, Burlingame, CA), and then visualized with 3, 3'-diaminobenzidine. Negative
controls were performed by replacing the primary antibody with non-immune rabbit
serum. Each coronal section stained by VWF or CD34 was digitized under a 10x or 40x
objective (Nikon). Ischemic cores were identified by fibrosis in combination with
inflammatory cells, and neovascularization at ischemic penumbras are characterized by
the positive expression of CD34, compared to the homologous areas in the contralateral

side.

3.2.3.5 Data and statistical analysis

Image analysis of OMAG was performed with Matlab software. The extent of residual
blood flow in the ischemic region was evaluated based on the volume of blood perfusion
at ipsilateral side. In order to compare with LDF data, all OMAG blood volume value
was normalized and represented by the percentage of the pre-interventional baseline
(BVt, % baseline, where t=30 min, 1, 2, 3, 4 weeks). The vessel density values produced
by OMAG are based on the volume of blood flow signals in a certain tissue volume unit.
In this study, OMAG vessel density values at different weeks after stroke were
normalized and represented by the ratio of that in ipsilateral side and that of homologous

tissue in the contralateral side.
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OMAG observations and LDF measurements are expressed as mean value with
S.D.. The differences of OMAG and LDF between two groups were analyzed by t-test.
All t-test were two-tailed. The significance level was set at 0.05.

3.2.4 Results

3.2.4.1 Vascular response to cerebral ischemia (short-term)

OMAG maps in Figure 3.7A detect the evidence of ischemia in the ipsilateral cerebral
cortex compared to the contralateral cortex during MCAO in WT (Fig. 3.7A3) and
SEHKO (Fig. 3.7A2) mice. Ischemic images were obtained at 30 min after onset of
occlusion, and compared to pre-occlusion baseline. As there is no difference on baseline
OMAG maps between WT and sSEHKO mice, here we only used the baseline image from
SEHKO mice. The suppression of cortical blood flow in ipsilateral cortex determined in
terms of the percentage of the baseline (BVt, % baseline) was quantified and compared
among groups. Fig. 3.7B demonstrates in deeply situated cortical regions that the
suppression rates of blood flow in the ischemic cortex were higher in SEHKO mice
compared to WT mice (P<0.05). We confirmed OMAG finding using Laser-Doppler
perfusion (LDP) data in Fig. 3.7C. Similarly, LDP at time point of 30 min was higher in

SEHKO mice compared to WT mice.

3.2.4.2 Neovascularization after stroke (long-term)

OMAG perfusion views in Fig. 3.8A show representative vasculature maps of 2C mice at
various time points (baseline and week 4). Comparison of the network of blood vessels in
ischemic cortex of 2C mice between baseline and week 4 after stroke (shown in white
line box in Fig. 3.8A and magnified in Fig. 3.8B) illustrates the change of the profiles of
dominant vessels and their branches which were supplying the ischemic area, and gives
some evidence of neovascularizaiton during the post-ischemic periods (pointed by red
arrows in Fig. 3.8B). For WT mice, whereas, no significant changes of vessel profile and
vessel density caused by neovascularization are noted in ipsilateral side which is shown
by Fig. 3.8C. Figure 3.8D shows the temporal features of vessel density in stroke mice

with and without 2C over-expression. Compared with WT group, 2C group had relatively
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higher density values at 1 to 4 weeks after stroke, but the differences were significant
(P<0.05) during 2 to 4 weeks. By post-ischemia week 1, the functional vessels in 2C
animals almost recovered to contralateral level. However, the functional vessel

restoration wasn’t seen in WT group until 3 weeks after stroke.
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Figure 3.7 Vascular Response to cerebral ischemia identified and quantified by
OMAG and compared with conventional results from LDF. (A) Cerebral blood
perfusion obtained by OMAG (projection views) illustrates the drop of perfusion in
ipsilateral cortex at 30 min after onset of occlusion in WT (A3) and SEHKO (A2) mice as
compared with baseline image (Al). (B) Quantification of blood volume by OMAG in
ipsilateral cerebral cortex at 30 min during MCAOQ. (C) LDP values to confirm the
difference of vascular perfusion between two groups of mice visualized and quantified by

OMAG. The white bar is 1mm.
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Figure 3.8 OMAG projection views illustrating neovascularization of WT and 2C
mice at week 4 and their temporal profile along 4 weeks. Representative vasculature
maps of 2C mice illustrate neovascularization at week 4 (A2) after ischemic stroke as
compared with baseline (Al). (B1) & (B2) corresponding to the images in the boxes
show the new microcirculation (indicated by red arrows) between vascular branches. The
comparison on WT mice between baseline (C1) and week 4 (C2) shows no significant
changes of vessel density at ipsilateral side. Dynamic vessel density measurements show
2C group had relatively higher values at 1 to 4 weeks after stroke, but the differences
were significant (P<0.05) during 2 to 4 weeks. The white bar indicates Imm.

To further demonstrate new blood flow signals captured by OMAG, cross-
sectional images (x scan) locating in the ischemic penumbra extracted from 3D OMAG

blood perfusion images are shown in Fig. 3.9A. For 2C mice, the cross-section in
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ipsilateral side at week 4 (Fig. 3.9A2) clearly detects the new flow signals caused by
neovascularization in cortex compared to baseline (Fig. 3.9A1). Whereas, vessel density
at week 4 after ischemi (Fig. 3.9A4) was also increased in WT mice compared to
baseline (Fig. 3.9A3), but the increase was not as significant as in 2C mice. The vascular
density of corresponding homologous region in the contralateral hemisphere was also
compared between baseline (Fig. 3.9A5) and week 4 (Fig. 3.9A6), but the difference

between them is hard to be distinguished.

OMAG data for detecting newly formed vessels at penumbral areas after were
confirmed by histological measurements at 4 weeks after ischemic stroke using VWF
staining, as shown in Figure 3.9B. VWF stained slices (10 x) crossing the center of the
infarct site from both WT mice (Fig. 3.9B1) and 2C mice (Fig. 3.9B2) demonstrate
ischemic core and penumbra. Apparently, core area was filled with fibrosis tissue and
inflammatory cells which are stained non-specifically by vVWF antibody. Surrounding
ischemic core, the vessels highly positively expressed by VWF are distributed in
penumbra area. Specifically, the lumens of these vessels in 2C mice (Fig. 3.9B4) were
enlarged (i.e., the vessel diameters were increased) compared with those in WT mice
(Fig. 3.9B5). Because vessel densities in the homologous area of the contralateral
hemisphere were not different between WT and 2C mice, in this figure (Fig. 3.9), only
contralateral images from 2C mice are shown. Obviously, much less vessels expressed by
VWE are present at contralateral side (Fig. 3.9B3). The comparison between enlarged
images (Fig. 3.9B4-B6) corresponding to the images in the boxes in Fig. 3.9B1-B3 also
demonstrates vascular densities related to neovascularization at the boundary area of
ischemic core were enhanced by CYP-2C overexpression. In order to further indicate
new formed vessels are involved into the ipsilateral vessels with high density shown by
OMAG optical method and vVWF staining method, CD34 staining method was used to
exclusively illustrate neovascularization. In this study, as we expected the newly formed
vessels at ischemic boundary area were intensively expressed by CD34. Specifically, we
found more new microvessels densely stained in 2C transgenic mice (Fig. 3.9C1) than
those in WT mice (Fig. 3.9C2), and new vessels are barely recognized in the contralateral
hemisphere (Fig. 3.9C3).
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Figure 3.9 Cross-sectional OMAG perfusion images (Al-A6) and
immunohistochemical method, VWF (B1-B6) & CD34 (C1-C3) to show
neovascularization at ischemic penumbra. OMAG detected the increased vessel
density at ipsilateral side at week 4 after stroke in 2C mice (A2) and WT mice (A4) as
compared with their corresponding baseline (A1&A3), but this rise is more significant in
2C mice. The comparison from contralateral sides between baseline (A5) and week 4
(A6) shows no evident difference. VWF staining shows vessel density at penumbra is
highly increased in 2C mice (B1) and WT mice (B2) when they are compared with the
homologous area in the contralateral side (B3). The enhanced increase of vessel density
along with enlarged vascular lumens is shown in 2C mice. B4-B6 corresponds to the
regions in the boxes in B1-B3. CD34 exclusively confirmed newly formed vessels during
stroke recovery. More new microvessels densely stained in 2C mice (C1) than those in
WT mice (C2), and new vessels are barely recognized in the contralateral hemisphere
(C3). Bars indicate 500um.
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3.2.5 Discussion

In our experiments, cerebral perfusion images of OMAG are achieved by the efficient
separation of the moving scattering elements from the static scattering ones, i.e., the
signals measured here by OMAG directly relate to blood vessels and is only sensitive to
functional blood flow. In addition, the imaging contrast of blood perfusion in OMAG is
based on endogenous light scattering from moving blood cells within blood vessels; thus,
no exogenous contrast agents are necessary for imaging. Its signal and imaging
characteristics permit OMAG repeatedly monitor hemodynamic changes during MCAO.
Our imaging results from short-term observation on baseline and 30 mins after onset of
occlusion illustrate OMAG is capable of precisely documenting the drop of blood flow in
ischemic hemisphere. The comparison between WT and sEHKO mice demonstrated
OMAG is sensitive enough to distinguish the amount of residual blood flow among
different groups. The quantitative results from OMAG are almost consistent with the
measurements from LDP. It is noted that LDF reflects brain surface perfusion and depicts
the relative change in perfusion and OMAG we used here can provide quantitative blood
volume values and apparently the std. in Fig. 3.7B is larger than that of LDP in Fig. 3.7C
due to the enhanced sensitivity using OMAG.

Additionally, OMAG permits 3D monitoring of microvasculature down to
capillary level, so it was expected to be used to detect the cerebral neovascularization
after ischemic stroke. It also can be expected that OMAG may prove useful in evaluation
the effectiveness of therapeutic intervention on the neovascularization after stroke that is
probably related to the anti-stroke medication and therapies. The long-term study
demonstrated that OMAG not only can detect neovascularization after stroke, but can
also distinguish the difference of neovascularization between WT and 2C animals. By
projecting 3D blood flow signals in one X-Y plane, the neovascularization was barely
identified in WT mice, although we did find some new blood signals on ischemic area in
2C mice. However, by extracting the cross-sectional image in X-Z plane, the depth-

dependent signals from neovascularization and their difference was revealed in both WT
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and 2C mice. The newly formed vessels are found to be located around the ischemic
penumbral area rather than ischemic core area which is consistent with previous reports
[119-121]. The difference between two groups was also confirmed by histological
measurements. We primarily tested our hypothesis that higher CYP-2C epoxygenase
expression in cerebral vasculature resulting in higher production of EETs contributes to
more neovascularization during post-ischemic phases. Although we only provided the
cross-sectional information in this study, there is no doubt that OMAG has a lot of
potential to do quantitative measurement on neovascularization after stroke. Here, it
should be noted that in the cross-sectional OMAG images, there are apparent “shadows”
which run perpendicularly to the cortical surface (e.g. Fig. 3.9A). This “shadowing”
effect is primarily due to the strong forward or backwards scattering of the red blood cells
in the large vessels. This effect results in the loss of perfusion signal under the vessel and
therefore will also affect the future quantitative results. However, if the relative
comparison only exists between the same regions of same animals at different time point,

this “shadowing” effect will be minimized.

It has been shown that active neovascularization expressed as increased
microvessel density develops in the penumbral area both in patients with cerebral stroke
[88] and in experimental stroke in rats [119-121]. Although post-stroke
neovascularization has been recognized, a convincing method is required to evaluate the
treatments which drive vascular activity. In our study, by increasing the expression of
EETs in cerebral blood vessels, which can promote vasodilation and angiogenesis, we
proved the capability of OMAG on assessment of pro- neovascularization agents and also
tested our hypothesis that higher level of EETs due to high expression of CYP-2C
epoxygenase in cerebral vasculature contributes to more neovascularization during post-

ischemic phases.
3.2.6 Conclusion

In summary, the present study demonstrates, for the first time, OMAG can be used to
investigate the vascular response to cerebral ischemia and neovascularization in the post-

ischemic period. We found that deletion of SEH increases residual blood flow which is in
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agreement with our previous observation that the down-regulation of SEH contributes to
the up-regulation of blood flow in response to focal vascular occlusion. We further found
that over expression of CYP-2C epoxygenase will enhance the neovascularization after
stroke that has not been reported in previous studies.

33 In vivo optical 1imaging of functional
microcirculations within meninges and cortex?

As demonstrated in the above sections, OMAG is a wonderful tool for imaging cerebral
blood flow, especially cortical blood flow in the animal models we studied. However, it
has yet to uncover its significance for the study of brain diseases related to meningeal
circulation. In this section, we report a new version of OMAG with sensitivity enhanced,
and its performance on imaging slow blood flow in meningeal layers. Here we use a
simple chemical-induced thrombosis mouse model to show OMAG can chronically and
guantitatively monitor meningeal vascular responses to insult and aim to show its

potential in studying migraine pain, a vasomotor instability of the meningeal circulation.
3.3.1 Abstract

Abnormal microcirculation within meninges is common in many neurological diseases.
There is a need for an imaging method that is capable of visualizing dynamic meningeal
microcirculations alone, preferably decoupled from the cortical blood flow. OMAG is a
recently developed label-free imaging method capable of producing 3D images of
dynamic blood perfusion within micro-circulatory tissue beds at an imaging depth up to
~2 mm, with an unprecedented imaging sensitivity to the blood flow at ~4 um/s. In this
paper, we demonstrate the utility of OMAG in imaging the detailed blood flow

distributions, at a capillary level resolution, within meninges and cortex in mice with the

% This work has been accepted by Journal of Neuroscience Method. [Y.L. Jia, and R.K. Wang,
“Label-free in vivo optical imaging of functional microcirculations within meninges and cortex in
mice”, Journal of Neuroscience Methods (In press, 2010)]
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cranium left intact. By use of a thrombotic mouse model, we show that the OMAG
method can yield chronic measurements of meningeal vascular responses to the insult
decoupled from the responses in the cortex, giving valuable information regarding the
localized hemodynamics along with the dynamic formation of thrombotic event. The
results indicate that OMAG can be a valuable tool for the preclinical models to study
therapeutic strategies to mitigate various pathologies that are mainly related to meningeal

circulations.
3.3.2 Background

Meninges are the system of membranes enclosing central nervous system (CNS), which
consists of three histological layers, i.e., the dura, the arachnoid and the pia. The dura is
traditionally considered as an inert, fibro-elastic membrane, serving largely the
mechanical and periosteal functions [104, 122]. Review of the anatomy reveals that the
dura is not a simple fibrous tissue covering, but a complex structure innervated with
dense micro-blood vessels [123]. Recently, a complete description of dural vascularity is
made possible by use of the radiography, microdissection, clearing and histology
techniques [124]. The postmodern studies show the presence of a fine anastomotic
network emerging from middle meningeal arteries, located close to the bone. Despite the
fact that the branches of arterioles in the dural membrane supply the metabolic needs of
the cranium, it was speculated that this dural plexus is likely a source of collection of
blood or fluid in subdural space caused by traumatic or nontraumatic subdural
hemorrhage (SDH) and may be responsible for the causes of migraine and meningiomata
[125]. A more thorough understanding of this dural plexus in terms of its hemodynamic
response to the internal or external stimulus and its interaction with the pial or cortical
microvessels may help to reveal mechanisms behind a number of pathological and

physiological conditions that involve meningeal blood circulation, for example migraine.

In the past, the functional magnetic resonance imaging (fMRI) [126] provides an
unsurpassed tool to image non-invasively the hemodynamic response of meningeal
vessels in pre-clinical as well as clinical settings. However, interpretation of fMRI data is

often confounded by relatively poor specificity to vascular events because current fMRI,
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even at its highest imaging resolution, cannot resolve the detailed dural vascular plexus
and its functional blood flow. Therefore, there has been a constant search for a
noninvasive/minimally-invasive optical imaging technique that can be applied in
preclinical animal models as a guiding tool and as an alternative to standard angiography
requiring contrast agents or excisional biopsy. Optical imaging methods such as laser
speckle imaging [127] have shown the ability to visualize dural vessels with spatial
resolution of ~50um, as well as to delineate hemodynamic response based on the Doppler
effect induced by moving blood cells. Despite these advantages, this 2D imaging
modality is not capable of providing the depth-resolved imaging of microcirculation.
Thus, its measurement of vascular responses in the dura would most likely be
contaminated by those from the cortex. Two-photon microscopy [128], a widely used
laboratory imaging technique capable of ultrahigh resolution (~1 pm) imaging, has been
used to provide specific and accurate morphological information of blood vessels in the
dura. In doing so, however, it requires removal of intervening bone to access the dura and
cortex since its imaging depth is only up to 200 um, which is not desirable for repeated
and long-term imaging studies. In addition, it requires injection of fluorescent tissue

markers, which may complicate the interpretation of the results [129].

OMAG [63] is a novel extension of optical coherence tomography technology
[58, 60], which is capable of producing 3D images of dynamic blood perfusion within
micro-circulatory tissue beds at an imaging depth up to approximately one transport-
mean-free-path below the surface (~2 mm in brain). OMAG produces imaging contrasts
via endogenous light scattering from flowing blood cells within open vessels; thus, it is a
label free imaging technology. Previously, we have demonstrated the feasibility of
OMAG in imaging cerebral microcirculation in mice with the cranium left intact [130].
Due to its depth-resolved imaging capability, studies have also shown that OMAG was
able to separate the blood circulations within the meninges from those in the cortex [131,
132]. In these studies, the rich capillary loops within the meninges were not imaged, even
though large vessels such as the meningeal arterioles and venules were clearly imaged.

This failure is attributed to that the previous reported OMAG system was only capable of
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imaging minimal blood flow at ~160 um/s, limited by the optical heterogeneous property
of the cranium and brain tissue [74, 132]. However, the blood flow in the meningeal
vessels, particularly in the capillaries, is very slow, ranging from tens of microns per
second (in capillaries) to millimeters per second (in large vessels) [104]. In order to
visualize the capillary plexus in dura mater, the sensitivity of OMAG to the blood flow

must be improved.

Most recently based on OMAG, we have further developed an UHS-OMAG
system [77], capable of imaging blood flows within patent vessels with an unprecedented
sensitivity to the blood flow, ranging from 4 um/s to 22.2 mm/s. With such high
sensitivity to the flow, imaging of the true capillary blood flows within human skin [77]
and human retina [133] were successfully demonstrated. The primary objective of this
paper is to demonstrate the utility of the UHS-OMAG to image the detailed meningeal
and cortical vasculatures at capillary level resolution. The secondary objective is to
evaluate the capability of UHS-OMAG for in vivo chronic imaging of dural vessel
morphology and blood flow changes in mice under both healthy and pathologic
conditions. To achieve this, we adopted a well-established, ferric chloride-induced
thrombosis model [134]. Upon the topical application of ferric chloride on the cranium
surface of a mouse, we used the UHS-OMAG system to image the dynamic thrombosis
formation in meningeal and cortical blood vessels. The results from this dynamic study
on induced microvascular thrombosis and occlusions within the meninges show that
UHS-OMAG may provide valuable and useful information in the meningeal thrombosis

research and the preclinical drug development.
3.3.3 Materials and Methods

All experimental animal procedures were performed in conformity with the guidelines of
the US National Institutes of Health. The laboratory animal protocol for this work was
approved by the Animal Care and Use Committee of Oregon Health & Science
University (Portland, OR, USA).
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3.3.3.1 UHS- OMAG system setup

The system setup used to achieve UHS-OMAG is shown in Fig. 3.10A, similar to the one
used in our previous work [77, 130]. Briefly, the setup used a broadband infrared
superluminescent diode (SLD) as the light source, which has a central wavelength of
1310 nm and bandwidth of 65 nm that provided a ~12 um axial resolution in air (~8.9 um
in biological tissue). The light from the SLD was coupled into a fiber-based Michelson
interferometer. The light emerging at the output of interferometer was sent to a custom-
built high-speed spectrometer, which had a designed spectral resolution of ~0.141 nm
that provided a detectable depth range of ~3.0 mm in air (2.22mm in biological tissue).
To match the lateral resolution with the axial resolution while keeping sufficient depth of
focus for imaging the meningeal vessels through the intact cranium, we improved the
sampling arm optics by having the beam diameter of ~3 mm and using an objective lens
with a focal length of 30 mm (Fig. 3.10B). With this modification, the system provided a
measured lateral resolution of ~9 um and a depth of focus of ~ 400 um. Because the
average size of capillary vessel is about 10 um, we expect that the system with designed
spatial resolution of ~10 pum in x-y-z would be able to image the capillaries in the
intracranial dura mater. The system sensitivity was ~105 dB measured at the focal spot of
the sampling beam with ~3.0 mW power of light incident on the object and an exposure

time of ~21.0 ps.

When imaging, the sample beam was rapidly scanned over the sample with a x-y
scanner, while the line-scan camera in the spectrometer was continuously recording the
OMAG signals formed between the reference and the sampling light. The camera was
running at 47,000 Hz, meaning that the imaging speed was 47,000 depth-scans (A-scan)
per second. With this imaging speed, we acquired 256 A-scans in the x-direction (B-scan)
of 2.56 mm to form one cross-sectional image (B frame). This configuration determined
the system frame rate at 180 frames per second (fps). In the y-direction, we captured a
high density C-scan (i.e. y-direction scan), consisting of 1500 B-scans over 2.56mm.
Accordingly, it required ~8 sec to acquire a complete 3D data volume of 2.56x2.56x2.22
mm?®. Then, a UHS-OMAG algorithm [77] was applied to this 3D data set to obtain
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morphological and microcirculatory images of the scanned tissue volume. With this
setup, our OMAG system is capable of imaging blood flow ranging from ~4 um/s to

~22.2 mm/s [77], which is sufficient to image the meningeal blood circulation.
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Figure 3.10 (A) Schematic of the UHS-OMAG system where PC represents the
polarization controller. (B) Sketch of the designed probe beam targeting the meninges
(drawing not to scale).
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3.3.3.2 In vivo imaging

To test the performance of the UHS-OMAG imaging of the dural as well as cortical
vascular networks in vivo, three-month-old C57 BL/6 mice were used in this study. The
mice, each weighing 23 to 28 g, were prepared for OMAG one day before the
experiments by shaving the heads followed by a depilatory cream to remove all
remaining hair from the top of the scalp. During the imaging, the animal was
immobilized in a stereotaxic stage and was lightly anesthetized with isoflurane (0.2
L/min Oy, 0.8 L/min air). The body temperature was kept between 35.5-36.5 °C by use of
a warming blanket, and monitored by a rectal thermal probe throughout the experiment.
An incision of ~1 cm was made along the sagittal suture and the frontal parietal and
interparietal bones were exposed by pulling the skin to the sides. The animal was then
positioned under the scanning optical probe, with the meninges carefully placed within
the depth of focus of the probe beam (see Fig. 3.10B) as monitored by real time UHS-
OMAG/OCT structural images displayed on the computer screen on the fly.
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To better show the results, a volume segmentation algorithm [96] was then
applied to each 3D UHS-OMAG image to isolate the blood flow signals in the meninges
from those in the cortex. The segmentation resulted in two volumetric flow images, one
for the meninges and the other for the cortex. The maximum amplitude projection was
applied to each segmented meningeal and cortical volumes, resulting in the blood flow
distribution maps. To evaluate the feasibility of using UHS-OMAG as a useful tool in
characterizing meningeal blood flow over a larger area of dural mater, we collected the
multiple 3D images over the different regions on the entire brain. The UHS-OMAG
images from 16 different regions were then combined as a mosaic, covering an area of

~10x10 mm? over the entire mouse head.

3.3.3.3 Thrombosis experiments

To evaluate the capability of UHS-OMAG for in vivo longitudinal imaging of dural
vessel morphology and blood flow changes. We adopted a well-established, ferric
chloride-induced thrombosis mouse model [134]. With this model, vascular injury and
thrombus formation were artificially induced. For UHS-OMAG imaging, an imaging
region [~2.5mm(X)x~1.3mm(Y)] was selected next to the posterior coronal suture (PCS)
as shown in Fig. 3.13A. Following Nagai et al [135], we induced thrombus formation via
topical application of 10% FeCls-soaked paper (1x3 mm) placed over the exposed
posterior coronal suture along the dotted outline shown in Fig.3.13A. The piece of paper
was then removed after 5 min and the administration region was washed twice with warm
saline. The microvascular occlusion and thrombus formation was monitored in real time
by the optical imaging system. 3D optical data set were acquired once every five minutes

for total 35 min since the application of FeCls.

3.3.3.4 Blood flow quantification

To quantify the meningeal blood flow, we applied the phase-resolved technique [67] to
the UHS-OMAG flow signals, which measures the phase changes in optical signal due to
flowing erythrocytes [74]. Because the phase changes linearly relates to the velocity of

moving particles, we calculated the phases from adjacent B-scans collected at the same
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position, and then the absolute velocity was obtained by converting the calculated phases
to the velocities scaled by the Doppler angle. The Doppler angle was obtained from the 3-
D blood vessel network because the angle of the incident beam was known a priori. Five
repeated B-scans at each location were collected at each x-y position for phase
estimation. This method has previously been validated in flow phantoms [77]. Cross
sectional flow profiles across the vessels of interest were fit to a second-order polynomial
and corrected for the angle of incident beam to provide the velocity in millimeters per
second, from which the mean blood velocity (Vmean) and the vessel inner diameter (D)

were determined. The flow rate in the vessel was calculated as a product between the
average velocity and the cross sectional area of the vessel I_\/mea1n *ﬁ*(%)ZJ[Vmean X TT %

(D/2)?]. The blood volume in the imaging region in each time point was evaluated from
the UHS-OMAG 3D flow data and then normalized by the baseline.

3.3.4 Results

3.3.4.1 Imaging of meningeal and cortical microvascularization

The depth-resolved imaging results using UHS-OMAG for blood perfusion within an
area of ~2.5x2.5 mm? are shown in Fig. 3.11. Fig. 3.11A gives one typical cross-
sectional image (B-scan) within the UHS-OMAG structural volume, which is identical to
the conventional OCT image where typical morphological features, such as cranium and
cortex, are visualized. Fig. 3.11B gives the corresponding blood flow image obtained
from UHS-OMAG, where the micro-blood flows (e.g., pointed by arrows) originating
from the dura mater as well as the rich cortical blood flows are clearly identified.
Considering that the dural plexus is a vascular network exclusively above the cortical
plexus, the flow signals above the cortical layer were simply treated as signals from the
dural vessels, which were usually at the depths from 100 to 200um below the cranium
surface. With this as the reference, we applied the segmentation algorithm [96] to
separate the blood flows within the meninges from those in cortical layers. This
segmentation resulted in the blood flow distribution maps shown in Figs. 3.11C
(meninges) and 3.11D (cortex), respectively. From Fig. 3.11C, the dural blood vessels
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are seen to be tortuous. Further, the large vessels do not greatly diminish in size, in spite
of giving off many side branches. More importantly, the UHS-OMAG is capable of
visualizing the rich anastomotic, as well as the splitting vessels (e.g., pointed by the
arrows) in the meninges. These appearances of the dural vessels are directly resulted from
characteristic slow blood circulation in the intracranial dura mater. These findings from
the UHS-OMAG correspond well to what is called the primary or secondary anastomotic
network in standard dural histopathology [123]. Because of its capability of imaging
much slower blood flows, it is not surprising that UHS-OMAG gave an image of greater

vascular density for the cortex (Fig.3.11D).
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Figure 3.11 Typical in vivo UHS-OMAG images of the cerebral microcirculation in
mice. Images were taken with the skull left intact. (A) is one typical UHS-OMAG cross-
sectional image (B-scan) of microstructures showing morphological features, such as
cranium and cortex, and (B) is the corresponding blood flow image where the dural
microvessels (e.g., pointed by arrows) are distinguishable from the vessels in cortex. The
projection maps of functional blood vessel network within (C) the meninges and (D) the
cortex, respectively, obtained from one 3D scan. White bar = 500um.
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Fig.3.12 shows whole-brain mosaic flow images from both the dura (Fig. 3.12A)
and cortex (Fig. 3.12B), providing volumetric measurements of detailed microcirculation
through the vascular tree down to the capillary level with the skull left intact, without a
need for dye injections, contrast agents, or surgical craniotomy. The dural vessels are
seen to distribute unevenly as they course over the dural surface. The fine vascular
network is concentrated on three typical sutures, ie, sagittal suture (SS), anterior coronal
suture (ACS) and posterior coronal suture (PCS), and in the non-suture area cross-linked
blood vessels are directed more towards the posterior than the anterior segment (Fig.
3.12A). These features from dural vessels do not resemble those of cortical vessel
distribution (Fig. 3.12B). Such appearances observed from UHS-OMAG are consistent
with the vascular convolution described in the well-known references [122, 124],
demonstrating potential power of the UHS-OMAG in the investigations of neurological

diseases and complications that may involve the meningeal microcirculations.

Figure 3.12 The functional blood flow networks of the entire brain in mice were
imaged by UHS-OMAG in vivo. Because of its depth-resolved imaging capability,
OMAG is capable of providing simultaneous imaging of microcirculations within (A) the
meninges and (B) the cortex of a mouse. SS, sagittal suture; ACS, anterior coronal suture;
PCS, posterior coronal.
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3.3.4.2 Dynamic imaging of thrombosis within meninges and cortex

Meningeal or cortical blood vessel occlusions due to the thrombus formation can occur in
diseases and pathophysiological processes. An ability to non-invasively image
microvasculature in preclinical models is useful for testing and evaluating new

thrombolytic drugs capable of dissolving thrombi or preventing thrombus formation.

Figure 3.13 shows dural microvascular network of a region in a mouse during
thrombus formation initiated by the topical application of FeCls. Progress of the
occlusion and the subsequent effect on the functional vessels were observed for 35
minutes with the UHS-OMAG data sets acquired every five minutes. Figure 3.13B
shows the time serial images of the region outlined by the small box in Fig. 3.13A, which
shows the gradual change in functional vessel density as thrombi formed over time.
Vascular occlusion gradually propagated over approximately 35 min, resulting in
decreased functional vessel density due to restricted and occluded blood flow. To
examine the blood flow dynamics in more detail, relative flow magnitude were assessed
in each single vascular branch in these serial optical reflectance maps. According to the
location of the applied FeCl; solution and the occlusion sequences from the optical
images, four main side-branches could be identified in the imaged region as shown in
Fig. 3.13C where different vessels are differently colored and the numbers denote their
occlusion sequence. It was interesting to note that in some vessels when thrombosis was
formed in the distal end of vessels, the blood flow was ceased gradually in a direction to
their main branch; and when thrombosis was formed in the main branch of vessels, the
blood flow in the lower branches was ceased rapidly. For example, in vessel 2, the
microvascular occlusion was firstly developed in the distal end (“D” in Fig. 3.13C)
because the FeCls solution is more easily absorbed by capillary with one-cell thickness
vascular wall, and then the main branch (“M” in Fig. 3.13C) was occluded probably due
to its position priority. This was followed by a rapid drop in the flow in the remaining
part of the same vessel. Therefore, this vessel was an arteriole, flowing from the main
branch to its distal end. These sequential events also inform that the thrombotic plugs

were dynamic structures that expanded during the observation period of 35 min and grew
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from the distal end. Moreover, within the region we observed, complete cessation of the
blood flow only occurred in the vessel 1; whereas the vessels 2 and 3 did not even though
their flow was dropped dramatically. Another interesting phenomenon is that the blood
flow in some branches was decreased initially, but later was compensated by those from

the branches connected with the functional neighboring vessels.

(€

Figure 3.13 Representative meningeal microvascular network during thrombus
formation induced by FeCl;. (A) is a sketch of the mouse skull; the red box indicates
the region imaged by UHS-OMAG and the dotted line indicates the place where the
FeCls was topically applied. (B) shows serial OMAG images of microvascular occlusion
and blood flow changes, indicating development of thrombus for the region shown in
(A). Numbers in the bottom left corner of each panel are minutes after application of
FeCls. (C) is a vascular sketch based on the vascular occlusion sequence in (B), where
four vessels are indicated in different colors, the numbers indicate their occlusion
sequence and the arrows show four regions of interest in which blood flow will be
quantified.

Besides the dynamic imaging of the meningeal vascular flow, the flow dynamics
in the cortical layer can also be visualized by OMAG. As shown in Fig. 3.14, the dark
shadows starting from the left bottom corner indicate a gradual propagation of the
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thrombosis in the vicinity of FeCls solution, resulting in an expansion of the occlusion
front. This occlusion front advanced about 35um/min during the observation period.
Compared with the occluding speed within first 15 minutes, it seems that the occlusion
front moved slower during the remaining 20 min of the observation period. In addition,
from the growth of the occlusion in the cortex, it can be seen that the thrombosis mainly

occurred on the side branches of the main vessel.

Figure 3.14 Representative cortical microvascular network during thrombus
formation in the region shown in Fig. 3.13A. Numbers on the bottom left corner are
minutes after application of FeCls. The dark shadows starting from 5 mins indicate a
gradual propagation of the thrombosis in the vicinity of FeCls solution, resulting in
expansion of the occlusion fronts shown by the dotted outlines.

3.3.4.3 Quantitative measurement of meningeal and cortical blood flow during

thrombosis

In order to be more informative about the thrombus growth and microvessel occlusion,

blood flow on the microvessel level was quantified via UHS-OMAG. The velocity
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profiles across the dural vessels 1 and 2 (Fig. 3.13C, pointed by black arrows) are shown
in Fig. 3.15 along with the second-order polynomial fit and the R-squared value of the fit
at the time points as shown [0-15min (vessel 1), 15-30min (vessel 2)]. The shape and
peak of the velocity profile changes with time, indicating the decrease in vessel diameter
and flow velocity over the 35-min time course.
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Figure 3.15 Plots of the velocity profiles across the dural vessels 1 and 2 pointed by
arrows in Fig.3C, respectively, along with the second-order polynomial fit and the R-
squared value of the fit at the time point as shown [0-15min (vessel 1), 15-30min (vessels
2)]. The time of imaging in minutes is given in the upper right corner of each plot.

Figure 3.16 shows quantitative measurements of the mean velocity (Fig. 3.16A),
the vessel inner diameter (Fig. 3.16B), and the flow rate (Fig. 3.16C) over the 35-min
time course for four individual feeding vessels (numbered in Fig. 3.13C). These plots
indicate that all variables change with time. Each vessel appears to vary differently with
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time, especially in terms of the velocity (Fig. 3.16A) and flow rate (Fig. 3.16C)
parameters. For example, the vessel 1 reacted more rapidly than other three vessels. In
vessel 2, the three parameters were slightly over the baseline during a period from 5
minutes to 20 minutes after the topical administration of FeCl; and then decreased
dramatically. In vessel 4, the blood flow was down to its extreme low point at 20 minutes
and then slowly reperfused by its proximal bypass connected to another vessel. Despite
discrepancy between them, the velocity and blood flow in all regions at 25 minutes
declined to at least 50 percent of their baseline. Comparing the baseline with the

endpoint, the vessel diameter did not diminish greatly except the vessel 1.

I—e—’]
04 =2
»-u-;-. T4 ——3 ~—
£ -4 §
50.3- E
b= el
b= Q
B 07} £
- 8
(]
= 0.1 v
0 (A) 0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (Minutes) Time (Minutes)
-3
15710 — In
——1 = A
—— 2 o \\\
E 0.9t N
] w0 b
£ 1t p— ™ \\
— [ a 0.3t .
L o N
B £ .
= S 07 .
3 0.5 o -
E :" "l\
T 06} e 1
o "‘"'--n--.._
. (C) . . . : oo, (D) . . . . T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (Minutes) Times (Minutes)

Figure 3.16 Quantitative measures of the vessel mean velocity (A), vessel inner
diameter (B), and flow rate (C) over the 35-min time course in four individual
feeding vessels (see Fig. 3C), following the induction of thrombus. The time evolution of
blood volume changes in cortex for the imaged region is shown in (D).

With respect to the flow dynamics in cortex, the time evolution of blood volume

is shown in Fig. 3.16D. There was a significant decrease from the baseline to 25 minutes
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and a slight decline during the remaining 10 minutes. This is in agreement with the
results observed from the meningeal vessels that indicated that 25 minutes is a critical

transition point.
3.3.5 Discussion

The optical imaging method presented in this article provides an attractive alternative to
other methods because of its ability to accurately image the meningeal and cortical blood
flow responses in living animals over an area of a few millimeters with the cranium left
intact. This imaging modality is non-invasive, relatively inexpensive, and fast. These
attributes are well suited for long-term repeated measurement of blood flow in vivo.
Through comparison of the time-lapse 3D images, the dynamic alterations of
microcirculation associated with the cerebral pathophysiologic events, such as
thrombosis, can be observed. More importantly, due to the depth-resolved feature of the
UHS-OMAG, the dynamic responses of the microcirculation within the meninges can be
decoupled from those in the cortex.

In addition to its capability of visualizing the detailed functional microcirculation
(e.g. Figs. 3.11 and 3.12) and the relative flow distribution along the whole pathological
event (e.g. Figs. 3.13 and 3.14), UHS-OMAG is able to quantify the flow-related
parameters, such as velocity, vessel diameter and flow rate of the individual vessels of
interest, which are critical in investigating the cerebral flow responses to a certain insult.
With a sensitivity to the flow as low as 4um/s, we believe that the reported UHS-OMAG
imaging technique is the most precise method to date for quantifying localized blood

flow and visualizing the detailed microcirculations within the scanned tissue beds in vivo.

Any cerebral blood flow is tightly coupled to the underlying neuronal response.
The meningeal blood flow has no exception. It is crucial to monitor the spatial and
temporal extent of the meningeal blood flow changes in the studies of functional
activation and pathophysiologic conditions accompanied by uncoupling, such as the
thrombosis. Optical imaging of the functional microcirculations using UHS-OMAG
showed the gradual formation of the chemically induced thrombi and the effects of the
thrombi on the microcirculation within the meninges and cortex. With the help of the
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flow quantification algorithm on the serial 3D datasets, OMAG can provide the dynamic
flow parameters due to thrombosis formation and micro-vessel occlusion. The results
may give additional useful information, if together with the systemic physiological
measurements, to assess local micro-vessel physiology during a thrombotic event. Real-
time imaging of the thrombotic event as well as its associated changes in microflow
parameters is also useful in the development of new therapeutic agents designed to treat
the pathological thrombi, because OMAG makes it possible to observe subtle differences
in the timing and the magnitude of drug action on the microvessel physiological response

and thrombus formation.

As shown in this study, one of the advantages of the OMAG technique over other
methods, such as laser speckle, is that it provides sufficient depth resolution to
differentiate the contributions of the meningeal microcirculations from those of the
cortical vessels. This ability would make the UHS-OMAG a useful and attractive tool in
the investigations of the meningeal hemodynamic responses to other functional activation
or neurovascular disorders, such as migraine headache, in which the changes in blood
flow within dural vessels play an important role in the etiology, pathogenesis, prognosis,

and responses to treatment.
3.3.6 Conclusion

We have demonstrated the utility of the ultrahigh sensitive OMAG in imaging the
detailed blood perfusion distributions, including capillaries, within meninges and cortex
in mice with the cranium left intact. We have shown that the UHS-OMAG method is
capable of yielding longitudinal measurements of vascular responses to the thrombotic
treatment, unraveling the localized hemodynamics along with the dynamic formation of
the thrombosis event. Therefore, we expect that UHS-OMAG can be a very useful tool in
guiding the design and development of therapeutic strategies to mitigate the
microcirculatory complications occurring in pathophysiological conditions, such as

migraine.
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Chapter 4

Assessment of Optical Micro-
AngioGraphy in Peripheral Blood

Flow

As opposed to blood that flows to the vital organs, PBF refers to blood flow to
extremities. PBF plays a prominent role in maintaining normal metabolism of tissues in
lower extremities, such as skin, muscle and nerve [27]. Plenty of diseases are associated
with the aberration of PBF, for example, PAD [35] and DPN [38]. To date, LDF is the
widely used method to study dynamics of PBF, and microscopic method is the best
candidate to study the detail of peripheral microvasculature. The studies presented in
Chapter 4 discuss an example of an application of OMAG on PBF. Except that OMAG
can discover the microvasculature of peripheral nerves, in this study DPN animal model
established in our collaborator’s lab was used to demonstrate OMAG can track and
differentiate the functional changes of PBF caused by stimulant in normal and diabetic

mice.
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4.1 In vivo optical imaging of functional vasa nervorum

and peripheral microvascular tree in diabetic mice®

4.1.1 Abstract

DPN is, at least in part, associated with the functional attenuation of vasa nervorum, the
microvascular structure of peripheral nerves. Microvascular imaging options for vasa
nervorum still remain limited. In this work, OMAG, a volumetric, label-free imaging
technique is utilized for characterizing, with high resolution, blood perfusion of
peripheral nerve in diabetic mice. We demonstrate that OMAG is able to visualize the
structure of microvasculature and to quantify the changes of dynamic blood flow and
vessel diameters during administration of vessel stimulator in both diabetic and normal
mice. The results indicate the potential of OMAG to assess the blood supply of nerve

involved in the pathology and treatment of DPN.
4.1.2 Background

DPN is the most common complication of diabetes mellitus, affecting up to 60% of
diabetic patients [136]. Loss of sensation in the feet, the most frequent manifestation of
DPN, frequently leads to foot ulcers and may progress into amputation of the limb [137].
Despite a continuous increase in the incidence of diabetes mellitus and DPN, the
pathogenic basis underlying DPN has remained uncertain, and current treatments have
yet to effectively treat DPN [138]. It has been noted in multiple previous reports that
experimental DPN is characterized by reduced microcirculation in peripheral nerves
resulting from the decrease in blood flow through the vasa nervorum, the microvessels
that provide blood supply to peripheral nerves and thus the restoration of nerve blood
flow supply may mitigate neuropathy despite persistent diabetes [139].

* This work has been published in Journal of Innovative Optical Health Sciences.[Y.L. Jia, and
R.K. Wang, “Label-free 3D optical microangiography imaging of functional vasa nervorum and
peripheral microvascular tree in the hind limb of diabetic mice”, Journal of Innovative Optical
Health Sciences, 3(4), 307-313 (2010)]
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Accordingly, to investigate the association between the changes of blood flow in
the vasa nervorum and DPN, and to further evaluate the treatments on DPN by
administrating the factors increasing the nerve perfusion, a non-invasive technique for
assessing blood perfusion in vasa nervorum (visualizing and quantifying blood
circulation), would be of great value. Currently, the common research methods to study
the vascular supply of peripheral nerves in diabetic animal models are fluorescent
imaging of vascular architecture [140] and laser Doppler imaging of blood flow [141-
143]. Although they have made significant contributions to our understanding of vascular
pathology associated with DPN, their important limitations still remain. Fluorescent
imaging cannot provide dynamic images on same animals due to its invasiveness and
laser Doppler perfusion imaging only produces the relative values of blood flow and is
only valid for the perfusion on the tissue surface. In this letter, we demonstrate a potential

method for functional imaging blood perfusion of vasa nervorum in vivo.

OMAG [63] is a volumetric, label-free imaging technique that is recently
developed in our group for imaging dynamic blood perfusion. The imaging is achieved
by separating the signals backscattered by moving blood cells from those originated from
tissue microstructures. Because its imaging contrast is based on endogenous light
scattering from moving blood cells within biological tissue; thus, no exogenous contrast
agents are required for imaging. Its imaging depth is up to 2mm in biological tissue and,
Wang et al. recently demonstrated mouse brain imaging through both intact scalp and
skull [96]. This noninvasive feature is highly desirable for functional or chronic studies.
Its current spatial resolution (lateral resolution: 16um, axial resolution: 8um) allows to
resolve microcirculations and even capillaries. Combined with phase-resolved method,
now the second version of OMAG could extract flow velocities from flow signals and
produce the flow map and velocity map simultaneously [74]. In this letter, in an attempt
to show the potential of OMAG to visualize the dysfunctional microcirculation after DPN
and monitor the regulation on blood flow after treatments, we used OMAG to
noninvasively monitor the changes of blood flow in both diabetic and wide-type mice

with topical application to the skin of sensory stimulant chemical, menthol.
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4.1.3 Materials and Methods

4.1.3.1 Animal care

A total of 14 male mice (8 diabetic Ins2”¥"™* and 6 non-diabetic, wild-type littermates,
aged 16 to 24 months) were subjected to the OMAG. The animals originated from a
colony of Ins2Akita mice that was established and maintained at the OHSU Animal Care
Facility by mating heterozygous (C57BL/6-Ins2”"*'J) males (Jackson Laboratory strain
number 003548) to wild-type (C57BL/6-1ns2**/J) females.

4.1.3.2 OMAG in vivo imaging

The configuration and operating principles of OMAG system can be found elsewhere
[74]. Briefly, the system used in this study employed a broadband infrared
superluminescent diode with a central wavelength of 1.3 um. The spectral interferogram
formed by lights between the sample and reference arms was sent to a home built high-
speed spectrometer that employed a line scan infrared InGaAs detector to achieve an
imaging speed of 20 frames per second (fps) with 1000 A scans (axial scans) in each B
scan (lateral direction). The system has the imaging resolution of 16x16x8 pm? in the x-
y-z direction, and an imaging depth of ~3mm in air.

The experimental protocol was in compliance with the Federal guidelines for care
and handling of small rodents and approved by the Institutional Animal Care and Use
Committee. Before functional optical imaging, the right hind limb of mice was shaved
and depilated. In order to further improve the resolution of the images, a small patch was
excised to form a small (~3x3mm?) window over the subcutaneous tissues being imaged.
During the imaging, the animal was immobilized in a custom made stereotaxic stage and
was lightly anesthetized with isoflurane (0.2 L/min O 0.8 L/min air). The body
temperature was kept between 35.5-36.5 °C by use of a warming blanket, and monitored
by a rectal thermal probe throughout the experiment. Saphenous nerve, a representative
peripheral nerve, was chosen as imaging objective due to its superficial location and
positioned under the scanning probe. The imaging area was kept moist under a piece of

plastic foil. Before administrating sensory irritant, a control C scan (3D) and repeated B
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scan of one minute were acquired as baseline for future comparison. The imaging sites of
C san and B scan were shown by solid line box and dash line, respectively, in Fig. 1D.
Then a little cotton ball was dipped in 40% menthol ethonal solution and gently loaded
on the lower end of hind limb. Once menthol was administrated, B scan was initiated and
repeated for six minutes. Then final C scan recorded the perfusion with stimulation on the

same site as control. The total imaging acquisition time in this process was 8 minutes.

4.1.4 Results

4.1.4.1 Imaging of mouse nerve vessel anatomy and blood flow
The original raw data cube (spectral interferograms) was first processed frame by frame,

and then the resulted images, including structural, flow and velocity images, were
combined to produces 3D volumetric visualization of the scanned tissue volume. The
results for a typical limb tissue volume of 2.5x2.5x2.0 mm?® are given in Fig. 4. 1. Fig. 4.
1A is a volumetric visualization rendered by merging the micro-structural 3D image with
the corresponding 3D image of functional blood flows, where the precise location of
blood flow can be identified with the microstructures of the tissue. In this image, a cut
away view is utilized to show how the blood vessels are distributed in the tissue volume.
Fig. 4. 1B shows the volumetric network of blood vessels within the scanned tissue
volume, where the bundle of vessels indicated in a rectangle box was vasa nervorum
running longitudinally in the saphenous nerve and beside the femoral artery and vein. It
also can be noted that the longitudinal vessels in the epineurium are connected with one
another by transverse anastomoses pointed by white arrows. To show in detail the blood
vessel networks, the maximum projection approach was used to obtain x-y projection
network in Fig. 4. 1C, in which numerous strips caused by the heart beat were clearly
shown on the formal artery. The corresponding velocity information for the imaged blood
flows are shown in Fig. 4. 1E and 1F. The directional flow information was coded with
colors, where the green color means the blood moves toward the incident beam direction
and red color otherwise. In the light of this, the vessels of varying flow direction are

demonstrable within the microvascular architecture of the peripheral nerve.
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Previous studies [144] reported the individual vascular cord in vasa neuvorum
consists of nutrient arterioles, venules and capillary plexus. Although capillary plexus
cannot be clearly delineated in our OMAG flow and velocity images due to the close
positions between the arteriole and the venule, the cloudy flowing signals backscattered
from capillary are distributed in the single vessel cord indicated by an arrow. Here,
OMAG velocity images provide a potential tool to quantify blood perfusion within the

microcirculation tissue beds in vasa nervorum in vivo.

+6.5mm/s

e 8 -6.5mm/s

Figure 4.1 In vivo 3D OMAG imaging of the hind limb of mouse in the area covering
a part of saphenous nerve indicated by open box in (D). The volumetric visualization
was rendered by (A) merging the 3D micro-structural image with the 3D blood flow
image, (B) the 3D signals of blood flow in Vasa Nervorum and vessels around it, (E) the
corresponding image of velocities in 3D vascular network. (C) and (F) are the maximum
projection view (x-y) of (B) and (E). The green color in (E) and (F) represents the blood
moves towards the incident probe beam, and otherwise the red color.

Next, shown in Fig. 4.2 are the representative results from a single B scan (frame)
of a mouse hind limb, the position of which is indicated by the white dash line in Fig.
4.1F. Fig. 4.2A is the OMAG structural image, where the important histological
structures, including the formal artery and vein, the nerve bundle. Fig. 4.2B shows the
corresponding image of localized blood flow that permeates this cross-section in Fig.

4.2A. The flow velocity information along the light beam direction extracted from Fig.
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4.2B is given in Fig. 4.2C. As has been expected, the flow velocity in the
microcirculation at depth of ~1.5mm within the vasa nevorum is imaged by OMAG,
which is circled by dash line. As a comparison, in Fig. 4.2D, a cross-section of mouse
hind leg tissue immunostained is used to show the position of the blood vessel in the
vicinity of the saphenous nerve. Saphenous nerve and its branches detected with a myelin
basic protein antibody are shown in green. Femoral artery and vein detected with an
antibody to CD31 are the large blood vessels with the lumen outlined in red. The
endoneurial blood vessels belonging to the vasa nervorum of the saphenous nerve and the
blood vessels belonging to the vasa nervori of the nerve branches are pointed by white
arrows. A traditional H&E staining image in the left corner of Fig. 4.2D also shows the
location of saphenous nerve and artery, but the endoneurial blood vessels are not easily
distinguished.

Figure 4.2 Comparison between in vivo OMAG (B-scan) and histological imaging of
the Vasa Nervorum within peripheral nerve bundle of mice. Shown are the OMAG
structural image (A), corresponding OMAG flow image (B) and OMAG velocity image
(C), and histology images (D), respectively. N, nerve; A, artery; V, vein. Bars are 500um.
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4.1.4.2 Dynamic imaging of nerve blood flow stimulated by menthol

In addition to volumetric visualizing microcirculation within the vasa nevorum, the
OMAG system enables us, by noninvasive means, to quantitatively examine the dynamic
parameters of localized blood flow around or within nerve bundles, for example, the
inner diameter of the vessel and the localized flow velocity and blood flow rate. The
quantitative time courses of mean flow velocity with Doppler angle correction in the
representative arteriole with same size in both diabetic and wide-type mice before and
after the administration of sensory irritants, menthol, are presented in Fig. 4.3A and 3B,
respectively. The time point of stimulation is indicated by black arrows. It is noted that
before the administration of this vessel stimulator (baseline), the diabetic animal is easily
be distinguished from the wide-type one due to the lower blood flow velocity. After
topical application of 40% menthol to the skin at a location 3mm distal to the skin
window, the blood flow in single vessel of vasa nevorum was accelerated immediately
and reached the maximum value (~3.2mm/s) within a few minutes in diabetic mouse.
Whereas, the blood flow in wide-type mouse firstly dropped down to the eighty percent
of baseline which probably caused by the normal sensitivity of peripheral nerve to skin
cooling along with menthol ethanol solution and then continuously increase without
maximum within the imaging time range possibly due to the proper mechanical
properties of vessel walls. Compared to wide-type mouse, the vascular reaction on the
temperature change was retarded in diabetic mouse, and the time duration of response to

the stimulator was short, due to the vascular malfunction involved in the DPN.

Accompanying the increase of blood flow velocity, in both diabetic and wide-type
mice, the inner diameters of vessels are also increased by comparison of two OMAG
flow images between baseline and the end point (7th minute). An example from a diabetic
animal is presented in Fig. 4.3C and 3D. The vasodilation in vasa nevorum are clearly

indicated by white arrows in Fig. 4.3D.
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Figure 4.3 In vivo characterization of the dynamic fluctuation of blood flow velocity in
the representative arterioles of both diabetic (A) and wide-type (B) mice before and after
chemical stimulation. Vasodilation in vasa nevorum are also shown by comparing of 3D
OMAG between baseline (C) and end point of stimulation (D) in diabetic animal.

4.1.4.3 Evaporative skin cooling effect on nerve blood flow

Control experiment in a wild-type mouse revealed that the ethanol (95% v/v) vehicle
causes an immediate, transient reduction (~50%) in blood flow (Fig. 4.3). We tentatively
ascribe this blood flow reduction to a reflex response due to excitation of cold-sensitive
primary afferent neurons by evaporative cooling.

Shown in Figs. 44(A) & (B) are OMAG micro-structual image and
corresponding blood flow image. Clearly seen are the saphenous nerve, artery, vein. In
Figs. 4.4 (C) & (D), the baseline blood flow velocity and a transient reduction are seen
from vessel A and B, respectively, indicated by arrows in Fig. 4.4 (B) following
cutaneous administration of ethanol (at the time marked by the vertical arrow); Figs. 4.4
(E) & (F) are superior views of 3D blood flow image collected from baseline and after
15-min data collection. The blue arrows point to the blood vessels that comprise the vasa
nervorum of the saphenouse nerve which runs more or less parallel to the main artery and

vein.
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Figure 4.4 Transient reduction in blood flow evoked by topical application of
ethanol to the skin. (A) OMAG micro-structual image. Clearly seen are the saphenous
nerve (N), artery (A), vein (V); (B) corresponding blood flow image; (C)&(D) Baseline
blood flow velocity and a transient reduction seen from vessel A and B, respectively,
indicated by arrows in (B) following cutaneous administration of ethanol (at the time
marked by the vertical arrow); (E)&(F) are superior views of 3D blood flow image
collected from baseline and after 15-min data collection. The blue arrows point to the
blood vessels that comprise the vasa nervorum of the saphenouse nerve which runs more
or less parallel to the main artery (A) and vein (V).

4.1.5 Discussion

Our study showed that OMAG has the ability to visualize the 3D structure of blood
vessels in vivo and quantify blood flow in these blood vessels in a tissue volume of 2.5
mm by 2.5mm wide and up to 1.5 mm deep below the tissue surface. Axial resolution for
resolving flow dimension in OMAG is determined by the bandwidth of the light source
used (1310 nm). For the OMAG system employed in the present study the theoretical
resolution was ~8 um within the biological tissue (12 pm in air). Because capillaries in
the vasa nervorum have a somewhat larger size than the typical capillary diameter of
elsewhere in the body [145] this means that OMAG has the unique ability to image the
3-D structure of the vasa nervorum in its natural state in vivo with a resolution

approaching or equal to the capillary level while simultaneously measuring (in absolute
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units) the blood flows within the individual microvessels. By using OMAG we were able
to demonstrate that perfusion of hindlimb blood vessels, including those of the saphenous

nerve vasa nervorum, can be increased by sensory irritants applied to the skin.

OMAG can quantify blood flow within tissue non-invasively. OMAG produces
imaging contrast via endogenous light scattering from moving particles (e.g., flowing
blood cells within open vessels), thus no exogenous contrast agents are necessary.
OMAG is a real-time method capable of resolving 3-D distribution of dynamic blood
perfusion within the microcirculatory tissue beds at a high spatial (<10 um) and temporal
(0.1 s) resolution. The detailed functional architecture of the perfused microvascular
network can be revealed and the volumetric rheology and perfusion status of a nerve and
the surrounding tissue quantified in its native state. The present study using OMAG
provided unprecedented information regarding blood flows in the hindleg of the mouse,

including individual microvessels belonging to the vasa nervorum.

In this present study, interestingly, in the mouse cutaneous application of menthol
it caused a prolonged increase in perfusion of nearby tissue, sometimes preceded by a
transient decrease in blood flow. This transient blood flow decrease resembled that
evoked by the ethanol vehicle applied alone. We tentatively ascribe the initial reduction
in blood flow to a reflex vasoconstriction initiated by excitation of cold-sensitive primary
afferent neurons by evaporative cooling of skin. The subsequent increase in the blood
flows above baseline presumably was due to activation by the sensory irritants of either
an axon reflex [146] or a dorsal root reflex mechanism [147]. Because we did not
monitor systemic blood pressure we cannot exclude the possibility that the increases in
the blood flows were secondary to an increase in blood pressure in response to cutaneous
nociceptor stimulation by menthol. The immediate facilitation of microcirculation by
menthol (Fig.3) is puzzling because menthol needs time to diffuse through the skin. In
human skin there is a delay before topical application of menthol excites C fibers [148].
It is possible that menthol solution or vapor gained access to nerve fibers or blood vessels
without much delay by entering through the skin window and avoiding a major diffusion

barrier.

92



In this pilot study we demonstrated the feasibility of using OMAG for measuring
blood flow in hindlimb vasa nervorum in the mouse. We illustrated measurements
performed in both wild-type and Type 1 diabetic (Ins2Akita/+) mice. It should therefore
be possible to apply OMAG to the problem of diabetic peripheral neuropathy. Diabetic
neuropathy [149] is a common disorder involving a large proportion of diabetic patients,
yet its pathophysiology is controversial [147]. Despite many studies, the issue of
microvascular contribution to diabetic sensory neuropathy remains unresolved.
Measurements of nerve blood flow in both experimental and clinical diabetic neuropathy
yielded divergent results (some authors report early reduction in nerve blood flow, while
others find no change or an increase). Technical differences in the preparations and
flawed methodology most likely contributed to the discrepant results [150]. Studies of
nerve perfusion are challenging because nerve blood perfusion is provided by a complex
longitudinal network of the peri-, epi- and endoneurial blood vessels and their
anastomoses [151]. The ability of OMAG to simultaneously visualize and measure
blood flows in individual microvessels should prove a major advantage over the

traditional methods for nerve blood flow measurement.
4.1.6 Conclusion

In summary, we have successfully demonstrated the use of OMAG for in vivo 3D view of
microcirculation within vasa nervorum in peripheral nerve. By regulating the flow of
blood in the nerve, we also demonstrated OMAG is able to directly examining the
dynamic circulatory parameters. In the future, a simple combination of OMAG and
neurophysiological methods should permit evaluation of the degree to which is dependent
on the circulation in the nerve and enables determination of the effects of vascular-related

pharmacological inventions on DPN.
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Chapter 5

Conclusions

5.1 Summary

The main purpose of this thesis is to assess OMAG for imaging 3D blood flow within
microcirculatory tissue beds in vivo, so that this may be accepted as a standard imaging
modality for preclinical study on vascular diseases. Thus, in this work we established
four animal models which closely mimics cerebral and peripheral pathological conditions
observed in humans. We evaluated the utility of OMAG imaging and quantifying of
blood perfusion within microcirculatory tissue beds in vivo and then we assessed the
feasibility of OMAG for differentiating the vascular responses between vehicle and
treated animals or between healthy and diseased animals, in an attempt to facilitate the

application of OMAG on evaluating therapeutic effects.

To be specific, we firstly introduced the basic knowledge of cerebral and
peripheral blood flow, described the close relationships between these blood flow and the
tissues they perfused, and presented the important vascular diseases due to their

aberrations and describe the possible strategies for their restoration.

We provided an overview of the vascular imaging methods for preclinical purpose
and then introduced the system used in this study, OMAG. We described the basic
principles of OMAG and reported its validation results for quantification of blood flow in
vitro or in vivo. We also briefly described the recent generations of OMAG: DOMAG
and UHS-OMAG.

We detailed three cerebral experiments using OMAG and quantification methods
developed. In trauma experiment, we demonstrated OMAG can monitor in vivo post-

traumatic revascularization and evaluate agents that promote this process by quantifying
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the restored blood volume in injury site. In stroke experiment, we demonstrated OMAG
can in vivo evaluate the vascular response during intra-ischemic period by visualizing
and quantifying residual blood volume and real time track neovascularization in the post-
ischemic period by longitudinally imaging and measuring vessel density. In meningeal
thrombosis experiment, we found UHS-OMAG method is able to dynamically visualize
meningeal microcirculation decoupled from the cortical blood flow and chronically
measure blood velocity, vessel diameter, flow rate and blood volume during thrombotic
event. Then we examined OMAG in one peripheral experiment. OMAG was utilized to
characterize blood perfusion of peripheral nerve in diabetic mice. The results indicate the
potential of OMAG for assessing the blood supply of nerve involved in the pathology and
evaluating the treatment of peripheral diabetic neuropathy.

Therefore, the major contribution of this work are (1) the establishment of
experimental ground work for applying OMAG in the animal models studied and
corresponding biological tissues, (2) the discovery of the characteristics of vascular
development in animal models explored and the effects of interested agents which

promote tissue perfusion restoration.

5.2 Future work

In our preliminary work, the ultra-high sensitive OMAG was tested to image
meningeal microvessels in mice [78]. The UHS-OMAG is the most recently developed
OMAG imaging technique that has improved flow sensitivity (~4 microns per second) to
blood flow. With such high sensitivity to the blood flow, UHS-OMAG is capable of
imaging the slow circulations, particularly those from capillary blood vessels. More
important, because cerebral blood flow under pathophysiologic conditions is sometimes
very slow, it would be beneficial to systematically test whether UHS-OMAG is useful in
imaging the cerebral blood flow responses to local injuries presented in the current

cerebral disease models, such as trauma and stroke.
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Although UHS-OMAG is good for detecting the blood cell movements within
capillary vessels, the size of capillary is about 5-8 microns in average. However, the axial
imaging resolution of our current system was ~10 microns. This leads to a blurred
appearance of the capillaries that are imaged by the system. Therefore, a useful effort
should be paid to increase the system axial imaging resolution, so that the capillary
vessels are imaged with increased accuracy. In this way, we would be able to provide
more precise quantitative information as to how capillary beds respond to the local
injuries. The limited axial resolution was determined by the light source used in the
system, which typically has a bandwidth of 60 nm. To increase the axial resolution, a
light source with a spectral bandwidth wider than 60 nm would be needed. Recently,
supercontinuum light source has been reported to have a spectral bandwidth of more than
200 nm. If this light source can be employed to illuminate our OMAG system, then the
axial resolution can be improved to ~ 2 microns, sufficient to provide a sharp image of
capillary blood flow within tissue beds. Consequently, it would be worthwhile to explore
the use of supercontinuum light source in the OMAG imaging system in order to
visualize healing-associated neovascularization with more comprehensive details in

trauma and stroke models.

Perhaps the most exciting and challenging prospects for OMAG is associated with
mapping the oxygenation status of blood perfusion by combining with spectroscopic
technique, which relies on the different molar extinction coefficients between the
oxygenated and de- oxygenated hemoglobin in the near-infrared region at 800 nm
wavelength band [152]. To this end, our group is currently working on constructing a
functional spectroscopic OMAG to image oxygen saturation in blood vessels. This
instrument is intended to be utilized in trauma and stroke models for providing the
simultaneous, quantitative assessment of cerebral perfusion and oxygen consumption

within a scanned tissue volume non-invasively and without the use of labeling techniques.

Another further improvement in OMAG to be anticipated is its imaging speed,
considering its application on drug discovery. Although this work demonstrated OMAG

non-invasive imaging cerebral perfusion in stroke model over an extended period of time,
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unfortunately it performed only at a few time points during this period. We still envision
using super speed camera to increase the temporal resolution of OMAG in hopes of
further enhancing its automated imaging speed. If this critical issue is resolved, we could
explore in real time the effects of stroke-limiting treatments, such as tissue-type
plasminogen activator (tPA), which is an approved treatment by FDA [153]. Real-time
imaging may allow us to control the experiment more precisely and provides us with

more reliable information as to the evaluation of the efficacy of the treatments.

In addition to the advances that are being made in OMAG technique for
investigating abnormal cerebral perfusion, we also need to optimize the animal models
used in this work for future robust application in preclinical studies. For example, the
trauma model we used in this work is a penetrating brain injury model for easy handling
and rapid localizing new vessels. Another type of injury commonly used in literature is
closed brain injury with diffuse effect [154]. By comparing OMAG’s performance in
traumatic brain injury with different features, we can limit or extend its applications in

the field of trauma.
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