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Knowledge of cardiovascular anatomy and physiology
is foundational to providing optimal perioperative
patient care. Historically, attention has generally focused
on cardiac function, arterial pressure, organ perfusion, and
oxygen delivery. The physiologic role of the aorta has gar-
nered less attention. Refinement of arterial system models,
increased awareness of ventricular—aortic—arterial interac-
tions, and improvements in less invasive measures of car-
diovascular physiology have led to growth in the field of
aortic biomechanics—the application of mechanical laws
to biologic structures. Although the clinical importance has
yet to be fully explored, there is a growing body of pub-
lished medical research integrating the principles of biome-
chanics with the bedside practice. In this article, we review
the foundations of aortic biomechanics, including material
properties of the aortic wall tissue, how they contribute to
mechanical behavior, and modeling that helps describe the
physiologic role of the aorta. Furthermore, we summarize
current methods for quantifying aortic biomechanics and
introduce early clinical applications from this emerging area
of interest.

Physiology of the Aorta

Aortic Wall Microstructure and Material Properties

The aorta is composed of three layers: the intima, media,
and adventitia. Each layer has distinct cellular and noncellu-
lar constituents forming the microstructure that determines
material properties of the tissue, including the response to
mechanical forces exerted on it during pulsatile blood flow.
Extracellular matrix proteins predominantly define the bio-
mechanical properties along the aorta (i.e., from aortic root
to iliac bifurcation), in contrast with branch arteries and
peripheral arteries/arterioles where cellular components,
such as smooth muscle cells, play a comparatively larger
role."” The extracellular matrix principal proteins are elas-
tin, fibrillin, collagen, and proteoglycans. Elastin and fibril-
lin interact to form three-dimensional coils, or lamellae,

which can be reversibly stretched and are elastic in nature at
low levels of stretch (i.e., lower wall stress, lower pressure).*3
Collagen fibers are thicker and stiffer. In normal aortic
tissue, elastin fibers within the lamellae are active at low
deformation, and collagen remains crimped. As the heart
ejects blood, the pressure wave results in aortic wall stress,
which leads to increased tissue stretching. As it stretches,
collagen begins to straighten and gradually becomes the
primary load bearer (i.e., higher wall stress, higher pres-
sure), with a resulting change in the mechanical behavior
(fig. 1A). Proteoglycans are mucopolysaccharides that assist
the function of the lamellae by providing structural support
and contributing to homeostatic regulation.'?

Our knowledge regarding the dynamic roles of cellular
components, and an increased appreciation for their bio-
mechanical importance, have grown over the past decade.
Smooth muscle cells maintain vascular tone and resistance
through contractile function, while also secreting elastin,
collagen, extracellular matrix enzymes, and cytokines.?’
Fibroblasts are key contributors to the extracellular matrix
through collagen secretion and have a vital role in the repair
of damaged wall tissue.” Interactions between cellular and
extracellular components, genetics and epigenetics, pathway
activation secondary to mechanical forces (called mecha-
no-transduction), and a variety of other interrelated pathways
(metabolic, inflammatory, and immune) have all been iden-

tified as participants in a complex aortic tissue ecosystem.* '

Stress, Strain, and Shear

Blood ejected during the cardiac cycle results in transmis-
sion of a pulse wave to the peripheral vessels. The arterial
pulse waveform, its components, methods of measurement,
changes with pulse wave reflection, and alterations in dis-
ease states have been previously reviewed.!™ The rise in
intra-aortic pressure during pulse wave transmission contrib-
utes to aortic wall stress. Laplace’s law [0 = PR/ 2f] math-
ematically describes this wall stress (0) as it relates to radius
(R), pressure (P), and thickness (f). The eftect of wall stress on
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Fig. 1. (4) The distinct mechanical properties of elastin and
collagen in isolation, and the resultant mechanical behavior of
both in combination result in a nonlinear stress—strain response
curve. Elastin is the principal active material during periods of
low stress or low strain (phase 1), while collagen is most import-
ant in high stress/high strain (phase 3). There is a transition zone
where the activities of both overlap (phase 2).">* (B) A segment
of the aorta is shown with three one-dimensional strains that
occur when the tissue is loaded as blood is ejected into the
aorta: radial (r), axial (a), and circumferential (c). In addition,
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the deformation of aortic tissue, referred to as strain, can be
described using a linear elastic, or Hookean, model [0 = E €].
Strain (€) and stress (0) are related through a constant known
as the Young’ (or elastic) modulus (E), sometimes referred to
as elastance. The value of this constant, the modulus of elasticity,
will vary depending on the properties of the tissue itself, with
stiffer tissues having larger constants and producing a linear
stress—strain curve with lower slopes.! More sophisticated
models, such as finite element analysis, aim to model stress
in a more physiologically accurate and clinically meaningful
fashion. Complex aortic geometry is subdivided into a finite
number of smaller, simpler portions (elements). Local wall
stress 1s calculated for these elements and combined mathe-
matically to derive regional values across the aorta (fig. 2)."

Strain is defined as the difference in length between
two reference points relative to their original distance
when tissue is stretched (positive strain) or relaxed/com-
pressed (negative strain). It is unit-less, often reported as a
percentage, and described by motion across nine directions:
three one-dimensional strains in the radial, axial (sometimes
referred to as longitudinal), and circumferential directions,
and six shearing (two-dimensional) strains (fig. 1B)."*'
Measurements of aortic strain will produce both positive
and negative values, since the tissue lengthens or shortens
depending on which timeframe within the cardiac cycle the
motion is measured. Since the aorta is never fully unstressed
in vivo (i.e., it is never empty), most consider end diastole as
the initial length when measuring strain.

As viscous blood flows along the solid boundary of the
intimal wall, it exerts a tangential force over the area it tra-
verses.'® This is called wall shear stress and can stimulate
the endothelium to initiate inflammatory and remodeling
pathways.*'” At the blood—tissue interface of the arterial
tree, the endothelium is exposed to mostly laminar and
monodirectional flow. This produces a moderate level of
wall shear stress, which is beneficial, stimulating pathways
that protect endothelial function and maintain homeostasis

Fig. 1. (Continued) the inset shows a close-up of the aortic
wall with six two-dimensional shearing strains, also occurring
during the loading phase: axial-radial (a x r), radial-axial (r x
a), circumferential-radial (c x r), radial-circumferential (r x c),
axial-circumferential (a x c), and circumferential-axial (c x a).'
During unloading, the return of aortic tissue to its preloaded state
would be measured along the same nine directions. (C) A hyster-
esis is produced when aortic tissues are loaded, then unloaded.
The area between the two represents energy loss, which reflects
the viscoelastic properties of the aorta and can become altered
in disease states.® Note: Physiologists frequently display biologic
hysteresis loops with pressure on the x-axis and volume on the
y-axis, which typically results in a loading or distension curve
being below that for unloading or relaxation. The figure follows
the convention used by engineers, with deformation (analogous
to volume) on the x-axis and stress (analogous to pressure) on
the y-axis. This configuration results in the loading curve being
above that for unloading.
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in the vessel wall. Flow patterns transition toward turbu-
lence at locations where abnormal aortic shape, unusually
elevated velocity or misdirected patterns of blood flow, or
endothelial dysfunction occur. This results in abnormal wall
shear stress, further endothelial damage, and disturbances in

the normal composition of aortic wall tissue.'*™"

Nonlinear Mechanical Behavior of Aortic Tissue

Plotting the stress—strain relationship for a linearly elas-
tic material under an externally applied stress results in a
straight line whose slope is determined by the material’s stiff-
ness, described in the section Stress, Strain, and Shear as the
Young’s (or elastic) modulus. Furthermore, when the applied
stress is removed, the stress—strain plot will return to base-
line along that same line. However, this is not the observed
behavior of aortic tissue, where the stress—strain relationship

Maximum
Diameter
=38.3 mm

Peak Wall Stress

Fig. 2. Example of a finite-element—based stress analysis of the
ascending aorta and supra-aortic vessels. The proximal ascend-
ing aorta is mildly dilated (maximum diameter of 38 mm). Abaqus
(Dassault Systemes, France) was used to simulate the systolic pres-
sure peak in a static nonlinear simulation with material properties
obtained from mechanical testing of explanted tissues. The aneurysm
causes changes in aortic shape and curvature, which result in areas
of elevated stress along the lesser curvature and at the branch ves-
sels (areas of red coloration). These areas of abnormally high stress
may represent high-risk locations for aortic complications, such as
acute dissection. Units of measure for stress = KPa (kilopascal).

Aortic Biomechanics

is in fact nonlinear and characterized by a hysteresis."* The
previously described aortic tissue microstructure imparts
three mechanical properties that produce this nonlinear
response to loading/unloading. First, the variable proper-
ties and contributions of elastin and collagen result in a tri-
phasic nonlinear curve, reflecting the relative contribution
of cach at different levels of strain: low stress or low strain
with a lower slope (elastin-dominant), and high stress or high
strain with a higher slope (collagen-dominant), including a
transition zone which is represented by an inflection point
between the two (fig. 1A and 1C)." The collagen-dominant
slope is not typically reached in healthy aortic tissue
under physiologic loading conditions."? Second, aortic tissue
does not display the same strain in all directions (called isotro-
pic); rather, it is anisotropic, and the degree of strain will vary
based on the direction being measured (for example, axial
vs. circumferential)."? Third, the viscoelasticity of the aorta
results in energy being absorbed by the tissue during load-
ing. Subsequently, the stress—strain curve will follow a different
path as it unloads toward its baseline state, creating a hystere-
sis loop that is common in viscoelastic biologic tissues, called
energy loss (fig. 1C).° Energy loss varies with alterations in the
endothelium or tissue wall composition, including pathologic
states; is measurable both in vivo and ex vivo; and has become
an emerging biomechanical parameter of aortic function.*

The overall clinical implications of nonlinear elastic
behavior are dependent on the material properties of the
aorta and can be summarized as follows: (1) the effects
of pulsatile blood flow on aortic wall stress and shearing
forces are not linear, (2) the nonlinearity is based on the
microstructural components of the aorta, (3) any disease
state or medical intervention that alters aortic microstruc-
ture will also change the nonlinear mechanics of the tissue,
and (4) these changes may result in greater energy loss or
an abnormal stress—strain curve with an earlier inflection
point (fig. 3). Such changes in the nonlinear properties of
the aorta may allow for detection and quantification using
noninvasive techniques described in the section Methods
to Measure Aortic Biomechanics, and could have clinical
ramifications including increased myocardial work, altered
pulse wave transmission to the peripheral arteries, or pre-
disposition to aortic dissection and rupture.

Models of Ventriculo-arterial Physiology

There are multiple models of varying complexity that have
been developed to describe the behavior of the aorta and
the arterial tree, including how they couple with the heart.”!
Three models often used in clinical research include the
Windkessel, the distributed model of arterial behavior, and
a recently proposed reservoir pressure model that attempts
to reconcile the two.'?*

The Windkessel is a lumped model of the arterial tree,
which in its simplest form is resistance (R) and capacitance
(C) in parallel. The pressure decay during diastole is con-
sidered an exponential characterized by a time constant T,
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the product of R and C (fig. 4A). Measurement of either
variable allows for the calculation of the other. To bet-
ter approximate the reality of pulsatile flow, characteristic
impedance (Z ) is added in series to R and C, calculated in
the frequency domain or approximated using aortic pulse
wave velocity.” The three parameters of the model can be
measured clinically with invasive pressure/flow catheters,
noninvasively with ultrasound or tonometry, or combina-
tions of both, to examine the effect of interventions on
ventricular afterload.

Through characterization of physical properties in short
segments of arteries and aorta, and combining them in series
and parallel, a distributed arterial model based on transmis-
sion line theory has also been described.”? The characteris-
tics for each segment are length, radius, wall thickness, and
modulus of elasticity. With constants of blood density, blood
viscosity, wall viscoelasticity, and Poisson ratio, and includ-
ing a fixed or variable reflection at the end of the series of
segments (i.e., at the level of small arteries/arterioles with
diameters ranging from 60 to 250 um), the model produces
an impedance spectrum from the ascending aorta to the
peripheral vessels (fig. 4B).?>** Changes in the properties
of individual segments can be used to model the effects
of stents, grafts, or vasoactive drugs. The distributed model
also led to the development of a transfer function, where
a central aortic pressure waveform can be generated from
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Fig. 3. Comparison of stress—strain curves between normal
and aneurysmal aortic tissue during the loading phase. The non-
linear elastic behavior of aortic tissue is affected by the contri-
butions of elastin and collagen. In normal aortic tissue, elastin
activity is predominant. This results in an elastic-type shape
(linear) over a greater range of strain, including a late inflection
point where collagen activity begins to dominate (green arrow).
In aortic aneurysmal tissue, due to abnormalities in elastin, colla-
gen begins to activate earlier than usual, at lower levels of strain,
resulting in an earlier inflection point (red arrow) and a rapid
escalation of wall stress at lower levels of strain.
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a brachial or radial artery waveform.” The transfer func-
tion is helpful for clinical research; for example, an existing
radial artery catheter placed for monitoring can be used to
derive an aortic pressure waveform to assist with intraop-
erative biomechanical assessments.?*?” Both the distributed
model and the three-element Windkessel can be used to
derive forward and reflected waves or couple the aorta with
cardiac time-varying elastance models to explore the effect
of changing any of the models’ parameters on ventricular
afterload and work. %

M —

O

Fig. 4. Analog schematics of three commonly used ventriculo-
arterial physiology models. (4) The three-element Windkessel
combines aortic characteristic impedance (Z,), with capacitance
(C), and resistance (R).2"? (B) Distributed arterial model based
on transmission line theory. The arterial tree is divided into seg-
ments based on its branches. Each branch is considered as a
separate segment accounting for resistance (R), inductance (L),
conductance (G), and capacitance (C). The segments are then
combined to provide a model of the entire system.?'?? (C) The
reservoir pressure model divides the vascular system into three
reservoirs: arterial (red), microcirculatory (purple), and venous
(blue). Each reservoir has its own resistance (R) and capacitance
(C). The pressure measured within the vascular system reflects a
combination of the pressure within the reservoir and the excess
pressure created by ejected blood from the ventricle, which
passes through each reservoir sequentially.?':24

Gregory et al.
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The reservoir pressure model of the arterial system was
developed to provide an alternate approach in which super-
imposed pressure waves (also called the excess pressure) are
propagated and reflected on a pre-existing background res-
ervoir pressure (fig. 4C)."? The product of arterial compli-
ance and resistance during late diastole (T) is used in the
generation of the reservoir pressure. Excess pressure is cal-
culated by subtracting the reservoir pressure from the mea-
sured pressure, and wave travel is characterized using wave
intensity analysis.'? The effect of vasoactive agents on res-
ervoir pressure, forward waves, and reflected waves can be
calculated at specific sites. Left ventricular afterload can also
be quantified using this model.*

Each of the three models of ventriculo-arterial physiol-
ogy has its strengths, weaknesses, and underlying assump-
tions. The vascular system is complex and difficult to
accurately model with a single mathematical approach. It
is noteworthy that in all models, the aorta is not merely
a conduit to the peripheral system but contributes to the
dynamics of blood propagation and wave reflection, which
affects cardiac function and delivery of blood to the periph-
eral arteries and organs.

Methods to Measure Aortic Biomechanics

Benchtop Mechanical Testing

Our current understanding of aortic biomechanics is largely
based on benchtop (ex vivo) mechanical testing, which
remains the standard for describing the mechanical prop-
erties of aortic tissue.! Most laboratory protocols follow
a similar standard approach to storage, preparation, envi-
ronmental conditions, and cyclical preconditioning before
mechanical testing. Tensile testing is performed, whereby
the tissue is affixed with clamps or hooks and mechanically
stretched (or deformed) while a camera tracks displacement
of reference dots previously added to the tissue. The cor-
responding tension is measured, and a stress—strain curve is
generated. Tensile tests can be performed in a single direc-
tion (uniaxial) or simultaneously in two directions (biaxial).
Biaxial testing is generally considered superior as it allows
for proper accounting of the coupling of strain between the
two directions. In addition to generation of a stress—strain
curve, tissue can also be tested for ultimate tensile strength.
This test involves uniaxially stretching tissue until failure,
providing a measure of maximum strain tolerance as an
indicator of strength. One limitation of mechanical testing
is that it reflects only the passive (i.e., noncellular) mechan-
ical properties of the tissue determined by the content of
the extracellular matrix. Another is that much of the stress
applied to aortic tissue during tensile testing lies outside of
normal physiologic conditions in vivo.! Finally, since this
method of testing can only be performed on excised tissue,
the clinical utility is restricted; there are limited “healthy”
data for reference, and diseased aortas are studied only at
the time of surgical intervention (i.e., no longitudinal data).

Aortic Biomechanics

Ultrasound or Echocardiography

Early work with ultrasound used M-mode measurements of
aortic distension, where the ultrasound line is directed per-
pendicular to the aorta and the distance between the two
walls is measured in end-diastole and end-systole, to estimate
aortic stiffness as a static distensibility coefficient or stiffness
index.’! A second technique, pulse wave velocity, indirectly
quantifies stiffness using the principle that blood will travel
faster through a stiffer aorta. It can be measured by placing
intra-arterial pressure catheters at two sites and measuring the
pulse wave transit time, but the invasiveness and cost limit the
research and clinical applicability of this approach. Less invasive
and more error-prone, but still demonstrated to be clinically
useful in predicting cardiovascular outcomes, is obtaining pulse
wave velocity by combining the change of mean flow velocity
during systole obtained by ultrasound, with the known den-
sity of blood, and simultaneous pressure measurement non-
invasively (typically with applanation tonometry).”>* This
approach, and other noninvasive techniques to measure pulse
wave velocity, are used extensively in the cardiology and hyper-
tension literature.”** The introduction of speckle-tracking
echocardiography has improved the quality and versatil-
ity of ultrasound as a tool for studying aortic biomechanics.
Through a combination of semiautomated wall tracking and
software algorithms, the aortic wall is manually traced during
end-diastole by the software user, and the aorta becomes
divided into “regions of interest” that are anchored to their
relative location and typically made up of the entire wall (i.e.,
intima, media, and adventitia).”® These regions of interest will
move along with their position on the aortic wall during the
cardiac cycle, which will result in the regions spreading apart
and returning to baseline during systole and diastole, respec-
tively, allowing for measurements of circumferential, radial,
and axial strain.”’*'%5~7 Preliminary work focused on speckle
tracking echocardiography circumferential strain as a more
precise iteration of the aforementioned M-mode distensibil-
ity coeficient.’! However, when aortic strain is paired with
simultaneous pressure measurements for the full cardiac cycle,
pressure—strain loops can be generated.”® These loops have a
similar pattern of loading—unloading, hysteresis, and energy
loss as seen in mechanical testing, thus opening a new avenue
for the use of ultrasound in studying aortic biomechanics in
vivo.*** The benefits of ultrasound include minimal risk, less
complexity, lower cost, reduced dependence on technology
infrastructure, and excellent portability and versatility in terms
of research/clinical applications. Drawbacks include inability
to visualize the entire aorta, lower spatial resolution, image
artifact, interference from adjacent organs or tissues, inability
to include contrast for flow studies, and inconsistent image
quality in patients with difficult ultrasound windows.

Computed Tomography and Magnetic Resonance Imaging

Both computed tomography and magnetic resonance
imaging have been extensively used for the diagnosis and
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surveillance of aortic disease. Both can provide excellent
spatial resolution, image the entire aorta with relative ease,
and be combined with contrast to augment image quality
or study blood flow characteristics."'>* The relative con-
venience and speed of image acquisition, combined with
near universal availability in most tertiary hospitals, have
led to computed tomography being more commonly used
for surveillance of aortic disease, although additional infor-
mation provided by magnetic resonance imaging makes it
an excellent adjuvant imaging modality. Both computed
tomography and magnetic resonance imaging have been
effectively used to investigate aortic biomechanical prop-
erties in healthy patients as well as those with a variety of
cardiovascular and aortic pathologies. Although beyond the
scope of this review, in general, techniques will involve use
of particular optical parameters of the acquired image to
generate a mesh that represents the complex aortic archi-
tecture. This mesh 1s then used as a baseline from which to
measure displacement of the aortic wall during the cardiac
cycle to calculate aortic strain and, when combined with
computational modeling, wall stress.'>*® Finally, there has
been growing interest in the use of magnetic resonance
imaging four-dimensional flow analysis to examine the
properties of blood flow within the aorta, including veloc-
ity, direction, and wall shear stress (fig. 5)."'® Computed
tomography and magnetic resonance imaging are both
excellent modalities for studying aortic biomechanics and
are likely to provide even further insights as imaging quality
and computing power continue to improve.

Clinical Applications of Aortic Biomechanics

Aortic Aneurysms

The largest clinical application of aortic biomechan-
ics involves the rapidly growing field of research into
pathophysiology and risk stratification of aneurysms,
particularly the hereditary aortopathies."”!**4 Risk
assessment based on maximum aortic diameter, given
that by Laplace’s law increased diameter results in greater
wall stress, remains the foundation of current clinical
guidelines regarding indications for prophylactic aneu-
rysm resection.*! However, there is a complex interplay
between several pathways (metabolic, inflammatory, and
immune), genetic and epigenetic factors, modulation
through mechano-transduction, and interactions between
the cellular and noncellular tissue components of aneu-
rysmal aortic wall tissue."*!"3*4 These changes may result
in pathologic activation of fibroblasts (into myofibro-
blasts), which proliferate, migrate, secrete collagen, and
degrade elastin through secretion and regulation of matrix
metalloproteases. The loss of the elastin or fibrillin elas-
tic lamellae combined with increased collagen alter the
microstructure of the extracellular matrix and the cor-
responding nonlinear elastic behavior of the tissue. This
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results in a pathophysiologic change to the stress—strain
curve: a more prominent role for collagen at lower levels
of tissue loading, an earlier inflection point, less elasticity,
more rapid escalation of stress forces, increased energy
loss (greater area between loading—unloading curves), and
an increased risk for dissection or rupture (fig. 3). Since
changes to the nature of the extracellular matrix directly
affect the material properties of the tissue itself, the
pathologic endpoint of many contributing pathways can
detected in mechanical testing of excised tissue.! With the
dramatic improvement in imaging technology, including
accessibility, reduced cost and radiation, improved reso-
lution (both spatial and temporal), and greater computer
processing power, there has been rapid growth in the
applications of noninvasive or semi-invasive biomechani-
cal assessment of aortic aneurysms. There has been infor-
mative research linking computed tomography, magnetic
resonance imaging, and echocardiographic measurements
of aortic biomechanics, such as strain or wall shear stress,
with histopathology and/or mechanical benchtop testing
of excised aneurysm tissue demonstrating a link between
imaging-based analysis and risk stratification."'®*** The
hope is that imaging-based biomechanics, including gen-
eration of noninvasive stress—strain curves and in con-
junction with other biomarkers and emerging factors, can
lead to patient-specific risk stratification and enhanced

guidance for surgical decision-making.***

Medical Conditions and Altered Biomechanics

The impact of alterations of aortic material properties
extends beyond changes in the tissue’s extracellular matrix
and mechanical behavior locally. As the aortic wall stiff-
ens or the endothelium becomes dysfunctional, which
can occur from a variety of disease states, there are cor-
responding implications to cardiovascular function.*
Increasing aortic wall stiffness may result in alteration
of the timing or size of reflected waves, increased char-
acteristic impedance, or both. A stiffer aorta will result
in reflected waves traveling faster, thus returning to the
ascending aorta during systole as opposed to diastole.’>##
Systolic reflected waves (as opposed to diastolic reflected
waves under normal circumstances) and increased char-
acteristic impedance raise the effective afterload faced by
the left ventricle when ejecting blood during systole.*
Endothelial dysfunction, in part through interactions
with smooth muscle cells and the extracellular matrix,
can lead to abnormal viscoelasticity, increased energy loss,
and greater wall stiffness.*”* Therefore, changes in aortic
physiology due to disease can have negative impacts on
overall cardiovascular function and long-term health. In
various patient populations, increased aortic stiffness has
been associated with left ventricular hypertrophy, diastolic

dysfunction, increased cardiovascular events, and mortality
(table 1) 45,46,50-53

Gregory et al.
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Fig. 5. Comparison of four-dimensional flow analysis generated from cardiac magnetic resonance imaging in both a healthy control and a
patient with bicuspid aortic valve and ascending aortic aneurysm. An individualized wall shear stress heat map is generated for both individu-
als. (Left) The velocity streamlines of blood flow at peak systole, taken at the cross-section of aorta demarcated by the white hashed line. Note
the more symmetrically distributed and narrow range of velocities in the healthy control compared with the bicuspid valve patient (graphically
represented by the magenta angled lines). (Right) The individual velocity streamlines located at the aortic wall boundary layer (orange box).
The velocity (u) of blood flow and position relative to the wall boundary layer (y) are used to calculate the local wall shear stress, expressed
as a force per unit area exerted in the fluid direction on the local vessel tangent (z,). The bicuspid valve patient has significantly elevated
wall shear stress due to alterations in blood flow velocity and direction caused by the valvular disease and shape of the aneurysm. Areas of
elevated wall shear stress may result in activating pathways leading to pathophysiologic changes in the aortic wall.*'” Images reproduced

with permission from Fatehi Hassanabad et al.'”

Aortic Interposition Grafts and Thoracic Stenting

Replacing native aorta, with either interposition (surgical)
graft or endovascular stents, will effectively result in a dis-
crete section of stiffer “aorta.” The potential impacts of graft
implantation were initially demonstrated in canine models.
The replacement of the native aorta resulted in increased
characteristic impedance, decreased total arterial compli-
ance (an estimated sum of compliance of the entire arte-
rial tree), increased pulse wave velocity, and a 30% increase
in myocardial oxygen consumption.”* After endovascular
stenting, a nonphysiologic negative wave at the distal end
of the graft was also observed, with potential implications
for post-stent dilation or device migration. Many of these
findings have since been confirmed in clinical studies on
patients undergoing similar aortic interventions. Young
adults after aortic resection with Dacron graft for traumatic
aortic injury exhibited increased impedance, decreased total

arterial compliance, altered wave reflection, and greater car-
diac energetic costs during exercise compared with age-

56

matched controls.” After endovascular stent implantation,
increases in pulse wave velocity have been measured, along
with concurrent increases in left ventricular hydraulic load
(which is similar to characteristic impedance), left ventricu-
lar hypertrophy, diastolic dysfunction, and potentially detri-
mental effects on coronary perfusion, although the clinical
ramifications have not been fully delineated.” The sur-
rounding aortic tissue may also be impacted. After ascending
aortic replacement with an interposition graft, greater aortic
strain has been measured in the native descending aorta, sug-
gesting that a larger pulse wave (and possibly greater loading
or shearing forces) is being transmitted.”” Thoracic aortic
endovascular stenting, via reduced curvature of the arch and
stented segments, leads to compensatory changes in mor-

phology and motion during systole of the ascending aorta.®
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Table 1. Summary of Medical Conditions that Have Been Previously Demonstrated to Have Effects on Parameters of Aortic Biomechan-

ics and the Resultant Clinical Impacts

Medical Aortic Biomechanical
Condition Parameter(s) Measured Findings Clinical Relevance References
Advanced age Reservoir wave analysis Increased systolic constant Increased stroke, increased myocardial infraction, and 4
increased composite of cardiovascular events
Diabetes mellitus  Aortic distensibility and stiff-  Decreased distensibility and increased Increased diastolic dysfunction 45,46
ness index stiffness index
Hypertension Aortic distensibility Decreased distensibility Increased diastolic dysfunction ®
Reservoir wave analysis Increased systolic constant Increased stroke, increased myocardial infraction, and 4
increased composite of cardiovascular events
Effective arterial elastance and Decreased effective arterial elastance and Increased diastolic dysfunction o
total arterial compliance decreased total arterial compliance
Hypothyroid Strain, distensibility, and Decreased strain, decreased distensibility, Increased diastolic dysfunction and increased myo- a

stiffness index increased stiffness index

Perioperative Implications of Aortic Biomechanics

There is a paucity of data regarding the perioperative sig-
nificance and effects of anesthesia on aortic biomechanics.
However, based on our existing knowledge of the phys-
iologic ramifications of derangements to normal aortic
function, there are three areas of potential importance and
consideration for further study: perioperative risk of adverse
cardiovascular events, elucidating effects of anesthetic agents,
and innovations in intraoperative monitoring.

In general, aortic stiffening raises the characteristic
impedance, alters the propagation of the pulse wave, and
changes the patterns of reflected waves. The consequences
of these changes include increased left ventricular work with
impaired systolic and diastolic function, reduced coronary
blood flow reserve, increased pulse wave velocity, and an
overall increased risk of cardiovascular eventgs.'?#5:46:50-52.61-64
Advanced age, hypertension, and diabetes are known risk
factors for perioperative and long-term cardiovascular
complications, independent of aortic biomechanics.®>’
these populations, it will be challenging to quantify the rel-
ative contribution of abnormal aortic function to patient
outcomes. However, could patients with isolated abnormal-
ities in aortic biomechanics from isolated aortic disease or
replacement with artificial graft material have increased risk
of perioperative major adverse cardiac events or reduced
long-term cardiovascular health? Recent recommendations
for perioperative cardiovascular risk assessment include
measurements of serum levels of brain natriuretic peptide
6668 Pulse wave velocity has
been shown to be a reliable predictor for long-term cardio-
vascular mortality and is being measured more frequently
as part of a cardiovascular health assessment.®** Perhaps
these approaches to risk assessment should be extended to
patients with known aortic disease or previous insertion of
stents/grafts?

In

and troponin in select patients.

There are no studies specifically assessing the impact
of anesthetic agents on aortic biomechanics. Hypothetical
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cardial performance index (i.e., poorer global left
ventricular function)

aortic biomechanical changes secondary to administration
of anesthetics can be inferred based on previous research
of their direct effects on vascular smooth muscle tone and
endothelial function, in addition to their potential to medi-
ate the effects of sympathetic tone or pain on dynamic
arterial stiffness (table 2).**""7* Autonomic and neurohu-
moral systems may progressively influence aortic stiffness
and hemodynamics in humans through increased sympa-
thetic tone from exercise or painful stimuli.”"”* The effects
of reduced sympathetic and neurohumoral responses sec-
ondary to neuraxial anesthesia, regional blocks, or any other
method of analgesia could potentially reduce aortic stiffness.

Although the proportion of smooth muscle cells to extra-
cellular matrix components is lower in the aorta compared
with arteries and arterioles, these cells remain important as
mediators of aortic vascular tone and direct influencers of
the extracellular matrix.*” There has been extensive research
on the effects of anesthetic agents, both volatile and intrave-
nous, on mediators and pathways involved in smooth muscle
cell vasoconstriction/vasodilation.”” Some of the path-
ways studied include receptor activation, Ca2+ mobiliza-
tion, myofilament Ca** sensitivity, and potassium-chloride/
Rho kinase, as well as modulation of vascular tone in
response to medications and other stimuli.”””* The endo-
thelium contributes to aortic biomechanics through its
effects on viscoelasticity and direct vasodilation via smooth
muscle cells.”*® There are several causes for perioperative
endothelial damage, many of which result from activation
of inflammatory pathways and could manifest as increased
energy loss in biomechanical evaluation of aortic tissue
(both in vivo and ex vivo).*'*2487 A single anesthetic agent
can have opposite effects on smooth muscle tone and endo-
thelial function, acting simultaneously to both improve and
impair vascular function (table 2). The summation of these
effects should result in dominant mechanism(s) that deter-
mine the overall impact of administering anesthetic agents
on aortic biomechanics, and it is reasonable to assume that

Gregory et al.
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Table 2. Summary of Predicted Impact of Anesthetic Agents on Aortic Biomechanics Based on Their Documented Effects on Smooth

Muscle Cell and Endothelial Cell Function

Gregory et al.

Anesthetic Potential Effect on
Agent Aortic Biomechanics Mechanism References
Volatile anesthetics Reduced aortic stiffness Inhibition of receptor activation, Ca** mobilization/release/sensitivity, and 56,61
potassium-chloride/Rho kinase pathways for smooth muscle vasoconstriction
Increased aortic stiffness Inhibition of endothelium-mediated smooth muscle vasodilator medications o
Increased aortic stiffness Inhibition of endothelium-independent smooth muscle vasodilator medications 58
Increased aortic stiffness Inhibition of endothelium-dependent direct smooth muscle vasodilation #
Increased/decreased energy loss Context sensitive damage (increased energy loss) or support (decreased energy #
(context sensitive) loss) of endothelium
Propofol Increased aortic stiffness Inhibition of endothelium-mediated smooth muscle vasodilator medications 58
Increased aortic stiffness Inhibition of endothelium-independent smooth muscle vasodilator medications 58
Reduced aortic stiffness Inhibition of receptor activation and Ca** mobilization/release/sensitivity path- 58
ways for smooth muscle vasoconstriction
Increased/reduced aortic stiffness Context sensitive inhibition (increased stiffness) or activation (reduced stiffness) 4
(context-sensitive) of endothelium-dependent direct smooth muscle vasodilation
Increased energy loss Damage to endothelium “
Ketamine Increased aortic stiffness Inhibition of endothelium-mediated smooth muscle vasodilator medications 58
Increased aortic stiffness Inhibition of endothelium-independent smooth muscle vasodilator medications 58
Reduced aortic stiffness Inhibition of receptor activation and Ca** mobilization/release/sensitivity path- 58
ways for smooth muscle vasoconstriction
Reduced energy loss Support of the endothelium 4
Etomidate Increased aortic stiffness Inhibition of endothelium-mediated smooth muscle vasodilator medications o
Increased aortic stiffness Inhibition of endothelium-independent smooth muscle vasodilator medications 58
Increased aortic stiffness Inhibition of endothelium-dependent direct smooth muscle vasodilation o8
Benzodiazepines  Reduced aortic stiffness Inhibition of receptor activation and Ca?* mobilization/release/sensitivity path- o8
ways for smooth muscle vasoconstriction
Reduced aortic stiffness Activation of endothelium-dependent direct smooth muscle vasodilation “
Increased/decreased energy loss (context sensitive) Context sensitive damage (increased energy loss) or support (decreased energy “
loss) of endothelium
Opioids Increased aortic stiffness Inhibition of endothelium-mediated smooth muscle vasodilator medications o
Reduced aortic stiffness Activation of endothelium-dependent direct smooth muscle vasodilation o8
Increased/decreased energy loss (context sensitive) Context sensitive damage (increased energy loss) or support (decreased energy 4

loss) of endothelium

agents known to clinically result in peripheral vasodilation
would most likely lead to reduced aortic stiffness as well.
This assumption needs to be proven, and the effect of anes-
thetic agents on the interactions between the smooth mus-
cle cells and the components of the extracellular matrix
should also be elucidated.

The overall impact of anesthesia and anesthetic agents,
alone or in combination, on aortic stiffness, energy loss,
measures of nonlinear elasticity, characteristic impedance,
wave reflections, and the resultant effects on cardiac func-
tion or patient outcomes is currently unknown, but could
be an interesting avenue for further research.

Regardless of change to perioperative risk stratification or
the potential effects of anesthesia, lack of established periop-
erative aortic biomechanical monitoring remains a major
limitation to our current understanding of the relationship
between aortic function, perioperative care, and clinical out-
comes. Although there have been numerous publications
with large sample sizes on the clinical impact of aortic and
arterial stiffness in the outpatient population, the methods are
less feasible within the workflow of perioperative anesthesia
care, particularly in the operating room.**® Transesophageal

echocardiography has been used to determine ascending
aortic elastance values that correlate with histopathologic
alterations thought to reflect high-risk of acute rupture or
dissection in aneurysm tissue.” In reality, transesophageal
ultrasound will likely be limited as a modality for cardiac and
vascular surgery patients for the near future. However, devel-
opments in intraoperative monitoring highlight possible
methods for a more generalizable approach to monitoring
aortic biomechanics. By combining aortic pressure (gen-
erated from an arterial catheter and transfer function) with
aortic flow velocity (obtained from esophageal Doppler),
aortic velocity—pressure loops can be created from which a
novel measure, the “global afterload angle,” is derived.” Early
use of global afterload angle intraoperatively suggests it may
be able to distinguish between states of normal or elevated
afterload related to aortic stiffness, although at the moment
this remains a preliminary concept, requiring invasive mon-
itoring and a high level of expertise. As a substitute for inva-
sive measurements, a recent publication demonstrated that
machine learning was able to derive measurements of aor-
tic mechanics and cardiac contractility using a noninvasive
peripheral pressure measurement.” Finally, pulse contour
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analysis monitoring technology has seen recent develop-
ments of algorithms to predict impending hypotension. The
data used to generate the algorithm included elements of
reflected waves, which may be able to function as a surrogate
for aortic stiffness.”® Although still early in their development,
and not having been used to specifically measure aortic bio-
mechanics in our populations of interest, these advances in
monitoring technology could open avenues for perioperative
research into the effects of surgery and anesthesia on aortic
function and left ventricular performance.

Conclusions

The aorta is more than a conduit between the heart and the
arteries, delivering blood to the periphery. The physiology of
the cardiovascular system is complex, and the aorta plays an
important role within it. Changes in aortic properties, through
disease states or surgical interventions, have demonstrated
increased impedance to left ventricular ejection, with corre-
sponding effects on ventricular function, energy consump-
tion, and wall remodeling. Transmission of the pulse wave to
the peripheral vessels and organs, and the reflected waves pro-
duced at the branch points of the arterial tree, are also affected.
Investigations into the clinical applications of aortic biome-
chanics, although currently focused on the pathophysiologic
exploration and risk stratification of aortic aneurysms, have
the potential to branch into other areas. These include the
perioperative arena, where pre-existing disease processes, sur-
gical interventions, or administration of medications (includ-
ing anesthetic agents) can impart changes to patients’ aortic
biomechanics with associated clinical implications in the short
and long term. Anesthesiologists are uniquely positioned to
participate in current and future research in the field of aor-
tic biomechanics with expertise in cell biology, pharmacol-
ogy, cardiovascular physiology, cardiovascular monitoring,
echocardiography, perioperative medicine, and a tradition of
multidisciplinary collaboration. By further leveraging existing
imaging and monitoring technologies to generate noninvasive
measurements of aortic biomechanical properties, our under-
standing of the clinical impact of health, disease, and medical
interventions on aortic physiology can be better understood.
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