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Abstract

The dynamics of the cellular and molecular constituents of the circulatory system are regulated by
the biophysical properties of the heart, vasculature and blood cells and proteins. In this review, we
discuss measurement techniques that have been developed to characterize the physical and
mechanical parameters of the circulatory system across length scales ranging from the tissue scale
(centimeter) to the molecular scale (nanometer) and time scales of years to milliseconds. We
compare the utility of measurement techniques as a function of spatial resolution and penetration
depth from both a diagnostic and research perspective. Together, this review provides an overview
of the utility of measurement science techniques to study the spatial systems of the circulatory
system in health and disease.

Introduction

Novel tools and measurement techniques with varying degrees of sensitivity and resolution
have been extensively used to define the physical parameters of the circulatory system
during homeostasis and in the pathological state. These tools have been implemented both in
vivo and ex vivo with resolution ranging between nanometers and centimeters (Figure 1). In
this review, we discuss the utilization of measurement science techniques to define the
dynamical role of the cellular and molecular constituents of the circulatory system in
regulating organ physiology. We divided the study of the circulatory system into three
levels; organs, vessels, and cells. We start out by describing the physical and mechanical
characteristics of the circulatory system in health, and where appropriate, how these
parameters change in a pathological setting. We then discuss measurement tools that have
been used to study each component of the circulatory system at various levels of resolution.
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This review article was a collaborative effort by the members of the Cardiovascular
Working Group at the Oregon Health & Science University. The tools and measurement
techniques that were included were in part based on the expertise of the members of the
working group, are thus are not inclusive of all the techniques available to the field.

Part I: Organ Physiology and Measurement Tools

1.1. Heart Function

The heart is the central organ of the cardiovascular system. Normal heart function is
partially dependent on proper spatial and temporal electrical conduction. The heartbeat is
initiated by the firing of Purkinje cells in the sino-atrial node (1). Electrical impulses are
propagated through the Purkinje fibers to the atrio-ventricular node, which subsequently
travel through the ventricles of the heart. Cardiac myocytes, which receive signals from both
Purkinje fibers and adjacent myocytes, respond to depolarization by contracting in sequence
to propel blood out of the atrium to the ventricle and into circulation. Heart rate, force of
contraction, and speed of repolarization are modulated by neurotransmitter release from
sympathetic and parasympathetic nerves that innervate the atria and ventricles (2). An
electrocardiogram (ECG) measures heart rate and provides visualization of electrical
impulse conduction through the heart. Normal adult human heart rates range from 60-100
beats per minute. Heart rates outside this range may be indicative of any number of
pathological conditions, including but not limited to heart failure, myocardial infarction,
sepsis, or peripheral vascular abnormalities (3).

Normal blood pressure in humans is considered to be between 100/60 and 120/80 (systolic/
diastolic pressure). Blood pressures between 120/80 and 130/90 are categorized as
prehypertensive, while blood pressures over 130/90 are categorized as hypertensive. Stroke
volume, or the amount of blood pumped from the ventricle with each beat, varies
considerably from person to person. Normal stroke volumes range between 55 and 100 mL,
with men generally having higher stroke volumes than women. Stroke volumes below 55
mL are indicative of heart failure, while stroke volumes over 100 mL may be indicative of
intense and prolonged exercise training (4). A myocardial infarction (MI) occurs when an
artery that supplies blood to the heart muscle becomes occluded, either by a blood clot or an
arterial plaque. Following a myocardial infarction, the myocardium undergoes significant
remodeling, often with pathological consequences, regardless of whether or not the occluded
vessel is reperfused. Post-MI remodeling can include fibrosis of heart tissue, infarct
expansion, ventricular dilation and wall thinning, and dispersion of repolarization (5). All of
these outcomes, alone or in combination, contribute to mortality following MI by increasing
the chances of ventricular rupture, heart failure, fatal arrhythmias or sudden cardiac death.

1.2. Measurement Tools

Heart structure and function in both normal and pathological conditions are routinely
examined using a variety of imaging modalities in both research and diagnostic settings (6).
In this section of the review, we will discuss the following measurement tools: ECG,
ultrasound (US) imaging, X-ray computed tomography (CT) imaging, positron emission
tomography (PET) imaging, and magnetic resonance imaging (MRI).

1.2.1. Electrocardiography—ECG is perhaps the least expensive and simplest of the
methods used to detect heart abnormalities associated with MI, pulmonary embolism, heart
murmurs, dysrhythmias, seizures and syncope (7). Electrodes placed on the patient’s body
measure the electrical signals produced by the heart during each cardiac cycle. While the
placement and number of electrodes used may vary depending on application, generally 12
electrodes are used during an ECG exam. Additional electrodes may be added, thus
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increasing coverage of the heart and improving the ability to detect MI. The result is a graph
(“lead”) that traces the cardiac cycle and allows for identification of electrical abnormalities.
The trace of a single cycle is split into segments based on peaks and valleys. Irregularities in
specific segments of the cardiac cycle correspond to injury in specific areas of the heart and
can thus indicate the exact nature of the damage. For instance, ST-segment elevation is a
hallmark irregularity indicative of MI (8). While indispensable as a first-look and early-
diagnosis tool, ECG is not capable of monitoring blood flow or cardiac pumping ability, and
thus injury to some regions of the heart can be missed. Further, ECG is a hon-imaging
modality, thus is of limited utility in assessment of structural abnormalities.

1.2.2. Ultrasound Imaging—Ultrasound is used as a noninvasive diagnostic tool to
assess structure and function within the cardiovascular system. Echocardiography
(commonly referred to as ‘echo’) uses ultrasound to characterize cardiac structure and
function. This technique utilizes a transducer that is held against the skin and emits
ultrasound waves that travel through blood and soft tissue. The ultrasound waves scatter and
bounce back when they encounter dense tissue. The deflected ultrasound waves are collected
by the transducer and digitized to a real-time image to reveal structural information. Denser
tissues will deflect more ultrasound and will be represented on the image with a brighter
pixel. Echocardiography can be used to construct planar images of the heart, 3D volumes,
and when used in conjunction with Doppler, measure flow patterns in the heart.
Echocardiography is often used to measure cardiac volumes, monitor wall motion, evaluate
valve and intracardiac masses, and identify structural defects (9). These measurements use
ultrasound frequency ranges between 2 and 18 MHz, with the standard 10 MHz instrument
resulting in a longitudinal resolution of 150 pm at a frame rate between 15 and 40 frames per
second, thus allowing for detection of movement. Higher frequencies result in increased
spatial resolution; however, the depth of penetration decreases with higher frequencies.
Doppler ultrasound is a type of ultrasound imaging that reveals information on the flow of
blood within the chambers of the heart. During Doppler ultrasound imaging, ultrasound
waves strike moving blood cells and are reflected back to the transducer. The frequency of
the returning wave is modulated by the direction and velocity of blood flow according to the
Doppler Effect. This information can be displayed graphically with spectral Doppler or,
more commonly in medical applications, as a color image with a gradient color map
corresponding to blood flow rate.

1.2.3. X-ray Computed Tomography and Positron Emission Tomography—CT
imaging produces a 3D anatomical image using x-ray images and advanced computation
(10). The temporal resolution of CT is between 100-300 ms; total scan times vary based on
the use of contrast agent and the number of scans performed. The spatial resolution of CT is
1-5 mm (comparable to MRI, yet with slightly lower resolution); the spatial resolution of
PET is between 1-5 cm. 3D volumes are comprised of individual slices that are acquired in
the axial plane; processing techniques often can re-slice volumes in a number of orientations
depending on actual acquisition details. Computed tomography angiography specifically
measures blood flow rate and is used to image coronary artery anatomy, often detecting non-
obstructive atherosclerotic plaques even before a level of hemodynamic significance is
reached.

PET is a nuclear medical imaging technique. A positron-emitting radionuclide tracer
(generally administered intravenously or via inhalation) indirectly emits gamma rays that are
subsequently detected in pairs to create a 3D image. The kinetic energy of the positron and
the spatial resolution of each of the detectors limit the spatial resolution of PET imaging in
humans to 1-2 mm. Because the tracer is attached to a biologically active molecule, PET
images represent a biological (often metabolic) process within the body. In order to generate
anatomical images, PET must be used in combination with MRI or CT because the tracer is
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the signal molecule. Most modern scanners acquire CT and PET images in the same session
— PET for (metabolic) functional imaging and CT for anatomical and morphological
imaging. PET data is then overlaid on the CT data to ascertain the functional significance
via metabolic rate in the location of interest. While 18F-fluorodeoxyglucose is the most
prolific radiotracer in PET examinations, a wide variety of tracers have been developed to
detect unstable atherosclerotic plagues and to measure myocardial perfusion and
metabolism. Though not currently available commercially, development of PET-MRI
scanners is an active and promising area of research (11).

PET is regarded as the gold standard technique for non-invasively quantifying myocardial
blood flow and has been well validated in animal models of heart function following both
reperfused and non-reperfused myocardial infarction (12), as well as in humans at rest and
during hyperemia induced by bipyridamole stress (13). Quantification of myocardial blood
flow and perfusion is essential in assessing myocardial infarction.

1.2.4. Magnetic Resonance Imaging—Cardiac MRI assesses both structural and
functional features within a single examination. MRI is used to generate high-resolution 3D
anatomical images to measure heart (and vessel) wall thickness in both healthy and diseased
tissues. Single images can be acquired on the order of 20-200 ms. Acquisition of all desired
images in a study generally requires ~30 mins. This non-invasive method can be used to
measure wall thickening or atrophy due to disease as well as structure changes following
treatment (6). Measurement of absolute tissue water-proton (1H) longitudinal relaxation
times (T1, relaxation time in seconds) enables identification of acute myocardial infarction.
Parametric maps produced by voxel-by-voxel fitting of T1 (or Ry (=1/T1)) provides a tool to
measure the extent and location of the infarct. Exogenous, non-irradiating contrast reagents
provide a tool for physicians to study the structure and integrity of the vasculature based
upon pharmacokinetic modeling of permeability (14). Contrast-enhanced MRI can detect
more morphological details than standard MRI, with the expected detection limits around
0.3 cm? (2 x 2 pixels) and 0.5 cm? (3 x 4 pixels), respectively. Gadolinium-based contrast
reagents administered intravenously are known to transiently extravasate from the blood into
the interstitium. Pharmacokinetic modeling of the extravasation rate quantitatively measures
vessel permeability (15-18). Further, uptake of contrast reagents into tissue is indicative of
deleterious processes such as scarring, infarct, or necrosis. Recent studies have shown that
measuring MRI signal enhancement in the heart following cardiac infarct allows for
prediction of tissue viability and overall capacity for recovery. Cine imaging, where ECG is
utilized to trigger the collection of a series of segmented images, is widely used clinically to
observe heart function throughout the entire cardiac cycle (19). Post-processing and
advanced modeling techniques quantitatively measure such diagnostically relevant
properties including flow, valve ejection rate, strain rates, and ventricular volume. Cardiac
MRI has also shown promise as an alternative to PET for quantifying myocardial blood flow
and perfusion, which is of both diagnostic and prognostic importance when treating
myocardial infarction.

Part Il: Vessel Physiology and Measurement Tools

2.1. Blood Vessel Physiology

The human vascular system facilitates the transfer of nutrients and metabolites throughout
the entire body. A 70 kg man has approximately five liters of blood and a total vascular
surface area of 30—70 m2 depending on the subject’s current activity level (20). Blood flow
is driven by a pressure gradient which, in a healthy individual’s systemic circulation, pulses
between 80-120 mmHg in the arteries and is near zero in the right atrium. A large drop in
pressure occurs in the arterioles, vessels 20-80 um in diameter, which are the next set of
smaller blood vessels stemming from arteries, which are 0.1-3 cm in diameter. The diameter

Cell Mol Bioeng. Author manuscript; available in PMC 2015 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jones et al.

Page 5

of an arteriole is largely dictated by the extent of arteriolar smooth muscle contraction,
which is regulated by a number of local and circulating factors. Changes in arteriolar
diameter regulates vessel resistance and the corresponding flow rate through the vessel (21).
Although blood flow is typically unidirectional and laminar, vascular branching and
atherosclerotic plaques can result in flow separation and recirculation.

2.1.1. Endothelial Cell Physiology—The luminal surface of blood vessels is lined with
a confluent monolayer of endothelial cells (ECs). As the interface between the blood and
other organs, ECs integrate multiple physical and biochemical cues to regulate platelet
adhesion and activation, leukocyte adhesion and transmigration, vascular permeability,
vascular tone, and angiogenesis (22, 23). ECs locally mediate these processes through both
membrane-bound factors, such as tissue factor, thrombomodulin, and E-selectin, as well as
secreted factors, such as nitric oxide and prostacyclin (24). A major determinant of the EC
phenotype is the local hemodynamic environment. Wall shear stress resulting from blood
flow through the vessel initiates EC cytoskeletal remodeling and causes cellular elongation
and alignment in the direction of flow (25). ECs respond to unidirectional, laminar flow by
producing numerous factors which inhibit blood platelet recruitment and activation, intimal
proliferation and leukocyte adhesion. Conversely, disturbed flow conditions which yield a
low average wall shear stress promote EC dysfunction and facilitate the early stages of
atherogenesis including leukocyte adhesion and transmigration into the sub-endothelial
space (26). Tools that measure blood flow and characterize regions of disturbed flow can be
used to identify vascular locations prone to atherosclerosis, as the connection between
atherosclerotic plaque localization and regions of disturbed blood flow has been repeatedly
demonstrated.

2.1.2. Atherosclerosis—As atherosclerosis progresses, fatty plagues develop that
partially occlude the vessel immediately downstream of the lesion. This flow disturbance
reduces the wall shear stress, inducing endothelium-dependent vascular remodeling
consisting of intima-media thickening and reduced vessel diameter (27). The development
of fatty plaques and intima-media thickening also alters the mechanical properties of blood
vessels, resulting in increased cardiovascular morbidity and mortality risk. Additionally,
plaques in regions of low wall shear stress progress to have more necrotic cores and fibrous
tissue, suggesting an increased risk of plaque rupture (28). Measurement tools that enable
the quantification of the physical properties of blood vessels and blood flow have been
developed in order to provide information on the risk and progression of atherosclerosis.

2.2. Measurement Tools

Tools that measure the physical properties of blood vessels and blood flow have been
employed to study and monitor the progression of vascular pathologies. In addition,
mathematical models have been developed to predict the physical parameters of the
vasculature, such as wall shear stresses and micro pressures, which would otherwise be
difficult to acquire experimentally in vitro or in vivo (29). When combined with powerful
numerical techniques, such as finite element analysis (FEA), these mathematical models
have been employed to improve, for instance, the assessment for the risk of rupture of an
abdominal aortic aneurysm (AAA) (30). These tools and models will be reviewed in more
depth below.

2.2.1. Angiography—Angiography of the blood vessels is routinely performed to identify
areas of stenosis, narrowing or blockages of normal blood flow (31). This procedure relies
on the insertion of a catheter into the femoral artery or vein for investigation of the arterial
or venous system, respectively. The catheter is then used for delivery of a radio-opaque
contrast agent that rapidly mixes with blood at the injection site. At the time of contrast
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injection, a series of X-rays of the relevant location is performed to capture both still frames
and movies for the measurement of lumen diameter and blood flow through the vessels. In
the peripheral cardiovascular system, digital subtraction angiography is often employed
where a background X-ray of the bones and tissue at the injection site is subtracted from the
total X-ray image, giving an image of the contrast alone (32). Digital subtraction
angiography requires the acquisition of images at a rate of 2—-3 frames per second for the
quantification of blood flow through the vessels, and is limited to detection of the lumen of
the vessels, albeit with good spatial resolution (0.3-0.4 mm); yet, angiography cannot
provide information about vessel wall thickness or tissue structure.

2.2.2. Ultrasound Imaging—Diagnostic external ultrasound imaging is one of the non-
invasive measurement tools for the investigation of blood vessel diameter and wall
thickness. Doppler ultrasound allows for the measurement of the physical parameters of
blood flow including blood flow rate, areas of disturbed flow, and valvular regurgitation
(33). Intravascular ultrasound employs the same general technique as utilized by external
ultrasound whereby a miniature transducer is located at the end of a catheter to produce
images of vessel structure from within the cardiovascular system, eliminating scatter by
other tissues and depth penetration issues. The spatial resolution of intravascular ultrasound
(using a standard 20 to 40 MHz transducer) is 100 um axially, and 200-250 pm laterally
(34). Intravascular ultrasound provides information about vessel narrowing, plaque size and
composition, as well as valve functionality (35).

2.2.3. Contrast Enhanced Ultrasound—The coupled use of microbubbles with
ultrasound allows for non-invasive imaging of the cardiovascular system (36). Microbubbles
consist of a shell composed of proteins, lipids, or polymers and a gas core consisting of air,
nitrogen, or heavy gas such as perfluorocarbons. The microbubbles compress and oscillate
when exposed to an ultrasound frequency field in a manner unique from the surrounding
blood and tissue which allows for a strong signal in the vessel lumen. Microbubbles are
especially useful when investigating blood flow in small diameter vessels including capillary
beds, and allows for the extension of Doppler-based techniques below the lower limit of
blood flow (<1cm/sec). Additionally, microbubbles are being investigated for their
therapeutic use in the molecular imaging of thrombus formation (37) and thrombolysis (38).
Microbubbles can be targeted to a clot, where they can be burst by applying a short exposure
to high-power ultrasound; the force of the bursting bubbles can break up the clot and help
resume flow within the vessel (39).

2.2.4. Optical Coherence Tomography (OCT)—OCT is an echo-based imaging
modality that measures light using low coherence interferometry (40). This imaging
modality is a high resolution (2—-20 um), high speed (1ns to as fast as 30 fs for 10 ym
resolution), non-invasive tomographic imaging technique that allows 3D imaging of the
cardiovascular system in animal model systems with transparent tissue such as tadpoles,
zebrafish, mouse and embryonic chick hearts (41). OCT allows the measurement of both
blood flow and velocity, with exquisite spatial and temporal resolution, making it an ideal
imaging modality for the study of heart development in embryonic hearts (42). OCT
imaging of the human vasculature is limited to the utility of intravascular OCT, where an
OCT core is located at the distal tip of a catheter. As red blood cells scatter the OCT signal,
blood needs to be temporarily cleared by an injection of x-ray contrast medium throughout
the duration of the OCT pullback to give information about the vessel wall microstructure
with very fine resolution (~10 um). Intravascular OCT can provide information about lumen
size, wall thickness, plaque size and composition with higher resolution than intravascular
ultrasound.
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2.2.5 Flow-sensitive 4D-Magnetic Resonance Imaging (4D-MRI—Also known as
magnetic resonance velocimetry, flow-sensitive four-dimensional (4D)-MRI allows for
analysis of blood flow parameters and measurement of structural blood vessel features, such
as vessel diameters (43). Spatial resolution for these volumes are on the order 2 mm3 with
40 ms scans, allowing for scans of large vessels on the order of 10-20 minutes for detailed
flow and volume information. In 4D-MRI, there is no need for optical access, special flow
markers, or exogenous contrast enhancing. Blood flow velocities can be measured along
single lines, in planes, or in full 3D volumes (albeit with sub-millimeter resolution). Higher
order flow patterns such as helical flow or vortex can also be imaged and analyzed. Data
analysis is required for reduction of background noise, antialiasing, and eddy current
correction. After analysis, vectorial wall shear stress and oscillatory shear index can be
calculated.

2.2.6.1 Bright Field Microscopy—The use of optical microscopy is ubiquitous in the
investigation of cellular organisms. One powerful tool available to vascular biologists that
takes advantage of multiple microscopy techniques is ex vivo isolated vessel preparation
(44).

In this technique, a vessel is dissected away from its resident tissue and cannulated in a bath
chamber in order to study blood vessel dynamics. This technique has been used to study
vessels in many vascular beds including the brain (45), heart (46), and gut (47) with vessels
ranging in size from 12 um microvessels (47) to 200 um arteries (45). In addition to having
pharmacological access to the intra-luminal space of the blood vessel, there is also semi-
restricted access to the extra-luminal space through the bath solution. While one of the
strengths of this technique is that it allows the study of vascular reactivity within intact
blood vessels, the cell-specific roles of blood vessels can also be teased apart through the
selective removal of parts of the blood vessel such as the endothelial lining. Coupled to
wide-field bright field microscopy, this technique allows for the non-invasive quantification
of dynamic changes in blood vessel diameter with optical calipers in response to various
stimuli including changes in pressure, flow, or chemotatic gradients.

2.2.6.2 Fluorescence Microscopy—~Fluorescence microscopy is one of the most widely
used research tools for modern cell biology. Through the use of highly specific fluorescent
labeling techniques such as immunocytochemistry, in situ hybridization, or fluorescent
protein tags, the spatial distribution and dynamics of proteins, subcellular structures or
genomic sequences of interest can be analyzed in chemically fixed or living samples.
Furthermore, the advent of fluorescent calcium indicators (48) and membrane potential dyes
(49) has made it possible to utilize fluorescent microscopy techniques to study questions that
once were only measureable though electrophysiology. Moreover, these fluorescent
indicators are less invasive than electrophysiology techniques and allow for greater spatial
resolution. Paired with genetically engineered animals that have tissue-specific fluorescent
reporters, co-localization analysis can provide cell-specific identification of labeling events
(50).

2.2.7. Mathematical Modeling and Abdominal Aortic Aneurysms—Mathematical
modeling is an effectual, cost-effective tool that provides investigators with opportunities to:
i) explore novel avenues for addressing a research question; ii) build a fundamental
understanding of the problem being studied; and iii) narrow knowledge gaps. When applied
with numerical methods, such as finite element analysis (FEA), mathematical models
provide important insight about a design’s competency and stability. In the case of AAAs,
for example, FEA and mathematical models are used to compute vascular wall stresses
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(forces per unit area). The stresses are subsequently employed to assess the risks of rupture
of AAAs (30).

To model and solve an AAA biomechanical problem, a patient’s AAA geometry must first
be acquired from medical images, such as CT and MRI. This is achieved by using image
segmentation algorithms that extract the outer wall and lumen contours from the cross-
sectional images. Computationally, the contours are stacked to reconstruct the aneurismal
geometry in the form of a mesh, which is subsequently imported to a finite element program.
To properly simulate the physical structure and environment of the aneurysm, knowledge of
the aortic tissue’s material mechanical properties (e.g. tensile and compressive strengths and
measures of stiffness), vascular loads, and boundary conditions are indispensable (51).
Methods for the acquisition of material properties are discussed further in Section 2.2.8. The
intraluminal loads applied to the model walls are the brachial systolic and diastolic blood
pressures measured at the time of the initial CT scan is taken. The typical boundaries
imposed on the model include fixing the ends of mesh to simulate the connection of the
AAA to the surrounding aorta. Once pertinent information is inputted into FEA software, the
finite element program numerically solves a complex set of partial differential equations
over the intricate AAA continuum by: i) dividing the complex aneurysmal geometry into
discrete, smaller domains; and ii) simplifying the partial differential equations into algebraic
equations involving a finite number of parameters within the smaller domains. From these
computations, important physical measures, such as the extent of a model’s deformation in
response to the applied loads and the wall stresses, are obtained. One limitation of
mathematical models is their sensitivity to the input parameters and set-up. If minimal care
is placed in choosing the appropriate boundary conditions, for example, the models will
yield incorrect wall stress results or solutions may fail to converge.

2.2.8. Tissue Material Properties and Tensile Testing—Conventionally, the
physical parameters used in the modeling of a patient’s AAA are not patient-specific; rather,
they are derived from tensile testing measurements performed on tissues obtained from a
population of cadavers or patients undergoing elective repair (52). For uniaxial tensile
testing of aortic tissue, the specimen is secured on brackets that move in opposite directions.
As the tissue is stretched, a tension load cell placed on one end of the brackets converts the
imposed load into an analog electrical signal. An analog-to-digital device subsequently
digitizes the signal. The tension forces and the change in specimen length are recorded
throughout the experiment. The tissue is stretched until failure to also acquire the failure
tension, which is a good indicator of a tissue’s vulnerability. Because the specimen in
uniaxial tensile testing is extended in one dimension, knowledge gained about the failure
tensions is limited to the tested direction. In contrast, biaxial tensile testing, which measures
an AAA tissue’s tension forces in the circumferential and longitudinal directions, may
provide a more complete assessment of a tissue’s wall mechanics and an opportunity for
modeling AAA tissue more accurately (53).

2.2.9. Tissue Elasticity Imaging—Employing tensile testing measurements for the
acquisition of patient-specific aneurismal material properties is not feasible due to its
invasive protocol. Tissue elasticity imaging has been employed to non-invasively determine
these material properties for the liver, kidney and heart, but its potential use for the
characterization of patient-specific AAA material properties needs further assessment. In
static elastography, a more common form of elastographic imaging, a tissue is externally
compressed with a transducer and the pre- and post-compression imaging line pair data are
subsequently acquired. A cross-correlation analysis is performed on the compression line
pair data in order to compute a strain field. The applied stress is assumed to be a function of
the ratio of the circular compressor radius and the axial distance between the compressor
and the point of interest within the tissue (54). Using the strain and stress, the tissue elastic
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modulus, a measure of stiffness, can be calculated. One limitation of elastography is its
sensitivity to small motions, which can affect the cross-correlation analysis resulting in a
probable erroneous strain field. Addressing the limitations in system stability can aid in
improving elastography as a medical application. If elastography can be employed to assess
AAA patient-specific properties, the acquired information may be instrumental in not only
evaluating the strength of a patient’s AAA but also in improving the accuracy of wall stress
computations and the assessment of aneurismal rupture risk.

3. Blood Cell Physiology and Measurement Tools

3.1. Introduction and Background

Blood is an essential constituent of the circulatory system and is responsible for body
temperature control, coagulation, pH regulation, oxygen and nutrient distribution to tissues,
and removal of waste products from tissues. Blood is primarily composed of blood cells
suspended in an aqueous solution of plasma. The three main types of blood cells are red
blood cells (RBCs), white blood cells and platelets. Plasma is composed of water, plasma
proteins, dissolved nutrients, and waste products. The average adult blood volume is about 5
L and has an average density of 1060 kg/m?3 (55).

3.1.1. Red Blood Cells—As the most abundant cell type in the blood, red blood cells
(RBCs), or erythrocytes, compose approximately 99% of all blood cells at a concentration of
4.7 t0 6.1 million cells/uL in humans (56). They are produced daily at a rate of 2.56 x 10°
cells/kg, and have a life span of about 120 days in the circulation. RBCs play a critical role
transporting oxygen from the lungs to other tissues in the body via the circulatory system.
RBCs utilize hemoglobin to fix and transport oxygen and carbon dioxide in the blood. An
individual molecule of hemoglobin can bind up to four molecules of oxygen and effectively
transport 97% of the available oxygen to tissues (57). Hemoglobin is also responsible for the
red color of erythrocytes, yielding light absorption peaks at the 275nm and 417nm
wavelengths (58).

Human RBCs are anucleated cells that possess a biconcave disk shape with a diameter of 5.5
to 8.8 um and a thickness of 2 um at the periphery and 1 um at the narrowest point (center).
Their surface area is approximately 120 pm?2 and their volume is approximately 85 to 90
um3. They have a cytoskeletal structure formed by spectrin, a flexible rod-like molecule that
maintains its shape, and a membrane that is composed of 40% lipid bilayer, 52% proteins,
and 8% carbohydrates. Some of the most important physical features of RBCs are their high
elasticity and deformability. The elastic shear modulus for RBCs at 25°C is approximately
6.8 UN/m, as measured by micropipette aspiration, while the membrane shear modulus is
approximately 20 uN/m, and the area compressibility modulus is approximately 7.5 + 2.5
UN/m. The physical parameters of RBCs allow them to circulate through the
reticuloendothelial system through capillaries as small as 3 pm in diameter.

Several pathological disorders are associated with alterations in the physical parameters of
RBCs. In the case of sickle cell anemia, mutations in hemoglobin result in the
polymerization of hemoglobin S and subsquent distortion of the RBC morphology,
including increasing the effective shear modulus of RBCs by two to three fold (59). Other
hemoglobinopathies include hemoglobin C disease, hemoglobin S-C disease, and various
types of thalassemia (60).

3.1.2. White Blood Cells—White blood cells, or leukocytes, which make about 1% of
total blood cells, are cells of the immune system that combat infection and defend the body
against foreign materials. They are grouped into three major types: granulocytes, monocytes,
and lymphocytes. Granulocytes contain densely staining granules in their cytoplasm and are
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classified into three types: neutrophils, which make up about 5 x 109 cells/L (61),
eosinophils, which comprise about 4 x 107 cells/L (62), and basophils, which make up about
4 x 107 cells/L of human blood (63). Human neutrophils, at a diameter of 10-12 pm, are the
most common type of granulocytes, and are produced at a rate of 2 x 1011 cells per day.
They transit in the blood for approximately 5 to 7 days, during which time they constantly
survey for microorganisms such as bacteria. Neutrophils target and destroy pathogens by a
process termed phagocytosis, whereby bacteria are engulfed and trafficked to intracellular
vesicles, where they are destroyed using degradative enzymes stored in cytoplasmic
granules. As a result, neutrophils play a key role in the host innate immunity against
bacterial infection. Basophils, which are 12-15 um in diameter and eosinophils, which are
10-12 um in diameter, are both involved in allergic inflammatory reactions. Basophils
secrete histamine to help mediate inflammatory reactions, while eosinophils destroy
parasites and modulate allergic inflammatory responses (64). Monocytes, which are 7-9 um
in diameter and present in the blood at a concentration of 4x108 cells/L (65), mature into
macrophages upon leaving the bloodstream, and share the responsibility with neutrophils of
being the main phagocytic members in the body (66). In addition, during their 25 hr transit
in the blood, monocytes also replenish the body’s supply of dendritic cells, which specialize
in presenting antigens to lymphocytes to trigger an adaptive immune response.
Lymphocytes, which transit in blood for approximately 200 days, are divided into two
classes that are both involved in immune responses: B-cells, which are primarily responsible
for making antibodies, and T-cells, which kill virus-infected cells and regulate other
leukocyte activities. B-cells circulate at a level of 2 x 109 cell/L of blood and are 7-8 um in
diameter, while T-cells circulate at a concentration of 1 x 10° cells/L of blood and are 12-15
pm in diameter (67).

Several pathologies are associated with perturbations in the physical parameters of these
white blood cell populations. For instance, a reduction in the number of white blood cells, in
particular neutrophils, results in leukopenia and renders individuals at higher risk for
infection. In contrast, in leukemia, an abnormal increase in immature white blood cells is
associated with cancer of the blood or bone marrow (24). Other diseases that develop due to
aberrant quantities of leukocytes include lymphoma, which results from an overproduction
of B and T lymphocytes, and myeloma, which results from an abnormal accumulation of
plasma B cells in the bone marrow (68).

3.1.3. Platelets—Platelets, or thrombocytes, are the smallest cells in the blood, with a
diameter of 2 to 4 um, a thickness of 70 to 90 A, and a density of 1.04 to 1.08 g/mL. With a
lifespan of about 5 to 9 days in humans, these cells are present in the blood at a
concentration of 150 to 350 billion cells/L, and are produced by megakaryocytes at a rate of
10M platelets per day (69). Platelets play a critical role in maintaining hemostasis by
adhering to the lining of blood vessels upon endothelial cell injury to initiate thrombus
formation (70, 71).

Platelets are anuclear, yet possess other common cellular structures such as microtubules,
alpha and dense granules, mitochondria, Golgi, and lysosomes. Platelets exhibit an open
canalicular system, which is a dense tubular system that plays an essential role in the rapid
transport of agonists and platelet releasate to and from the cell, respectively (72). The outer
glycocalyx membrane of platelets is key for the assembly of different enzyme complexes
that culminate in coagulation, while the interior membrane is covered by cross-linked actin
(73). Platelets are refractile, and their elastic moduli ranges from 1 and 50 kPa (74). When
spread, platelet stiffness has been measured as between 1.5 to 4 kPa in the pseudonucleus, 4
kPa in the inner web, and 10 to 40 kPa in the outer web.
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Several severe pathological conditions are associated with changes in the physical
parameters of platelets (75). For instance, conditions such as thrombocytopenia are
associated with a dramatic drop in platelet count below 50,000cells/pL, which results in an
impaired ability of patients to maintain hemostasis (76). Other conditions that are associated
with altered platelet function are disseminated intravascular coagulation, myelodysplasia,
Scott’s Syndrome, Storage Pool disorder, Bernard Soulier Syndrome, Glanzmann’s
Thrombaesthenia, hemolytic anemia, hypersplendis, thrombocytosis, chronicmyelogenous
leukemia, and polycythemia vera (77).

3.1.3. Plasma—a-Blood plasma is a light yellow, semi-transparent, aqueous solution in
which blood cells are suspended. Plasma constitutes approximately 55% of the blood
volume, with blood cells constituting the remaining 45%. The main components of plasma
are water (90%), protein (8%), inorganic salts (0.9%), and organic substances (1.1%) (78).
Proteins in the plasma such as prothrombin, fibrinogen and other coagulation factors are
essential to facilitate the coagulation cascade (79), while proteins such as albumin are
critical in maintaining the osmotic pressure of blood (80).

A number of clinical disorders are associated with deficiencies in blood plasma components,
and can be treated following infusion of missing coagulation factors. For instance, infusion
of the plasma protein Factor VIII or IX is the main treatment for FVI11- or FIX-deficient
patients (hemophilia A or B), respectively (81). Other treatments using plasma include
immunoglobulin treatment for patients with antibody deficiencies or antithrombin
concentrates used for patients with antithrombin deficiencies. Albumin has also been used to
treat acute hypolemia (e.g. surgical blood loss, trauma, hemorrhage) as well as chronic liver
disease (82).

3.2. Measurement Tools

Numerous measurement systems have been developed to analyze properties of blood cells,
plasma, and blood disorders and disease. A few common techniques to measure the physical
parameters of blood cells and components include atomic force microscopy (AFM), flow
cytometry, microfluidics, micropipette aspiration, optical microscopy, optical tweezers, and
electron microscopy (83).

3.2.1. Atomic Force Microscopy (AFM—AFM is a useful method to measure the
mechanical properties of living cells, and has been widely utilized to characterize the
physical properties of blood cells (84). Invented in 1986, contact AFM uses a soft cantilever
probe that applies a known force or stress to a cell, and measures the deformation in order to
determine the cell elastic properties (e.g., spring constant and Young’s modulus) (85). The
contact AFM probe typically depresses the cell surface at a constant velocity, resulting in the
application of an increasing force. Contact AFM is capable of measuring forces down to 5—
10 pN with a spatial resolution on the nanometer scale. Scanning AFM, which emerged a
few years after contact AFM, uses a single frequency to excite the probe while being
scanned across a sample to generate a three-dimensional topographical surface profile to
investigate cell biophysical parameters (e.g., thickness, width, surface area, and volume).
Multifrequency AFM is a new and promising technique that improves the spatial and time
resolution of traditional AFM and can measure subsurface properties through the use of
multiple frequencies of the probe’s oscillation (86)

3.2.2. Flow Cytometry—Flow cytometry is a non-destructive tool useful for quantifying
phenotypes and sorting sizes of blood cell samples (e.g., cells, microorganisms,
chromosomes and cell organelles). Flow cytometry accomplishes sorting by passing a flow
stream of suspended particles single-file through a measurement station where they are
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illuminated by a light source. The light is scattered when it hits a particle, and analysis of the
angle of scattering can reveal sample parameters (e.g., size, shape, viability, volume and
density) (87). These measurements rely on the fact that a linear response in light scattering
to diameter is observed over a wide range of particle sizes. Moreover, light scattering can
also strongly depend on particle structure (e.g., absorbency of material, surface texture, and
internal granularity), allowing for the characterization of the internal structure of cells or
quantification of cell-cell interactions (88). Furthermore, flow cytometry can be used to
detect fluorescent signals for the characterization of biological samples (88). Fluorescent
labeling of cell surface or intracellular molecules allows for both the detection and selection
of cell populations for cell sorting.

Fluorescence-activated cell sorting is a specialized flow cytometry technique that sorts
heterogeneous mixtures of cells according to subtype or epitope expression based on light
scattering and fluorescent characteristics. Flow cytometry-based analysis has been
extensively employed to characterize the physical parameters of RBCs, white blood cells,
and platelets (89).

3.2.3. Microfluidics—The study of thrombus formation ex vivo can occur in closed or
open systems, with or without flow (90). Microfluidic devices, which constrain fluids to a
small (typically submillimeter) scale, facilitate characterization of platelet function,
coagulation biology, cellular biorheology, adhesion dynamics, and pharmacology, under
physiologically relevant shear flow conditions. Microfluidic devices have been developed to
separate particles through the use of microelectrodes or asymmetric obstacles. The
advantages of microfluidics include lower cost and complexity than flow cytometry and the
ability to measure hydrodynamic cell size. Researchers and clinicians have used
microfluidic devices to fractionate blood and separate white blood cells, red blood cells and
plasma based on geometric parameters. Microfluidics devices are ideal for multicolor
imaging of platelets, fibrin, and phosphatidylserine (91), and provide a human blood analog
to mouse injury models (92). Overall, microfluidic advances offer many opportunities for
research, drug testing under relevant hemodynamic conditions, and clinical diagnostics.

3.2.4. Micropipette Aspiration—Micropipette aspiration (micropipette suction) is a
measurement tool capable of characterizing the mechanical properties of blood cells. With
this technique, the surface of a cell is aspirated into a pipette with a known suction pressure
and the extension of the edge of the cell into the pipette or the movement of the cell away
from an attachment point is measured (93). Subsequent modeling and interpretation of these
measurements can be used to determine the elastic and viscous properties of cells. Capable
of pressures in the range of 0.1 pN/um? to atmospheric pressure, and forces from 10 pN to
10% nN, micropipette experiments have been utilized to characterize the mechanical
properties of both soft cells (e.g., red blood cells and neutrophils) and rigid cells (e.g.,
endothelial cells and chondrocytes).

3.2.5. Optical Microscopy—Optical (light) microscopy has been the key tool used by
researchers for visualizing and studying blood cells, blood disorders and disease. Classical
optical microscopy involves passing transmitted or reflected light from a sample through a
lens or series of lenses to magnify the sample for visualization (94). However, many
biological samples are thin or have high reflectivity, which results in poor contrast or
reduced visibility. This shortcoming has lead to development of imaging modalities (e.g.,
polarized light, differential interference contrast, fluorescence illumination, phase contrast
imaging, and darkfield illumination) that increase contrast or color variations to improve
sample visualization (95). Further, the combination of ultraviolet microscopy and
microspectroscopy has been used to quantify hemoglobin concentration in red blood cells
through analysis of light absorption at different wavelengths (96). Other studies have used
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phase retrieval methods applied to phase contrast microscopy to investigate volume, mass
and density of RBCs (97) and platelet aggregates (98, 99). Diffraction phase microscopy is
another technique that utilizes principles of optical interferometric imaging combined with
mathematical modeling to obtain cell mechanical parameters (e.g., spring constant, bending
modulus and area modulus) (100). Diffraction phase microscopy has previously been
applied to quantify thermal fluctuations of red blood cell membranes and to identify
mechanical changes of red blood cells as they transform from a healthy shape to an
abnormal, unhealthy shape.

3.2.6. Optical Tweezers—Mechanical properties of blood cells can also be studied using
optical tweezers (laser tweezers). Optical tweezers use the intrinsic property of light to exert
forces on matter to trap a bead within a beam of light. This small bead suspended in the
optical trap can be adhered to a cell surface. Movement of the cell away from the bead will
result in the pulling of the cell membrane. The force of extension of the cell membrane can
be measured using the deflection of the bead in the optical trap perpendicular to the optical
axis. Effects of Brownian motion and thermal forces cannot be avoided with optical
tweezers, however, resulting in a force measurement limit of about 50 pN depending on the
system. Optical tweezers represent a powerful tool for studying blood cell rheology and
receptor-binding kinetics (101).

3.2.7 Electron Microscopy—Transmission electron microscopy (TEM) is achieved by
passing a beam of electrons through the sample. Transmitted electrons are focused onto a
high-resolution photographic plate to create a two-dimensional image. Scanning electron
microscopy (SEM), the reflection mode analog to TEM, uses backscattered electrons to
reveal surface details of the sample. TEM enables imaging of samples with a magnification
up to 50 million times and a resolution of 0.5 angstroms, while SEM is capable of a
magnification of 2 million times and a resolution of 0.4 nm. TEM and SEM have been
instrumental in visualizing the cellular constituents of blood in healthy and disease states
(102). The combination of immunolabeling with TEM and/or SEM provides insight into the
interaction of biomolecules within and on the surface of blood cells in normal or
pathological states (103).

Three-dimensional EM imaging of blood cells has only recently been possible through the
use of focused ion beam (FIB) ablation in conjunction with SEM. In FIB-SEM, a sample
plane is first imaged with SEM and then that plane is removed through FIB ablation to
reveal a deeper surface in the specimen. FIB-SEM has an axial resolution of 4.5 nm and a
transverse resolution of 0.8 nm and currently requires tens of hours to complete image
acquisition. This technology has been applied to the investigation of myosin I1A mediated
organelle distribution in megakaryocytes and platelets (104). Although currently expensive
and time consuming, the guiding technological principles behind FIB-SEM promise to
enhance our knowledge of blood cell ultrastructure and ultimately guide our future multi-
scale understanding of blood cell function.

Concluding Remarks

The development of measurement tools with resolution from the nanometer to centimeter
length scales has allowed for the study of the physical parameters of the circulatory system.
Together, these techniques provide a platform for the development of novel biomedical
approaches for the detection, diagnosis and treatment of cardiovascular diseases.
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Electron
Microscopy (EM)
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Resolution and imaging field depth (penetration) of several current imaging modalities are
illustrated and compared. Note that resolution decreases as depth increases, rendering
modalities such as CT and MRI suitable for imaging whole organs and systems in vivo
whereas modalities with higher resolution are best suited for ex vivo and in vitro imaging of
smaller structures on the cellular and sub-cellular level. Often two or more modalities are

used in tandem to obtain a full understanding of a system or pathology.
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