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Abstract

A better understanding of the biomechanical properties of the arterial wall provides important
insight into arterial vascular biology under normal (healthy) and pathological conditions. This
insight has potential to improve tracking of disease progression and to aid in vascular graft design
and implementation. In this study, we use linear and nonlinear viscoelastic models to predict
biomechanical properties of the thoracic descending aorta and the carotid artery under ex vivoand
in vivo conditions in ovine and human arteries. Models analyzed include a four-parameter (linear)
Kelvin viscoelastic model and two five-parameter nonlinear viscoelastic models (an arctangent
and a sigmoid model) that relate changes in arterial blood pressure to the vessel cross-sectional
area (via estimation of vessel strain). These models were developed using the framework of
Quasilinear Viscoelasticity (QLV) theory and were validated using measurements from the
thoracic descending aorta and the carotid artery obtained from human and ovine arteries. /17 vivo
measurements were obtained from ten ovine aortas and ten human carotid arteries. £x vivo
measurements (from both locations) were made in eleven male Merino sheep. Biomechanical
properties were obtained through constrained estimation of model parameters. To further
investigate the parameter estimates we computed standard errors and confidence intervals and we
used analysis of variance to compare results within and between groups. Overall, our results
indicate that optimal model selection depends on the arterial type. Results showed that for the
thoracic descending aorta (under both experimental conditions) the best predictions were obtained
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with the nonlinear sigmoid model, while under healthy physiological pressure loading the carotid
arteries nonlinear stiffening with increasing pressure is negligible, and consequently, the linear
(Kelvin) viscoelastic model better describes the pressure-area dynamics in this vessel. Results
comparing biomechanical properties show that the Kelvin and sigmoid models were able to
predict the zero-pressure vessel radius; that under ex vivo conditions vessels are more rigid, and
comparatively, that the carotid artery is stiffer than the thoracic descending aorta; and that the
viscoelastic gain and relaxation parameters do not differ significantly between vessels or
experimental conditions. In conclusion, our study demonstrates that the proposed models can
predict pressure-area dynamics and that model parameters can be extracted for further
interpretation of biomechanical properties.

Keywords

Viscoelasticity; Nonlinear elasticity; Arterial wall properties; Thoracic descending aorta; Carotid
artery; Mathematical modeling

1 Introduction

Transport of blood through the cardiovascular system is achieved via two principal
mechanisms: conduction, which facilitates transport to the microcirculation, and buffering,
which dampens the pulsatility as the pulse wave is propagated from the large to the small
vessels. These mechanisms are achieved by the specific design of the arterial network as
well as the individual vessels. The arteries branch almost exclusively in a bifurcating
manner. At each bifurcation the cross-sectional area of each daughter vessel is smaller than
that of the parent vessel, while the combined cross-sectional area of the daughter vessels
exceeds that of the parent vessel [36,37]. The increase in vessel area and number of vessels
lead to significant damping of the volumetric flow rate. The mean pressure is dampened, but
the pulse pressure is amplified as the pulse wave propagates away from the heart along the
large vessels. This pulse pressure amplification is followed by significant dampening at the
arteriolar level [24]. The pulse pressure amplification in the large arteries is a result of pulse
wave reflections generated at the bifurcations, due to tapering of the individual arteries, and
from the resistance generated by the downstream vasculature [36, 37]. This network
structure combined with compliant vascular walls allows the system to maintain an
adequately high level of mean pressure and to minimize ventricular work.

Generally, the larger vessels are more “compliant” and, consequently, they exhibit both
elastic and viscoelastic distention, while the smaller vessels are more rigid, and thus for
these vessels viscoelastic deformation dominates the response. The latter contributes to
preservation of the mechanical integrity of the arterial wall (auto-protection). It is believed
[2,3] that this dampening is essential for optimal pulse wave transmission and subsequently
for adequate tissue perfusion. It has been shown [2,3] that vessels with compromised high-
frequency filter capacity (such as vessels subjected to acute hypertension) are more prone to
vascular disease such as atherosclerosis. A better understanding of the mechanics of the
high-frequency filter capacity can, in part, be achieved through consideration of viscous and
nonlinear elastic distention of the arterial wall. One way to study these properties is via
analysis of arterial hysteretic pressure-diameter relationships.

The main determinants of the vascular wall elastic and viscoelastic properties are elastin and
collagen fibrils and smooth muscle cells. The amount and distribution of these components
differ among arterial segments (e.g., thoracic descending aorta vs. carotid arteries). Elastin
gives rise to elastic and viscoelastic deformation, while collagen contributes to the nonlinear
stiffening with increased pressure [1,11]. Smooth muscle cells are the most important

Ann Biomed Eng. Author manuscript; available in PMC 2013 July 11.



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

1duasnuey Joyiny vd-HIN

Valdez-Jasso et al.

Page 3

contributor to viscoelastic deformation [3,5,6,8,12,13,47]. It is widely known that the
amount and distribution of fibrils and cells are altered in cardiovascular disease, for
example, in patients with aneurysms [29], atherosclerosis [29], hypertension [2], implanted
arteries [9], after pharmacological interventions [3], and in circulations with ventricular
mechanical assist devices [7]. In general, it is believed that it is changes in the interface
between collagen fibrils, elastic fibers, and smooth muscle that leads to changes in the
viscoelasticity of the vessel wall with aging and disease [40].

The constituents of the vascular wall can be analyzed using histological studies, but it is well
known that these constituents behave differently under /n vivo conditions. In particular, the
tethering of elastin fibers as well as the arrangement and degree of activation of smooth
muscle cells are impacted by excision of the vessels. Analysis of the constituents can be
used to provide insight into differences between anatomical locations and species
differences, but not to describe differences in dynamics observed between ex vivoand in
vivo conditions. One way to analyze differences between two experimental settings is to
investigate dynamic pressure area dynamics recorded in the same vessels under ex vivo and
in vivo conditions. Comparing results from several experimental settings combined with
exploration using mathematical modeling can provide more insight and may have impact on
how these properties are investigated clinically.

In current clinical settings, the main property analyzed is local arterial stiffness, which is
typically evaluated in superficial arteries, using static analysis of vessel diameter, systolic
and diastolic arterial blood pressure [34]. However, these tests cannot be used for analysis of
viscoelastic damping. One way to assess viscoelastic properties is using models that capture
the distention of the vessel cross-sectional diameter induced by the fluid pressure. For such
studies, the differences in vessel wall viscoelastic properties can be quantified according to
anatomical location and experimental conditions (e.g., ex vivovs. in vivo).

A number of studies have investigated arterial wall properties using empirical nonlinear
elastic models [28,33], hyper-elastic models [26,27,29], viscoelastic models
[1,7,19,25,29,35,38,45,46], and autoregressive models [21,22]. However, little work has
focused on using coupled dynamic models that account for both nonlinear elastic distention
and the “memory” (viscoelastic) contribution to the arterial wall distention and, to our
knowledge, no studies have used this information to characterize differences according to
vessel type. Previous studies by our group on ex vivo ovine aortic and carotid vessels used a
Kelvin viscoelastic model [41,42] and revealed that the pressure-area dynamics might be
better captured with using a model extension that incorporates nonlinear stiffening with
increasing pressure.

In this study, we compared several computationally inexpensive nonlinear elastic and
viscoelastic models, that couple static linear or nonlinear wall distention with a dynamic
component. By combining these coupled models with parameter estimation methods, and
noninvasive measurements of arterial blood pressure and vessel diameters, we showed how
biomechanical properties can be inferred. Specifically, our objective is to quantify the
biomechanics of the arterial wall via model-based analysis of pressure-diameter dynamics in
the thoracic descending aorta (an aneurysm-susceptible artery) and the carotid artery (an
atherosclerosis-susceptible artery) using blood pressure and vessel diameter time-series
measurements obtained under /77 vivo and ex vivo experimental conditions from ovine and
human vessels. We formulated the coupled elastic-viscoelastic model within the framework
of Fung’s Quasilinear Viscoelasticity (QLV) theory, facilitating comparison between a
linear (Kelvin) model and nonlinear models with an arctangent or a sigmoid elastic response
function. All elastic response models were then paired with a single viscoelastic relaxation
function.
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In this section, we first describe data acquisition methods for /n vivoand ex vivo
experiments. Subsequently, we describe the three elastic and viscoelastic models used to
analyze the data, and statistical methods used to evaluate and compare parameter estimates
and model performance among experimental conditions and anatomical locations.

2.1 Experimental procedures

All data used for this study were collected in the vascular laboratory CUiiDARTE at the
Universidad de la Republica in Mondevideo, Uruguay. Basic data include time-series
measurements of internal arterial diameter (mm) and blood pressure (mmHg) from the
thoracic descending aorta and carotid artery as shown in Fig. 1. Data were collected from
male Merino sheep under both /7 vivoand ex vivo conditions, whereas only /n vivo
measurements were available from human subjects.

2.1.1 Ovine data—Experiments in ovine arteries conformed to the European Convention
for the Protection of Vertebrate Animals used for Experimental and other Scientific
Purposes (Council of Europe No. 123, Strasbourg 1985). Animal data collected include /n
vivoand ex vivo measurements from a total of 21 male Merino Sheep.

1) In vivo studies: Ten healthy male Merino sheep, weighting 29 + 2 kg and aged 12
months, were included in this study. Upon arrival at the animal facility, the sheep were
vaccinated against common animal diseases and were treated for skin and intestinal
parasites. For 20 days before surgery, the sheep were appropriately fed and hydrated and
assessed for adequate clinical status. In these sheep, blood pressure and internal vessel
diameter were measured simultaneously at a sampling frequency of 500 Hz at the level of
the thoracic descending aorta. The experiments were performed under general anesthesia,
which was induced with sodium thiopental (20 mg/kg intravenous) and maintained with 1%
halothane delivered through a Bain tube connected to a ventilator.

A pressure micro-transducer (Millar Mikro-tip, SPC 370 7F) was inserted through the
femoral artery and placed at the level of the abdominal aorta to monitor arterial pressure. A
sterile thoracotomy was made at the left fifth intercostal space. A solid-state pressure micro-
transducer (Model P2.5, Konigsberg Instruments, Inc., Pasadena, CA, USA), previously
calibrated using a mercury manometer, was inserted in the thoracic descending aorta through
a small incision. To measure the internal diameter of the thoracic descending aorta, two
miniature piezoelectric crystal transducers (5 MHz, 2 mm in diameter) were sutured on
opposite sides into the aortic adventitia during open-chest surgery. Before repairing the
thoracotomy, all cables and catheters were tunneled subcutaneously to emerge at the
interscapular space. All animals were allowed to recover under veterinary care. Ampicillin
(20 mg kg~1d™1 per os) was given for 7 days after surgery.

Experiments were performed starting on the seventh postoperative day. Each study was
performed with the sheep resting quietly on its right side in the conscious unsedated state.
The internal aortic diameter signal was calibrated in millimeters using the 1 mm step
calibration option of the sonomicrometer (model 120, Triton Technology, San Diego, CA).
The transit time of the ultrasonic signal (velocity 1,580 m/s) was converted into distance
(diameter). After completed measurements, the animals were sacrificed with an intravenous
overdose of pentobarbital followed by potassium chloride. The correct position of the
ultrasonic crystals was confirmed at necropsy. At the end of each experiment, a 6 cm
(measured /in vivo) arterial segment, was obtained, weighed, and submitted for histological
analysis. For further details, see [1].
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2) Ex vivo studies: Eleven healthy male Merino sheep of similar weight and age to those
studied /n vivowere used in the ex vivo experiments. In these sheep, blood pressure and
internal vessel diameter were measured simultaneously at a sampling frequency of 200 Hz at
the level of the thoracic descending aorta and the common carotid artery. During artery
harvesting, general anesthesia was induced and maintained with sodium thiopental (20 mg/
kg, intravenous). All animals had mechanical respiratory assistance, and respiratory
parameters were maintained within physiological limits. The thoracic descending aorta and
carotid artery were exposed, preserving the perivascular adipose tissue. In both vessels, a
solid-state pressure micro-transducer (Model P2.5, Konigsberg Instruments, Inc., Pasadena,
CA, USA) was inserted through a small arterial-wall incision. Two miniature piezoelectric
crystal transducers (5 MHz, 2 mm in diameter) were sutured on opposite sides of the vessel
wall into the adventitia to measure the internal vessel diameter. Pressure and diameter
calibration procedures were similar to those performed /n vivo. Two suture stitches were
used to mark a 6 cm arterial segment measured with a pair of calipers, whose measurement
accuracy is within 0.5 mm. To ensure data quality, the pressure and diameter signals were
visualized in real time during the experiments.

The animals were sacrificed with an intravenous overdose of sodium thiopental followed by
potassium chloride, and the selected vessel segment was excised and non-traumatically
mounted at the /n7 vivo length in the mock circulation shown in Figure 1. This set-up has
previously been used by the group in Uruguay and Argentina [3] and is similar to the set-up
used for data analyzed in [41,42]. After being placed in the specimen chamber, each arterial
segment was allowed to equilibrate for 10 minutes under cyclic flow conditions, with a
pumping rate set at 110 beats/min, maintaining a mean pressure of 85 mmHg. To ensure
stability, flow was monitored with an ultrasonic flowmeter (Transonic Systems). During the
ex vivo experiments each arterial segment was kept immersed and perfused with thermally
regulated (37°C) and oxygenated Tyrodes solution (pH 7.4). After the equilibration period,
the flow sensor was removed and pressure and diameter signals were recorded and saved at
a sampling frequency of 200 Hz. The mock circulation was adjusted to reproduce /n vivo
pressure wave morphology, enabling adequate isobaric, isoflow, and isofrequency analysis.
At the end of the experimental session, the segments were weighed and submitted for
histological analysis.

2.1.2 Human data—Ten human subjects (5 male and 5 female, age 40 + 5 years, and body
mass index of 23.3 + 1.5 kg/m?) participated in the in vivo studies. The study was approved
by the ethics committee of the Universidad de la Republica, Uruguay, and all subjects
participating in the study had signed an informed consent. Internal vessel diameter and
blood pressure were obtained using ultrasound and applanation tonometry. All
measurements were noninvasively taken after 15 minutes of recumbent rest by Drs. Bia and
Zdcalo, who are trained in noninvasive vascular studies. For vessels that dilate
symmetrically and where the surrounding tissue is significantly more compliant than the
vessel studied, previous work [31] has showed that the applanation tonometry procedure is
highly accurate and that results obtained have a high reproducibility. Before using this
method, the accuracy of the probe was validated both in animal and human subjects.
Previous comparisons, both in the time domain and by spectral analysis, showed excellent
correspondence between tonometric and intra-arterial pressure measurements [23].

Internal arterial diameter and wall thickness were measured using real-time B-mode
ultrasound echographic imaging (Portable Ultrasound System, Aloka-SSD210, Aloka Ltd.,
Tokyo, Japan), as shown in Figure 2. This method has been validated against
sonomicrometry, as well as against echo tracking [23]. The resolution of the 7.5 MHz probes
used in this study ranged from 0.2 to 0.4 mm. This resolution is not adequate for estimating
the smallest changes in the diameter. However, as shown in earlier studies [16,23] this study
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used sub-pixel interpolation (available in the software), which enhance the resolution by a
factor 5 to 10.

The left human common carotid internal artery diameter and wall thickness were examined
using transverse and sagittal projections to verify the existence of walls without alterations.
After that, the sound beam was adjusted perpendicular to the arterial surface of the far wall
of the vessel, 3 cm proximal to the bifurcation of the common carotid artery, to obtain two
parallel echogenic lines corresponding to the lumen-intima and media-adventitia interfaces.
Once the two parallel echogenic lines of the far wall were clearly visible on the monitor,
along at least 1 cm of the segment to measure, a fixed image (end-diastolic
electrocardiogram triggering) was used to assess intima-media thickness and a sequence of
images were used to determine the instantaneous waveform of arterial diameter were
acquired at a sampling rate of 30 Hz. The image analysis involved automatic detection of the
anterior and posterior wall interfaces, which were used to predict the thickness of the vessel
wall. This procedure was previously employed and validated against the sonomicrometric
technique [23].

Immediately after the echographic measurements, the pressure waveforms were measured
with an applanation tonometer (Sphygmocor, AtCor Medical Inc., USA) at the same site
(marked with a pen on the neck of the subject) as the diameter measurements at a sampling
frequency of 125 Hz. Immediately prior to each tonometric recording, mean and diastolic
brachial pressures, measured by sphygmomanometry, were recorded and used for calibration
of the carotid artery pressure measurements. Calibration involved aligning the tonometric
recordings of diastolic and mean pressures to those measured using spygmomanometry in
the brachial artery. After calibration, data from one period from the pressure recordings was
aligned with the diameter measurements and both signals were sampled at a frequency of
between 500-600 Hz.

Since pressure and diameter waveforms were recorded with different devices, the recorded
data was resampled and interpolated to obtain sample values at the same time points. The
length of the two cardiac cycles were scaled to the average length, and the waveforms were
aligned using the QRS complex of the electrocardiogram. This is similar to the approach
used in previous work, see [18]. It was assumed that the mean pressure does not change in
large conduit arteries and that diastolic pressure (as opposed to systolic pressure) does not
substantially differ between the brachial and the carotid artery. A surface electrocardiogram
was acquired and stored together with the diameter and pressure signals.

2.2 Histological analysis

The ovine arterial segments were submitted for histological analysis. The vascular
specimens were fixed by immersion in 10% formaldehyde and embedded in paraffin to
obtain 7 pm transverse sections perpendicular to the longitudinal axis of the vessel.
Specimens were deparaffinated and hydrated, and finally stained with the Cajal-Gallego
method, which differentially stains muscle cells (yellow-green), elastin (dark red) and
collagen (blue). Histological images were digitized on a square frame (630 x 1024 pixels)
with an optical microscope at magnification of 400. To quantify the relative amount of each
component, a procedure previously proposed by Kawasaki et a/. [30] was used. In brief,
after eliminating the pixels that do not correspond to vascular tissues, elastin, collagen and
smooth muscle relative contents were determined as the ratio of the number of pixels that
were stained dark red (elastin), blue (collagen) and yellow-green (smooth muscle),
respectively, to the total number of pixels for each image, as shown in Figure 3.

Ann Biomed Eng. Author manuscript; available in PMC 2013 July 11.
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2.3 Data pre-processing

All date include time series measurements of blood pressure p;and internal arterial wall
diameter gj. In the models employed we seek to investigate the dynamics of the cross-
sectional area as a function of arterial blood pressure. Consequently, we convert vessel
diameter into cross-sectional area using
d;i\?
Cljzﬂ(?) .

To ensure that our models are applied consistently to the experimental data, and in an effort
to reduce computational cost, we applied a pre-processing step to ensure that all data were
resampled (if necessary) at 200 Hz. For the animal data, we cropped the time series after
four consecutive, stable cardiac cycles. In contrast, we only obtained a single cycle of data
from each human subject. We therefore replicated these cycles to obtain a data segment
consisting of four (identical) cycles. This was done to have sufficient data for the models to
equilibrate to a dynamic steady state.

2.4 Mechanical models

In previous studies, we have analyzed ex vivo ovine aortic and carotid wall properties using
the Kelvin viscoelastic model [41] and an extended two-term exponential relaxation linear
viscoelastic model [42]. Results from these studies revealed that the pressure-area dynamics
of the vessel, especially the aorta, display nonlinear stiffening with increasing pressure.
These observations served as motivation to extend the models to account for nonlinear
responses in the dynamic distention. To obtain a cohesive framework for formulating and
comparing models, we employed Quasilinear Viscoelasticity (QLV) theory [19], which
relates the stress-strain dynamics as

ds“Lp(y)] dy

e=["_K(@t—y) ™ ey

where e denotes a scalar measure for vessel strain, K(2) is a creep function, and the elastic
response is specified by the function s®[]. We integrate by parts to avoid numerical
differentiation of the experimental blood pressure waveform. Starting at an arbitrary time &,
(1) can be rewritten as

+ dK(t—y) |,
e=KO0)s“[p)]+ [ ﬂ)%s(”[pm]dy. @

To analyze vessel distention due to time-varying blood pressure, we consider three elastic
response functions. All functions are derived under the assumption that arteries (the thoracic
descending aorta and the carotid artery) can be modeled as homogeneous and isotropic thin
walled straight cylindrical vessels where e, e, < eggand o, o, ggg[20], i.e., We
assume that we can prescribe the elastic response s8] using only circumferential stress
and strain components. Under equilibrium conditions in such vessels, Laplace’s law relates
the circumferential stress in the vessel wall to the fluid pressure p, and the geometry of the
vessel as og g= pr/h, where ris the cross-sectional radius and /4 is the vessel wall thickness.
A circumferential strain can be expressed relative to the zero-pressure state as the
normalized change in the vessel radius so that eg g = (r— 1p)/ ry, where ry represents the
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radius of the mounted, stretched vessel at zero transmural pressure. It should be noted that
what we refer to as the zero-pressure state is the radius of the intact vessel at zero pressure.
Note, in this study the true residual stress is not considered, instead the unpressurized intact
vessel is considered the unloaded state. Based on the thin wall assumption, we obtain a
simplified stress-strain law eg g= og ¢ E, Where E'is the elastic modulus. We combine these
equations to obtain the strain measure e defined as

pr r—ry 10

r—ro
£ = PE,=% where &= Pt ©)

Note this strain measure differs from the standard measure, since it is defined relative to the
deformed radius as opposed to the zero-pressure radius. The Kelvin viscoelastic (linear)
model elastic response, expressed in terms of the zero-pressure cross-sectional radius, can be
written as

s<")[p]=%1’~ @

In the above equation, 0 < 1y < 1y, is the zero-pressure cross-sectional radius of the vessel,
and £his the product of the wall elastic modulus and the vessel wall thickness.

We consider three elastic response functions: the linear response model in (4) and two
nonlinear models that allow us to account for the stiffening of the vessel wall with
increasing pressure. All three models will be incorporated within the QLV framework
outlined above, (2). The first nonlinear function studied was the arctangent model one
proposed by Langewouters et al. [33], which is an empirical model validated using data
from human aortic segments measured ex vivo. This model describes the elastic response as

%—han‘l (&)
T P1
_ 9
T+itan! (P—PO)
T P1

s9Lpl=1- ©)

where gy (mmHQ) is the pressure at maximum slope, and p; (mmHg) represents the
steepness of rise of the curve or half-width pressure.

The second function considered was a sigmoid function that accounts for saturation in the
vessel wall distention both at high and low blood pressure values. This function is given by

A k+ k
SO pl=t— | AoPHad) o
Ampk+A()a’k

where A, and Ag (cm2) are the maximal and zero-pressure cross-sectional areas of the
vessel, respectively, a (mmHgQ) is the characteristic pressure at which the vessel starts to
saturate, and & denotes the steepness of rise of the sigmoid curve. A comparison of these
models are shown in Figure 4.

For all three elastic response models, we assume that the viscoelastic creep function K{(#) can
be characterized by a linear time-invariant dynamic term with one relaxation time 4; and
amplitude A;, K() =1 - Ay 701 This creep function is derived from the Kelvin
viscoelastic model (see [42] for details). Because the term A; is related to spring and
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dashpot constants in a mechanical analog, it is constrained between zero and one, i.e., 0 <
Ajp < 1. At the lower limit A7 — 0, (4) reduces to an elastic (static) pressure-area
relationship. At the upper limit A; — 1, the Kelvin model creep function reduces to that
associated with the Voigt model. Figure 5 illustrates the modeling approach and Table 1
summarizes the models we used for the data analysis.

2.5 Parameter Estimation

The models described above relate distention of the vessel lumen to the time-varying blood
pressure. Each model predicts vessel distention as a function of pressure and characterizes
the mechanical properties of the vessel wall via a set of parameter values. One of the
objectives of this study is to use pressure-area data to infer biomechanical properties of the
vessels for individual sheep and human subjects, considering variations across location and
experimental conditions. Model parameters are estimated via solution of the inverse problem
minimizing the least-squares difference between computed and measured values of the
cross-sectional area. Starting from a set of initial parameters 8, € R" (see Table 2), where
np denotes the dimension of the parameter space, the inverse algorithm iteratively estimates
the set of parameters &that minimize the least-squares error between the experimental and
model predicted cross-sectional area.

Our formulation of the inverse problem relies on the assumption that the measurements can
be described fully by an underlying dynamic model plus an error term that compensates for
measurement noise. Thus, given a time series of vessel area a;with /7 observations, we
assume that the statistical model can be written as

aj=A(t;;0)+ej,  j=1,2,...,n, (7)

where A(#;6) is the modeled cross-sectional area evaluated at times Z for each data set and &
€ R"p, where 71, is the cardinality of the set of parameter values of the model. For this
system, we assume that the measurement errors &;, /=1, 2,..., 11, are independent identically
distributed (/./.d") random variables with mean £[ej] = 0 and constant variance vare] = .
Given the form of the statistical model (7), we can define the objective function using the
sum of squared errors, and formulate the associated least-squares estimation problem
according to

_ _ 1< 5
6=argmin/(), where J(H):;Z;M(tj;e)—a P @
=

To estimate model parameters we used the Nelder-Mead simplex (direct search) method
(fminsearch) implemented in Matlab (version 7.4.0, The Mathworks, Natick, MA). Our
optimization was carried out in two sequential steps. First, using the parameter values
presented in Table 2, we estimated the parameters associated with the e/astic response of
each model (Equations (4), (5), and (6)). Along with the input pressure, model predictions
obtained with the elastic models are shown in black dashed lines in Figures 6 and 7. We then
use these parameter estimates as initial values for estimating parameters in the full
viscoelastic model. Thus, in this step, we optimize the full set of parameters including both
elastic and viscoelastic portion of the response. This two step algorithm gave more reliable
parameter estimates that a one-step approach optimizing all parameter simultaneously.
Representative results from this method is shown in Figure 6.

The Nelder-Mead simplex method is an unconstrained optimization routine. However, the
model parameters are constrained within given physiological limits. First, all model
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parameters are physical quantities that should be positive, and second, the zero-pressure
radius 7y has to be smaller than the minimum radius observed in the data. The viscoelastic
parameter A is also constrained to the interval 0 < A; < 1. To ensure positive parameter
values, we optimized the square root of the parameters and then square them before the
functions are evaluated. To impose bounds on rp and A; we introduced sigmoid functions
with an upper and lower limit to define the constrained parameters, and then optimized (2.
These functions are defined as

were x denotes the constrained parameter, i.e., x= {r, A1} and x4 denotes the bound for
the two parameters, i.e., Xpuax = {min(r), 1}.

To assess Whether estimated parameters vary among models, experimental conditions, and
anatomical locations, we make use of a two-way sample t-test to determine whether there is
a significant statistical difference among means of the estimated parameters. We utilized the
Matlab function ffest2for this analysis.

Results analyzing the three viscoelastic models for the thoracic descending aorta and the
carotid artery are shown in Figure 7. The results displayed in this figure are obtained using
one representative data set from each location for both experimental conditions. Summary
statistics obtained using all available data for the estimated parameters &and the minimum
least-squares cost values are reported in Table 3.

Results show that all three viscoelastic models can capture the main properties of the
pressure-area dynamics. For the thoracic descending aorta (under both experimental
conditions), the nonlinear viscoelastic models (the arctangent model and our sigmoid model)
offer significant improvement allowing excellent prediction of the nonlinear stiffening
observed with increased pressure. This can be seen from the graphs in Figure 7 as well as by
inspection of the least-squares cost (J) (see Table 3), which are smaller for the nonlinear
models. In contrast, for the carotid artery, the Kelvin model gives the best prediction of the
pressure-area dynamics under ex vivo conditions. For the human carotid artery analyzed
under /n vivo conditions, the difference between the three models is less obvious, as the
least-squares cost (J) does not differ significantly between the three models.

Parameter estimates

Analysis of the standard errors and confidence intervals presented for one representative
data set for each experimental condition presented in Table 6 (found in Appendix A) show
that the model parameters £A, &, and ry generate the smallest standard errors and the tightest
confidence intervals indicating that these parameters are estimated with higher certainty.
The remaining parameters generated larger standard errors but the confidence intervals
remained fairly tight and variation of initial conditions gave almost identical parameter
estimates. Consequently, these results indicate that reported parameter values are reliable
and can be subject to further investigation.

One important model parameter is 7, which denotes the vessel radius at zero pressure. This
parameter plays a role in quantifying the arterial strain (see Equation (3)). While ry can be
measured under ex vivo conditions, it cannot be measured /n7 vivo. Consequently, for all
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models we estimated 7y, and then we used ex vivo measurements to verify our model
predictions. The results of this analysis showed that both the Kelvin and the sigmoid models
accurately predict rp for the carotid artery, whereas the arctangent model under-estimateed
at both locations (compare values reported in the second column of Table 3). For the human
in vivo data we do not have similar measurements, and can therefore not compare model
predictions of 7.

Model parameters and biomechanical properties

To investigate biomechanical properties, we compiled summary statistics from the
histological studies and analyzed estimated model parameters. Histological results, reported
in Table 4, show that the the difference between smooth muscle cell content is similar
between the two location, while the other two components clearly differ between the two
locations: Elastin is significantly higher in the thoracic descending aorta and the level of
collagen is significantly higher in the carotid artery. Model parameters cannot directly be
correlated to these percentages, since the mechanical properties are a result of the interaction
between the collagen fibrils, elastic fibers, and smooth muscle cells. Furthermore, it is well
known that vessels display different mechanics ex vivothan in vivo, as a result of being
excised from their natural environment [2,3,10,14]. However, some comparisons can be
made. In particular, histological results indicate that the carotid artery is stiffer than the
thoracic descending aorta while viscoelasticity may not differ significantly between location.
The latter, is not clear since elastin also contribute to viscoelastic dampening and that clearly
differ between locations.

Vessel stiffness

At physiological pressures, the distention of the carotid artery is significantly smaller than
the distention of the thoracic descending aorta when normalized to a pressure increase of
100 mmHg. Under ex vivo conditions, the cross-sectional area of the aorta distends 20%
whereas the cross-sectional area of the carotid distends only about 2%. Under /n vivo
conditions the aortic distention is approximately 40%, whereas that of the human carotid
artery is approximately 18%. These results show that 1) under ex vivo conditions vessels are
stiffer than under /n vivo conditions and 2) that the carotid artery is significantly stiffer than
the thoracic descending aorta. The parameters associated with vessel stiffness are £for the
Kelvin model, p; in the arctangent model, and & in the sigmoid model. For the Kelvin
model, the estimated parameter is £/ and, thus, using the experimentally measured values of
wall thickness /shown in Table 4, we can estimate the elastic modulus. Converting these
results show that £is significantly higher for the carotid artery

(7773 < ES4 . <9523 mmHg) than for the thoracic descending aorta

exvivo —
(634 < ETA <726 mmHg). Comparing values for thoracic descending aorta under ex

vivo and /n vivo conditions show that Egy ivo > Ejn vive- FOr the sigmoid model, the
parameter k represents vessel stiffness: a smaller value of kindicates a more rigid vessel.
This model predicts that the vessel is more rigid ex vivothan in vivo (Kex vivo < Kin vive), but
finds no statistically significant difference among anatomical locations (k7pa Versus kc).
For the arctangent model, vessel stiffness is associated with the parameter p;: a larger value
of p; denotes a stiffer vessel. Results obtained with this model indicate that vessels are
stiffer ex vivothan in vivo and that the carotid artery is stiffer than the thoracic descending
aorta. The observation that the carotid artery is stiffer than the thoracic descending aorta
agrees with the histological analysis represented in Table 4, which shows that the carotid
artery contains less elastin and more collagen than the thoracic descending aorta. Whereas
the observation that vessels examined under ex vivo conditions are stiffer than those
examined /n vivo cannot be corroborated by the histological data, since such data can only
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be obtained ex vivo. Instead these observations might potentially be due to the extraction of
the vessels from their support matrix.

Viscoelasticity

Viscosity

All three models use the same viscoelastic creep function, which is parameterized by the
amplitude A, and the viscoelastic relaxation time £,. For ex vivo estimates with the Kelvin
model from the thoracic descending aorta, A is significantly larger /n vivothan ex vivo. In
all other cases, values for A; do not differ significantly between experimental conditions or
between vessel location. For most cases, A; is close to 1 indicating that the Kelvin
viscoelastic creep function is similar to that of a simpler viscoelastic model (Voigt model).
This observed property of our parameter estimates is likely related to the dominance of a
single characteristic frequency in the input pressure waveform.

For the sigmoid model, the parameter estimates for £; were inconsistent between groups.
This agrees with histological results for smooth muscle cells (the main contributor to
viscoelasticity), which do not differ significantly between locations. For the human carotid
vessels examined /n vivo, we further examined significantly higher (o < 0.05) viscoelastic
damping when compared with the animal data. This observation indicates human vessels
contain more smooth muscle cells than ovine vessels.

To further investigate the viscoelastic properties that the vessels display and compare/
identify viscoelastic characterization among the models, we analyzed the delay between
peaks of the pressure and area waveforms. The delay between the pressure and diameter or
area waveforms is evidence of a viscoelastic response of the arterial wall that, in turn,
determines the area of hysteresis in the pressure-area relationship. However, since vessels
examined here are anatomically different (the thoracic descending aorta is significantly
larger than the carotid artery) it is difficult to assess viscoelasticity via comparisons of the
area spanned by the hysteretic viscoelastic response. Therefore, we examined the delay,
which in principle can be computed directly from data. However, noise in the measurements
for vessel area makes it difficult to estimate the exact time for peak area. On the other hand,
the time for maximum area is easily detected from the model predictions (compare solid
light and dark lines in Figure 6). Delays for the optimal models (the sigmoid model and the
Kelvin model) are summarized in Table 3. Independent of model choice, our results show
that for the thoracic descending aorta delays do not vary between /n vivoand ex vivo
conditions, indicating that excision of vessels does not significantly impact viscoelasticity
(i.e., the smooth muscle cells and elastin). This observation agrees with results of the
analysis of viscoelastic parameters discussed above. Comparing results between locations
(ex vivo) indicates that the carotid artery is less viscoelastic than the thoracic descending
aorta. This contradicts our results reported for the parameter b;, which for the sigmoid
model does not differ significantly between locations. Our histological results showed no
significant difference of smooth muscle cells between location, indicating that the other
constitutes of the vessel wall (in particular elastin, which does differ significantly between
locations) contributes to the overall viscoelastic response.

To summarize, our results indicate that viscoelasticity do not vary between experimental
conditions, that it may vary between location, and that differences likely exists between the
two species.

Another comparison relates to estimates of viscosity. Viscosity can be predicted from
analysis of parameters in the Kelvin model. The Kelvin model can be represented by a
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mechanical body with a dashpot (7), associated with viscosity, and two springs (A and ).
Using the mechanical body, the Kelvin model can be formulated as

ko

k 1+—
2&+1M] ( +k2)

de_, mdp
dr P ar

Comparison with our formulation gives 7 = A1, ENlrg [43]. This quantity is proportional to
the vessel stiffness £5, the relaxation amplitude A,, the relaxation time 4y, and inversely
proportional to the zero-pressure radius #y. Since the changes from in vivoto ex vivo
conditions manifest themselves primarily in the parameter £/, the results for viscosity
follow those observed for vessel stiffness £/ in both locations. It should be emphasized
though, that this definition is only valid for the Kelvin model, where an analogy can be
made between parameters estimated and the quantity representing viscosity. Results gave
that for the thoracic descending aorta = 28.8 ex vivoand n = 15.4 in vivo. For the carotid
artery we got n = 227 ex vivoand n = 81 in vivo.

4 Discussion

Results from our modeling analysis of pressure-area dynamics demonstrate that including
viscoelasticity is important for capturing the loops found when relating cross-sectional area
to pressure. Furthermore, it is essential to account for nonlinear stiffening when predicting at
physiological pressures responses for the thoracic descending aorta. For the same pressure
ranges, this is not essential for the carotid artery. However, histological analysis (see Table
4) shows that the carotid artery has a higher level of collagen, indicating that, for some
ranges of pressure loading, accounting for nonlinear elastic behavior may also be important.
Such ranges could be identified by measuring pressure-area dynamics for patients with
severe hypertension, or by inducing significantly higher pressures in the carotid artery under
ex vivo experimental conditions.

Overall, analysis of experimental data using models reveals that the sigmoid model
improves the data prediction of the arctangent model, which displays large variation in
parameter estimates and consistently underestimates the zero-pressure radius /.
Consequently, our results support the notion that the sigmoid model for analysis of data
from the thoracic descending aorta, while the Kelvin model is better for analysis of smaller
and stiffer vessels, including the carotid artery. Our model analysis results show that, for the
thoracic descending aorta, the nonlinear viscoelastic models can reduce the cost Jby an
order of magnitude under both experimental conditions. For the carotid artery, the Kelvin
model produces the largest reduction in J. Overall, these specific model choices for the two
vessel types consistently fit the data more precisely (give the lowest values of J) and
generate parameter values within the physiological range and with the smallest confidence
intervals (see Table 6) independently of the experimental conditions. All observations
mentioned above are corroborated with small standard errors and overall tight confidence
intervals at the 95% level.

Most results reported in this study were obtained by analysis of ovine arteries. However,
results in one vessel type was obtained using human arteries. The latter was done to see if
the proposed models could be applicable across species. Generally, the ovine and human
cardiovascular systems differ in anatomy and physiology (e.g., the number and size of
arteries, cardiac output, and blood viscosity). However, ovine- and human arteries contain
the same constituents giving rise to similar mechanical behavior. These similarities support
the use of ovine models to examine human cardiovascular biomechanics. For example, the
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ovine cardiovascular system has been shown to be an excellent model for human vascular
physiology and pathology, including therapeutics (i.e., in studies analyzing the performance
of vascular grafts [32]). Consequently, experimentalists are often use ovine studies in
research projects. From a modeling point of view, similarities in biomechanical behavior
justifies the use of the same models for analysis of ovine and human data, while differences
in anatomy leads us to the expectation (as discussed below) that model parameters differ
between the two species.

Vessel stiffness

Predictions of model parameters, which relate to biomechanical properties, reveal that
parameters characterizing vessel stiffness agree well with previous results reported in the
literature. Our computational results showed that both vessel types (aortic and carotid) were
stiffer under ex vivo conditions as compared /77 vivo conditions. Our results are consistent
with several previous studies comparing both experimental conditions. Boutouyrie et al.
(1997) [10] showed, using rat aortic segments, that arterial distensibility and compliance
were higher under /n vivo conditions than ex vivo conditions. Similar results were reported
by Wells et al. [44], who analyzed ovine artery stiffness. Wells et al. based their results on
analysis of pulse wave velocity, which was found to be higher under ex vivo conditions. It is
well known that pulse waves travel faster in stiff vessels than in compliant ones. Our results
are also in agreement with previous experimental studies that related reductions in smooth
muscle tone under ex vivo conditions to increases in elastic moduli [3]. Similar results were
found using ovine [12] and human [2] vessels.

Furthermore, our results show that the carotid artery is stiffer than the thoracic descending
aorta, which was confirmed both via analysis of the estimated model parameters as well as
by analysis of histological results. The latter showed that the carotid artery has less elastin
and more collagen than the thoracic descending aorta, while the smooth muscle cell level did
not differ significantly between the two sites.

According to our parameter estimates, the ovine carotid artery is significantly stiffer than
that of humans. This observation could be investigated experimentally, by comparing
histological data from the two species. However, we did not have such data available for this
study. Therefore, future studies have to be conducted to test this hypothesis.

Viscoelasticity

Results showed that it is important to include viscoelasticity, without it the pressure area
hysteretic loops cannot be predicted. However, viscoelastic parameters were more difficult
to compare and interpret. The models include two viscoelastic parameters a viscoelastic gain
Aj and a relaxation time by. For the Kelvin model A; < 1, while for the arctangent and the
sigmoid model A; — 1. The latter indicates that the viscoelastic response could be predicted
using a VVoigt model. The parameter by varied significantly (and inconsistently) for the
Kelvin and arctangent models, while for the sigmoid model 4, did not vary significantly
between experimental conditions or with vessel location. This large variation likely stem
from the fact that by is the least sensitive parameter (these results are not reported here, but
we refer to [43]). However, even though the parameters A; and b, appearing in the
viscoelastic creep function did not vary significantly across most data sets, it should be
noted that the dynamic pressure-area characteristics are also affected by parameters in the
elastic response function of the QLV formulation. In addition to analysis of viscoelastic
parameters we also analyzed the delay between pressure and area peaks, which similar to the
sigmoid model showed little difference between experimental settings. While a decrease was
found between the thoracic and carotid arteries. In general, these observations suggest that
additional data is essential to investigate the behavior of the viscoelastic models.
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The one major difference observed both for parameter predictions of A; and b as well as
for predictions of the delay between pressure and area peaks is that human vessels appear
more viscoelastic than the corresponding ovine vessels. Again, the latter could be
investigated further by comparing histological results between the two species.

In addition to analysis of vessel stiffness, the study by Armentano et al. [2] reported a
decrease in viscosity after arterial excision. This observation contradicts findings by
Boutouyrie et al. [10], who reported that viscosity (assessed via evaluation of the area of the
pressure-volume loop) is significantly lower /n vivo. Both studies, along with a number of
other studies [1-3,5] attribute changes in viscosity to changes in smooth muscle content,
arrangement and activation. While smooth-muscle content may not differ between the
experimental conditions, both the arrangement of the smooth muscle cells as well as their
degree of activation may differ, thus leading to the observed differences. Our results agree
with those of Boutouyrie, namely that viscosity is higher ex vivothan in vivo, but disagree
with those predicted by Armentano et al. On the other hand, our results agree with results by
Bia et al. [6], which showed that viscosity is higher in the carotid artery than in the thoracic
descending aorta. It should be noted that modeling approaches in our studies differ from
those mentioned above. Studies by Bia et al. and Armentano et al. used the Voigt model
combined with analysis of a simple harmonic, while our studies used the Kelvin model and
the actual pressure data to determine the value. This is again, different from the study of
Boutouyrie, who assessed viscosity via prediction of the area of the pressure-volume loop.
Thus further studies are needed for more consistent prediction of this quantity. Furthermore,
it should be noted that for the thoracic descending aorta, the Kelvin model did not
adequately predict dynamics observed in the vessels, thus values predicted for these vessels
may not accurately predict viscosity. However, we did note the same discrepancy for the
carotid artery, where the Kelvin model predicted pressure-area dynamics better.

All results discussed in this study depend on correct interpretation of the pressure-area
loops, in particular, it is essential that both diameter and pressure measurements are a)
recorded simultaneously at the same location, b) processed by circuitries having the same
frequency characteristics, and c¢) the signals to be synchronized. Our /n vivoand ex vivo
methodological approaches were selected to ensure that these important methodological
facts were fulfilled. The only exception is the /n vivo measurements from the human
subjects, where pressure and area measurements are made sequentially and then aligned to
the ECG in a post hoc manner. This careful design of experiments allowed us to use the data
for estimation of model parameters. Results showed significant changes within the elastic
parameters, while differences in viscoelastic parameters were more subtle. It is noted that, in
all our models, the same creep function K(# was used and involved a discrete spectrum with
a single relaxation term. By contrast, other studies of soft tissue viscoelasticity employ more
complex creep functions, e.g. based on a continuous spectrum or a discrete spectrum
approximation with multiple terms [19,25,42]. However the pulsatile data considered in our
study are dominated by a single frequency, thus making it challenging to characterize
additional parameters in more complex viscoelastic models. In a previous study by our
group, the addition of a second exponential relaxation term to the creep function resulted in
no significant improvement in prediction of the experimental data [42]. Future studies in
which the heart is paced over a range of frequencies will contribute to more detailed
characterization of the viscoelastic damping responses and, hence, to the development of a
more accurate representation of the viscoelastic creep function of the arterial wall.
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Another limitation of our proposed models is that we assume that arteries locally can be
identified as straight cylindrical vessels. This assumption holds for both the thoracic and
carotid arteries used in this study. However, our derivation of stress-strain relations does not
hold if vessels are non-cylindrical. This limitation is important to keep in mind if one seeks
to utilize the proposed models for vessels with a more complex geometry.

5 Conclusion

In conclusion, our study shows that the proposed models can predict pressure-area dynamics
and can capture nonlinear stiffening of large vessels, though this phenomenon may not be
important in more peripheral vessels such as the carotid artery. Results also showed that
essential differences can be detected between experimental conditions, and that parameters
vary with species. Our results show that the carotid arteries are stiffer than the thoracic
descending aorta, that vessels are stiffer ex vivothan /n vivo, and that the carotid arteries are
stiffer in ovine vessels than in humans. We cannot make a similar conclusion for the
thoracic descending aorta, which was only studied in sheep. Furthermore, we note that
viscoelastic properties differ to a lesser degree between locations and not at all between
experimental conditions. However, human carotid arteries appeared to be more viscoelastic
than ovine vessels. While these results of analysis of biomechanical properties were
separated between function (stiffness vs. viscoelasticity), all parameters are essential for
accurate prediction of the loops apparent in pressure-area data. Further studies are required
to describe, in greater detail, how changes in loop geometry are related to the damping of the
pulse pressure as the pressure wave is propagated along the arteries. The latter effect is
particularly important, since such results potentially can be used for analysis of impact of
stents and grafts in the cardiovascular system. However, to thoroughly investigate the
impact on viscoelasticity in a vessel with a stent or a graft, the models proposed in this study
should be coupled with a fluid dynamics model. Today most fluid dynamics models are
coupled with linear elastic models (see e.g. [36]) or with simple linear viscoelastic models
(see e.g., [39]). Thus, we propose to couple current fluid dynamics models with the
nonlinear viscoelastic models developed in this study.

Acknowledgments

This was supported in part by the Programa para el Desarrollo de las Ciencias Basicas (PEDECIBA, Uruguay),
Agencia Nacional de Investigacion e Innovacién (FCE-2007-635-Dr. Armentano and FCE-2007-638-Dr. Bia;
Uruguay), the United States National Science Foundation (DMS-0616597 and DMS-0636590), the United States
National Institutes of Health (AG-15768), and by the Consejo Nacional de Ciencias y Tecnologia (CONA-CYT,
México).

References

1. Armentano RL, Barra JG, Levenson J, Simon A, Pichel RH. Arterial wall mechanics in conscious
dogs: assessment of viscous, inertial, and elastic moduli to characterize aortic wall behavior. Circ
Res. 1995; 76:468-478. [PubMed: 7859392]

2. Armentano RL, Barra JG, Santana DB, Pessana FM, Graf S, Craiem D, Brandani LM, Baglivo HP,
Sanchez RA. Smart damping modulation of carotid wall energetics in human hypertension: effects
of angiotensin-converting enzyme inhibition. Hypertension. 2006; 47(3):384-90. [PubMed:
16461847]

3. Armentano RL, Barra JG, Pessana FM, Craiem DO, Graf S, Santana DB, Sanchez RA. Smart
smooth muscle spring-dampers. Smooth muscle smart filtering helps to more efficiently protect the
arterial wall. IEEE Eng Med Biol Mag. 2007; 26(1):62—70. [PubMed: 17278774]

4. Banks, HT.; Davidian, M.; Samuels, JR., Jr; Sutton, KL. An inverse problem statistical methodology
summary. In: Chowell, G.; Hyman, JM.; Bettencourt, LMA.; Castillo-Chavez, C., editors.
Mathematical and statistical estimation approaches in epidemiology. Springer Verlag; Amsterdam,
Netherlands: 2009. p. 249-302.

Ann Biomed Eng. Author manuscript; available in PMC 2013 July 11.



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

1duasnuey Joyiny vd-HIN

Valdez-Jasso et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

Page 17

. Barra JG, Armentano RL, Levenson J, Simon A, Pichel RH. Assessment of smooth muscle

contribution to descending thoracic aortic elastic mechanics in conscious dogs. Circ Res. 1993;
76:468-478. [PubMed: 7859392]

. Bia D, Aguirre I, Zocalo Y, Devera L, Fischer E. Regional differences in viscosity, elasticity, and

wall buffering function in systemic arteries: pulse wave analysis of the arterial pressure-diameter
relationship. Rev Esp Cardiol. 2005; 58:167-174. [PubMed: 15743563]

. Bia D, Z6calo Y, Armentano RL, de Forteza E, Cabrera-Fischer E. Acute increase in reversal blood

flow during counterpulsation is associated with vasoconstriction and changes in the aortic
mechanics. Conf Proc IEEE Eng Med Biol Soc. 2007:3986-3989. [PubMed: 18002873]

. Bia D, Z6calo Y, Armentano RL, Camus J, Forteza E, Cabrera-Fischer E. Increased reversal and

oscillatory shear stress cause smooth muscle contraction-dependent changes in sheep aortic
dynamics: role in aortic balloon pump circulatory support. Acta Physiol (Oxf). 2008; 192:487-503.
[PubMed: 17973954]

. Bia D, Z6calo Y, Armentano RL, Laza S, Craiem D, Saldias M, Alvarez I. Non-invasive

biomechanical evaluation of implanted human cryopreserved arterial homografts: comparison with
pre-implanted cryografts and arteries from human donors and recipients. Ann Biomed Eng. 2009;
37(7):1273-86. [PubMed: 19381813]

. Boutouyrie P, Bézie Y, Lacolley P, Challande P, Chamiot-Clerc P, Benetos A, de la Faverie JF,
Safar M, Laurent S. In vivo in vitro comparison of rat abdominal aorta wall viscosity. Influence of
endothelial function. Arterioscler Thromb Vasc Biol. 1997; 17(7):1346-55. [PubMed: 9261266]
Burton AC. Relation of structure to function of the tissues of the wall of blood vessels. Am Physiol
Soc. 1954; 4:619-642.

Cabrera-Fischer El, Bia D, Camus JM, Z6calo Y, de Forteza E, Armentano RL. Adventitia-
dependent mechanical properties of bracio- cephalic ovine arteries in in vivoand in vitro studies.
Acta Physiol (Oxf). 2006; 188:103-111. [PubMed: 16948797]

Cabrera-Fischer El, Bia D, Zécalo Y, Armentano RL. Smooth muscle-dependent changes in aortic
wall dynamics during intra-aortic counterpulsation in an animal model of acute heart failure. IntJ
Artif Organs. 2009; 32:354-361. [PubMed: 19670187]

Cabrera-Fischer El, Santana DB, Zécalo Y, Camus J, de Forteza E, Armentano RL. Effects of
removing the adventitia on the mechanical properties of ovine femoral arteries in vivo and in vitro.
Circ J. 2010; 74(5):1014-22. [PubMed: 20354337]

Casella, G.; Berger, RL. Statistical Inference. Duxbury: Thomson Learning; 2002.

Craiem D, Chironi G, Gariepy J, Miranda-Lacet J, Levenson J, Simon J. New monitoring software
for larger clinical application of brachial artery flow-mediated vasodilatation measurements. J
Hypertesns. 2007; 25:133-140.

Davidian, M.; Giltinan, D. Nonlinear Models for Repeated Measurements Data. London: Chapman
and Hall; 1998.

DeVault K, Gremaud P, Novak V, Olufsen MS, Vernieres G, Zhao P. Blood flow in the circle of
Willis: Modeling and calibration, Multiscale Mod Simul. SIAM Int J. 2008; 7:888-909.

Fung, YC. Biomechanics: Mechanical Properties of Living Tissues. New York: Springer Verlag;
1993.

Fung, YC. Biomechanics: Circulation. New York: Springer Verlag; 1996.

Gamero LG, Armentano RL, Barra JG, Simon A, Levenson J. Identification of arterial wall
dynamics in conscious dogs. Exp Physiol. 2001; 86:519-528. [PubMed: 11445831]

Gamero LG, Armentano RL, Levenson J. Arterial wall diameters and viscoelastic variability.
Comput Cardiol. 2002; 29:513-516.

Graf S, Gariepy J, Massonneau M, Armentano RL, Mansour S, Barra JG, Simon A, Levenso J.
Experimental and clinical validation of arterial diameter waveform and intimal media thickness
obtained from B-mode ultrasound image processing. Ultrasound Med Biol. 1999; 25:1353-1363.
[PubMed: 10626622]

Guyton, AC.; Hall, JE. Textbook of medical physiology. 9. W.B. Saunders Company;
Philadelphia, PA: 1996.

Holenstein R, Niederer P, Anliker M. A viscoelastic model for use in predicting arterial pulse
waves. J Biomech Eng. 1980; 102:318-325. [PubMed: 6965195]

Ann Biomed Eng. Author manuscript; available in PMC 2013 July 11.



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

1duasnuey Joyiny vd-HIN

Valdez-Jasso et al.

26.

27.

28.

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 18

Holzapfel GA, Gasser TC, Ogden RW. A new constitutive framework for arterial wall mechanics
and a comparative study of material models. J Elast. 2001; 61:1-48.

Holzapfel GA, Gasser TC, Stadler M. A structural model for the viscoelastic behavior of arterial
walls: continuum formulation and finite element simulation. Eur J Mech A Solids. 2002; 21:441-
463.

Horgan CO, Saccomandi G. A description of arterial wall mechanics using limiting chain
extensibility constitutive models. Berlin Springer. 2003; 1:251-266.

. Humphrey, JD. Cardiovascular Solid Mechanics: Cells, Tissues, and Organs. New York: Springer;
2002.
Kawasaki M, Ito Y, Yokoyama H, Arai M, Takemura G, Hara A, Ichiki Y, Takatsu H,

Minatoguchi S, Fujiwara H. Assessment of arterial medical characteristics in human carotid
arteries using integrated backscatter ultrasound and its histological implications. Atherosclerosis.
2005; 180:145-154. [PubMed: 15823287]

Kelly R, Hayward C, Ganis J, Daley J, Avolio A, O’Rourke M. Non-invasive registration of
arterial pressure pulse waveform using high-fidelity applanation tonometry. J Vasc Med Biol.
1989; 3:142-149.

Kohler TR, Kirkman TR. Dialysis access failure: a sheep model of rapid stenosis. J VVasc Surg.
1999; 30:74451.

Langewouters G, Wesseling K, Goedhard W. The static elastic properties of 45 human thoracic
and 20 abdominal aortas in vitro and the parameters of a new model. J Biomech. 1984; 17(6):425-
435. [PubMed: 6480618]

Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D, Pannier B,
Vlachopoulos C, Wilkinson I, Struijker-Boudier H. European network for noninvasive
investigation of large arteries. Expert consensus document on arterial stiffness: methodological
issues and clinical applications. Eur Heart J. 2006; 27(21):2588-605. [PubMed: 17000623]

Orosz M, Molnarka G, Monos E. Curve fitting methods and mechanical models for identification
of viscoelastic parameters of vascular wall. A comparative study. Med Sci Monit. 1997; 3:599—
604.

Olufsen MS. Structured tree outflow condition for blood flow in the larger systemic arteries. AmJ
Physiol. 1999; 276:H257-H268. [PubMed: 9887040]

Olufsen MS, Peskin CS, Kim WY, Pedersen EM, Nadim A, Larsen J. Numerical Simulatoin and
Experimental Validation of Blood Flow in Arteries with Structured Tree Outflow Conditions. Ann
Biomed Eng. 2000; 28:1281-1299. [PubMed: 11212947]

Podoltsev AS, Shulman ZP. Numerical simulation of the hemodynamics and biomechanics of the
arterial system. J Eng Phys Thermophy. 1999; 72:422-429.

Reymond P, Merenda F, Perren F, Rufenacht D, Stergiopulos N. Validation of a one-dimensional
model of the systemic arterial tree. Am J Physiol. 2009; 297:H208-H222.

Silver FH, Horvath I, Foran DJ. Viscoelasticity of the vessel wall: The role of collagen and elastic
fibers. CRC Crit Rev Biomed Eng. 2001; 29:288-312.

Valdez-Jasso D, Haider MA, Banks HT, Bia D, Zécalo Y, Armentano RL, Olufsen MS. Analysis
of viscoelastic wall properties in ovine arteries. IEEE Trans Biomed Engr. 2009; 56(2):210-219.
Valdez-Jasso D, Bia D, Zécalo Y, Armentano RL, Banks HT, Haider MA, Olufsen MS.
Viscoelastic models for passive arterial wall dynamics. Adv Appl Math Mech. 2009; 1(2):151—
165.

Valdez-Jasso, D. PhD Thesis. North Carolina State University; Raleigh, NC: 2010. Modeling and
Identification of Vascular Biomechanical Properties in Large Arteries.

Wells SM, Langille BL, Adamson SL. In vivo and in vitro mechanical properties of the sheep
thoracic aorta in the perinatal period and adulthood. Am J Physiol. 1998; 274(5 Pt 2):H1749-1760.
[PubMed: 9612387]

Zhang W, Liu Y, Kassab GS. Viscoelasticity reduces the dynamic stress and strains in the vessel
wall: implications for vessel fatigue. Am J Physiol Heart Circ Physiol. 2007; 293:H2355-H2360.
[PubMed: 17604330]

Zhang W, Chen H, Kassab GS. A rate-insensitive linear viscoelastic model for soft tissues.
Biomaterials. 2007; 28:3579-3586. [PubMed: 17512585]

Ann Biomed Eng. Author manuscript; available in PMC 2013 July 11.



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

1duasnuey Joyiny vd-HIN

Valdez-Jasso et al.

Page 19

47. Zécalo Y, Bia D, Gonzélez-Moreno JM, Torrado J, Varela G, Calleriza F, Craiem D, Reyes-Caorsi
W, Armentano RL. Cardiac resyn- chronization results in aortic blood flow-associated changes in
the arterial load components: basal biomechanical conditions determine the load changes. Conf
Proc IEEE Eng Med Biol Soc. 2009; 2009:2843-2847. [PubMed: 20191680]

48. Zécalo, Y. PhD Thesis. Universidad de La Republica; Montevideo, Uruguay: 2009.
Caracterizacion biomecanica functional de la pared venosa ovina y humana en condiciones
fisiologicas y de sustituto vascular: Estudio comparativo con la pared arterial y de protesis
vasculares sinteticas.

A Standard errors and confidence intervals

To analyze estimates generated by each model for each subject, we compute standard errors
and confidence intervals for each parameter (see Table 6). To do so, we employ the
asymptotic theory of sampling distributions [4], which states that for a sufficiently large
number of observations /7a sampling distribution &) satisfies

Ba)~ N3, (60, Y o (E0)] )=, B, ).

where Gy contains the true (but unknown) parameter values, oy denotes the unknown
variance, and y is the sensitivity matrix defined as

dA(tj;0)
de;

xi(tj,0)= € R, where j=1,...,nandi=1,...,n,.

As discussed by Davidian et al. [17], op can be approximated using the covariance matrix
2o, evaluated at the parameter estimate 6, according to

3= > @= 1 On@ . ©

The adjusted variance becomes

1 n

—2 2
7= > IAG0)-a)l,
n—nijII (1j:0)—ajl

where the number of model parameters 71, are taking into account to unbias the variance.

Using the approximation of the covariance (9), for each subject, we can compute the
confidence intervals of the estimated parameters. In order to compute a confidence interval
for each model parameter, we first calculate the standard errors according to [15]

SE6)=4)) 0.
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The standard error corresponding for each estimated parameter & is thus the square root of

the diagonal entries of the covariance matrix (9). The confidence intervals (at the 100(1 - a)
% level) for the estimated parameters can be calculated as

[6i—t1-a/2S Ei(6), 6+11_a)2S Ei(O)],
where
P{6,~11-0/2S Ei(0)<00:<6;+11_a2S Ei(0)}=1-a,

for a € [0,1] and £-,4/» € R. To obtain 95% confidence intervals, the critical value #_,, is
computed from the Student’s ¢distribution #7/7<SUb>2</sub> with - 17, degrees of freedom.
The value of £-,; is determined by P{ 7> .0} = al2 where T~ £7p. Given that the
data set has 77 observations and 77> 40, for all data sets considered, the degree of freedom
was approximated to co. Thus #—,» * 1.96.
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Left panel: Mock circulation including a pneumatic pump, a perfusion line connected to the

chamber holding the vessel segment, a resistance modulator (R) and a reservoir. The
chamber was filled with thermally controlled Tyrodes solution. The pressure (P) was
measured with a micro-transducer, and the diameter (D) was measured with a pair of

ultrasonic crystals controlled by a sonomicrometer. Right panel: Generic (species
independent) sketch of the large arteries including the thoracic descending aorta and carotid

artery.
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Fig. 2.

Data acquisition for the /n vivo experiment in human carotid artery. Noninvasive
measurements of blood pressure and internal arterial diameter at the level of the carotid
artery were obtained via applanation tonometry (left) and a B-model echographic images
(right), respectively. The pressure-diameter relation is then used to study the viscoelastic

properties of the vessel.
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Fig. 3.

Histological slices displaying a cross-section of the arterial wall from an ovine thoracic
descending aorta (left) and an ovine carotid artery (right). The vessels were stained with
orcein using the Cajal-Gallengo method, which allows discrimination of the tree main wall
components that determine the arterial biomechanical behavior: smooth muscle cells
(yellow), elastin (dark red), and collagen (blue).
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Illustration comparing the arctangent nonlinear model (dashed black lines) and our sigmoid
nonlinear model (solid blue lines) defined in equations (5) and (6). Results are given for ex
vivo ovine data from the thoracic descending aorta (left panel) and carotid artery (right

panel).
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Fig. 5.

Modeling diagram, in which arterial blood pressure is used as an input, an elastic response
function 5[] is determined and coupled with a viscoelastic creep function A(4 to predict
the vessel strain e. Finally, vessel area is predicted as a function of vessel strain as described
in (2).
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Illustration of the model parameters estimation routine to predict area dynamics using ovine
data obtained under ex vivo experimental conditions. The top row shows time varying
pressure and area and dynamics for the thoracic descending aorta using the sigmoid model
and the bottom row shows similar graphs for the carotid artery using the Kelvin model. The
black dashed lines show estimates obtained with the elastic response of the respective
model, and the solid dark lines show estimates obtained with the full viscoelastic model. The

light grey line is the observed data.
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Vascular cross-sectional area as a function of transmural blood pressure for the thoracic
descending aorta (top two rows) and the carotid artery (bottom two rows). Experimental data
are shown in gray; elastic response of each model are shown in black dashed lines; and the

corresponding viscoelastic models are shown in solid black lines. Experimental data

collected under ex vivo conditions are shown on the first and third rows, and the second and
fourth rows show results obtained for /7 vivo conditions. Note that thoracic descending aorta
and carotid artery ex vivoresults and thoracic descending aorta /7 vivo results utilize ovine
vessels, while in vivo carotid artery results utilizes human vessels. The results from the
Kelvin model are given in the left column, results with the arctangent model are given in the
middle column, and results with the sigmoid model are given in the right column. Note that
blood-pressure and vessel area oscillations, like those due to valve closure (dicrotic notch)
or reflective pressure waves introduce sharp features in the pressure-area plots of the /n vivo
experimental data. Since the ex vivo experimental measurements are from a single vessel,
driven by an artificial pump, these sharp features are not present.
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Table 1

Summary of models used for data analysis within the framework of the QLV theory. Models investigated
include three elastic response functions and one viscoelastic creep function K{(9.

Models s©[p] K(t) 2]
Kelvin 70 1- At o, EN, Ay, by
En’
Arctangent 1- A Ay po, pr AL by
1_1ian-1 (R0
2 ntan (Pl )

Sigmoid 1- At Ay Apoa k Ay

{ Ap(a*+pF)
A()(Ik+Ampk
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Table 2

Initial model parameters for the thoracic descending aorta (TDA) and carotid artery (CA). Note the same
initial parameters were used independent of the species. Quantities a;, 7; and p; denote the cross-sectional area,

radius, and blood pressure p;measured experimentally. Initial values of £were obtained from [19], and of
thoracic descending aorta’s pg and py from [33]. See [41] for details.

0 Units TDA CA
h cm min(r)/2 min(r)/2
Ar - 0.5 0.5
by sec 0.05 0.05
An cm? max(a) max(a)
a mmHg mean(o) mean(o)
k - 2 2
Eh  mmHgcm 234.2 300.3
Po mmHg 50.4 median(g)
¥ mmHg 42.3 (max(g) — min(p))/4

Ann Biomed Eng. Author manuscript; available in PMC 2013 July 11.



Page 30

Valdez-Jasso et al.

'(50°0<d) JuaJaydip AJ[ea13SI1RIS 10U SUOITRIO| [RIIWIOIRUR UBBMIS] SUBSW JO uosiiedwo)

't

'(50°0< d) Jualaydip A|[eI1ISIIRIS 10U OAIA Ul "SAOAIA X8 Sueaw Jo uosuedwo)

gl

‘WO 200 F T¥'0 Sem 7 D 8UIAO Ul pue ‘W €0°0 F 98°0 SeM eLIoe Buipusdssp d19eloy) aulno ul 7 0414 xa painseaw Ajfejuswiriadxy

‘sisA|eue Wouy papn|oxa SIsIIN0 OM |

*¥

'sa]ewss Jajaweled ul uolrelten abie
¥

VI 82 9T0FES0  EO0FB60 VIFEIT OGFEL  vOOFIS0  (OT)u-H
vIiFTe VO0F.20 800F860 EF¥6  90FT9 €00FIVO (IT)Xxo-§ o
TTFVT TI0F/E0 TU0OFE60 B8F68  CIF8Z  900F060  (6)ur-S
ey¥og  #4B600FCE0 goorgeo g¥eg #ETFBG ,CO0FEEO  (r7)xe-s e
JWo, 0T x [ 985 _0Tx 'q -H.+ﬁ< fHWwW » - (Y] (#1dx3
[opoLL PIOWBIS
96F6T  0Z0F650 ZIOTE60 TOTFO06 vzl  900Fgc0 ~ODU-H v
€ZFT9  €00F6T0 000F0T L0FZ9  0F0  200F620 (XS
9TFEE  TT0FTZ0 100707 #95FSC pLSTF6L  groregy . (ODU-S val
EY¥68  TT0TSE0 9T0F060 JEVFCY  g3gz  4800%80  (i7)xe-s
yWo, 0T x [ 995 {_0Tx 'q -H#H< fHww d  BHwuw od wo 9 (# 1dx3
Jepow JuabueIdly
ETFEC 080F¥ZT  8T'0F6L0 90z ¥60€  v00F8c0 (0w -H
ZT¥627  VI0F9E0  6T0F V80 6y FoezE  £00FTO (Dxe-s o
LTS L00FSZ0  L00F860 €8¥E6y  SO0F6L0 (0w -S
9722 sT0Teg0 #y9T0F890 8. F 0G. 2007880 (TT)x@-S vat
yWd, 0T x [ 088 ;_0Tx 'q -y wo fHww y3 wo 04 (#)1dx3
JopOW UIA[3Y

'SosIIeIS Alewiwins sy} ajetaual 01 pasn S19s Blep JO J3QUINU 8y} 01 8Jal # pue ‘(0AIA Ll S|8SSAA uewiny Joju/ - H
PUR ‘OMIA Ul S|8SSAA BUINO I0LUI - S ‘OAIA X3 S|9SSSA SUIAO J0) X2 - S) Pa1d3]|02 SJaM BIep aUl YdIYM Japun Suonipuod [eluswiiadxs ayl 01 siayal 1dx3 (vD)
AJanie pnoJes pue (w@l) euoe Buipuadsap J19e10y) ay) J0) Sjapow piowbis ay) pue ‘quabuelose syl ‘UIA[SY 8yl YlIM paulelqo sisjaweled [spow palewnsy

€9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Ann Biomed Eng. Author manuscript; available in PMC 2013 July 11.



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

wduosnue Joyiny vd-HIN

Valdez-Jasso et al. Page 31

Table 4

Summary statistics of smooth muscle, elastin, and collagen in the ovine thoracic descending aorta (TDA) and
carotid artery (CA). In addition, the summary statistics for the wall thickness /is included. Data reproduced
from Zdcalo [48].

TDA CA

Smooth muscle (%) 46.4+4.05 49.7+3.6
Elastin (%) 4751876 g45+0257

Collagen (%) 561+510 15g+167

Wall thickness #[cm]  1.10£0.04 g3g+0017

TMeans differ significantly between the two sites (p < 0.05).
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Table 5

Average delay (sec) between area and pressure peak for the Kelvin and sigmoid models. Note “S” and “H”
denote if vessels are obtained from sheep and humans, respectively.

Thoracic Descending Aorta

Kelvin Sigmoid

S-Exvivo 0025+00067 0.03420.0087
S-Invivo 0.022+0.009  0.032+0.013

Carotid artery

Kelvin Sigmoid

S- Exvivo 0.016+0.003 0.022 +0.004
H-/nvivo 0.031+0.011 0.057 £0.020

fComparison of means ex vivovs. in vivonot statistically different (p < 0.05).
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