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Large conduit arteries are not purely elastic, but viscoelastic,
which affects not only the mechanical behavior but also the ven-
tricular afterload. Different hysteresis loops such as pressure-
diameter, pressure-luminal cross-sectional area (LCSA), and
stress–strain have been used to estimate damping capacity, which
is associated with the ratio of the dissipated energy to the stored
energy. Typically, linearized methods are used to calculate the
damping capacity of arteries despite the fact that arteries are non-
linearly viscoelastic. The differences in the calculated damping
capacity between these hysteresis loops and the most common lin-
ear and correct nonlinear methods have not been fully examined.
The purpose of this study was thus to examine these differences
and to determine a preferred approach for arterial damping
capacity estimation. Pressurization tests were performed on
mouse extralobar pulmonary and carotid arteries in their physio-
logical pressure ranges with pressure (P) and outer diameter
(OD) measured. The P-inner diameter (ID), P-stretch, P-Almansi
strain, P-Green strain, P-LCSA, and stress–strain loops (includ-
ing the Cauchy and Piola-Kirchhoff stresses and Almansi and
Green strains) were calculated using the P-OD data and arterial
geometry. Then, the damping capacity was calculated from these
loops with both linear and nonlinear methods. Our results demon-
strate that the linear approach provides a reasonable approxima-
tion of damping capacity for all of the loops except the Cauchy
stress-Almansi strain, for which the estimate of damping capacity
was significantly smaller (22 6 8% with the nonlinear method and
31 6 10% with the linear method). Between healthy and diseased

extralobar pulmonary arteries, both methods detected significant
differences. However, the estimate of damping capacity provided
by the linear method was significantly smaller (27 6 11%) than
that of the nonlinear method. We conclude that all loops except
the Cauchy stress-Almansi strain loop can be used to estimate ar-
tery wall damping capacity in the physiological pressure range
and the nonlinear method is recommended over the linear method.
[DOI: 10.1115/1.4024135]

Introduction

Large conduit arteries generally are not elastic, but viscoelastic,
which is evidenced via the force-deformation or stress–strain hys-
teresis loop. The viscoelastic behavior is derived from both
smooth muscle cells (SMCs) and components of the extracellular
matrix [1–9]. Increased intima-medial thickening, such as that
which occurs with both systemic and pulmonary hypertension
[10,11], is known to increase arterial viscoelasticity [12]. The
viscoelastic behavior of large conduit arteries can protect the
artery wall from being overstretched by reducing the dynamic
stresses and strains [1], but the overall impact on ventricular func-
tion remains unclear. In vitro experiments have suggested that
increased conduit artery viscoelasticity increases stiffness, which
increases the load on the heart [1], whereas in vivo data have sug-
gested that increased viscoelasticity via SMC activation improves
right ventricular-vascular coupling, which suggests a decreased
load on the heart [13]. In order to better understand the effect of
arterial viscoelasticity on health and disease, a better understand-
ing of arterial viscoelasticity measurement methods is required.

Arterial viscoelastic losses are most often characterized by the
damping capacity, which is associated with the ratio of the dissi-
pated energy to the stored energy during one dynamic cycle and
can be calculated from a hysteresis loop [14–17]. From the
stress–strain or pressure-LCSA loop, the dissipated energy is cal-
culated as the hysteresis loop area and the stored energy is
obtained by integrating the area under the loading curve (see Fig.
1(a)) [3,16,18]. This approach accurately accounts for the nonlin-
ear behavior. Frequently, however, a linear approach is used in
which the hysteresis loop is assumed to be elliptical and the stored
energy is calculated as the sum of the elastic energy and half of
the dissipated energy. The elastic energy is calculated as the area
of the triangle defined by (A) the point on the hysteresis loop with
the minimum abscissa value (typically deformation, stretch or
strain), (B) the point on the loop with maximum abscissa value,
and (C) a point not on the hysteresis loop with the maximum
abscissa value and ordinate value at the minimum abscissa point
(see Fig. 1(b)) [14,17]. With elastic energy separated from the
total energy, the damping capacity can then be calculated. How-
ever, the accuracy of this method for nonlinearly elastic materials
such as arteries, even in the physiological pressure range, remains
unclear.

Depending on whether measurements are obtained in vivo or
in vitro and the available geometry data, different hysteresis loops
are typically obtained and from which the damping capacity can
be calculated: pressure (P)-OD, P-ID, P-LCSA, P-stretch, P-Green
strain, P-Almansi strain, Cauchy stress-Almansi strain, the second
Piola-Kirchhoff stress-Green strain, etc. Physically, only areas
calculated from the P-LCSA and the conjugate stress–strain loops
correspond to the energy and provide an accurate calculation of
the stored, dissipated, and elastic energy. Nevertheless, loops
created from other variables, sometimes easily measured or exper-
imentally estimated, may also provide a good estimate of damping
capacity. For example, pressure-inner diameter, pressure-stretch,
and Cauchy stress-Almansi strain loops have been used to esti-
mate damping capacity in the existing literature [18–20]. How-
ever, the differences in damping capacity estimated from these
loops have not been examined. Therefore, this study sought to
examine the differences between estimates of damping capacity
from loops constructed from different variables with either a
linear or nonlinear method.

1Corresponding author.
Contributed by the Bioengineering Division of ASME for publication in the

JOURNAL OF BIOMECHANICAL ENGINEERING. Manuscript received November 6, 2012;
final manuscript received March 21, 2013; accepted manuscript posted April 4,
2013; published online April 24, 2013. Assoc. Editor: Dalin Tang.

Journal of Biomechanical Engineering MAY 2013, Vol. 135 / 054504-1Copyright VC 2013 by ASME



Materials and Methods

Materials. All procedures were approved by the Institutional
Animal Care and Use Committee at the University of Wisconsin-
Madison. Data from two strains of mice were used. The first is a
transgenic strain (Col1a1) in which type I collagen is resistant to
degradation in homozygous mutant mice (see Refs. [20,21] for
more details on the mouse strain); there are no known defects in
homozygous wild type mice. Left common carotid arteries were
harvested from thirteen one-year old and five two-year old wild-
type (Col1a1þ/þ) and transgenic (Col1a1R/R) mice after euthana-
sia. The second is an inbred strain of mouse (C57BL/6J), which is
often used as a background strain for transgenic mice and is
also commonly used to investigate the effects of hypoxia-induced
pulmonary hypertension on pulmonary vascular remodeling
[19,22–25]. Extralobar left main pulmonary arteries were har-
vested from five male mice exposed only to control (normoxic)
conditions and another five male mice exposed to normobaric hy-

poxia (10% O2) for 21 days and also injected once weekly with
vascular endothelial growth factor inhibitor (SU5416, 20 mg/kg,
intraperitoneal injection) to worsen the degree of pulmonary
hypertension in these mice [26,27]. More details are provided in
Table 1.

We chose these data because they represent healthy and dis-
eased states for both systemic and pulmonary conduit arteries.
This diversity allows us to check the robustness of the approaches
for calculating the damping capacity for large arteries of different
stiffness, thickness, and composition.

Isolated Vessel Pressurization Test. The arteries were
mounted to glass microcannulas (outer diameter of tip¼ 410 lm)
in an arteriograph chamber (Living Systems Instrumentation,
Burlington, VT) and longitudinally stretched (140% for left
pulmonary arteries, an estimate of in vivo stretch, and 150% for
left common carotid arteries, average measured in vivo stretch).
Neither buckling nor collapse was observed during the test in the
pressure range applied. The arteries were perfused and superfused
with calcium- and magnesium-free phosphate-buffered saline
(PBS). An oscillatory flow pump (EnduraTec TestBench, Bose
Corporation, Eden Prairie, MN) was used to achieve sinusoidal
pressurization at 10–50 mm Hg for the left pulmonary artery and
90–120 mm Hg for the carotid at the frequencies of 1, 5, and
10 Hz. During the dynamic tests, the pressure and outer diameter
were simultaneously recorded by IonWizard software (Version
6.0, IonOptix, Milton, MA) using in-line pressure transducers
(with an error of 1%; APT300, Harvard Apparatus, March-
Hugstetten, Germany) with high-frequency amplifiers (Module
TAM-A, Harvard Apparatus, March-Hugstetten, Germany) to
measure pressure at an acquisition frequency of 250 Hz and a
CCD camera (IonOptix, Milton, MA) connected to an inverted
microscope (Olympus, Center Valley, PA) to measure the outer
diameter (OD) at 4� magnification with an acquisition frequency
of 240 Hz. The pressure-OD data during the dynamically steady
state (usually after four sinusoidal cycles) were used for analysis.
More details about the test system and protocols can be found
elsewhere [19–21,25].

Calculations: Geometry, Stretch, and Stress. To estimate the
inner diameter (ID) and the circumferential stretch and strain of
carotids at different pressures a short ring, approximately 0.5 mm
long in the longitudinal direction, was cut from the proximal end
before the dynamic test and cut open to obtain the strain- or
stress-free state. A scaled digital image of the cross-sectional area
of the opened artery ring was then obtained with an inverted
microscope (TE-2000, Nikon, Melville, NY). Combining the
geometry of carotids at the strain-free state (with a random error
of less than 4%) and the longitudinal stretch and OD during the
dynamic test, the ID during the dynamic test was estimated by
assuming incompressibility. The circumferential stretch (k) at the
mid-wall of the strain-free state was calculated as the ratio of the
circumferences of the mid-wall at the strain-free state (C0) and at

Fig. 1 Illustration of the estimation of the damping capacity (a)
with the nonlinear method on a clockwise pressure-luminal
cross-sectional area (P-LCSA) loop obtained from a carotid
artery at 10 Hz, and (b) with the linear method on an elliptical
P-LCSA loop. Points A and B are the points corresponding to
the maximum and minimum LCSA in the hysteresis loop,
respectively. Point C is the point with the maximum LCSA value
and the pressure value at point A. Here, WD is the loop area and
WS is the area under the loading (upper) curve AB

�!
and above

the straight line AC. Loading curves are indicated by the arrow.
Note that the hysteresis loop in (a) shows a weak nonlinearity
in that the loop deviates slightly from an elliptical shape.

Table 1 Summary of mouse strain, number, sex, age, and the
treatment

Artery Mouse strain n Sex Age Exposure/treatment

LCCA Col1a1þ/þ 3 1F, 2M 24 6 0.1 months None
Col1a1R/R 3 2F, 1M 23 6 0.1 months None
Col1a1þ/þ 5 2F, 3M 12 6 0.1 months None
Col1a1R/R 8 4F, 4M 12 6 0.1 months None

LPA C57BL/6J 5 5M 13 6 1 weeks None
5 5M 13 6 1 weeks 21 days of hypoxia

þSU5416

Note: LCCA denotes the left common carotid artery; LPA denotes the left
pulmonary artery; n is the number of mice; F denotes female; M denotes
male; and SU5416, is a vascular endothelial growth factor inhibitor.
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different pressures (CP), i.e., k ¼ CP=C0. Detailed calculations
can be found elsewhere [28].

For the left pulmonary arteries, a slightly different procedure to
estimate the ID and stretch was used due to its thin wall. The OD
at zero pressure during the pressurization test was taken as the
reference length (OD0). The wall thickness was also obtained opti-
cally at a pressure of 40 mm Hg. Assuming incompressibility, the
ID at different pressures was then calculated [20,21]. From the
optically measured OD during the dynamic test, the circumferen-
tial stretch was calculated as k ¼ OD=OD0.

With the OD, ID, and stretch known, the stress and strain
were calculated as follows. The mid-wall circumferential Green
strain (E) and Almansi strain (e) are E ¼ ð1=2Þðk2 � 1Þ and
e ¼ ð1=2Þð1� ð1=k2ÞÞ, respectively, where k is the mid-wall cir-
cumferential stretch. The luminal cross-sectional area (LCSA) is
calculated as LCSA ¼ pID2=4. Because the thickness-to-ID ratios
were 0.025 6 0.003 and 0.052 6 0.012 for left pulmonary arteries
at 10 mm Hg and carotids at 90 mm Hg, respectively, a thin-
walled assumption was adopted for simplicity. With this assump-
tion, the average circumferential Cauchy stress can be estimated
as r ¼ P � ID=2h [7], where h is the arterial wall thickness of the
artery at an internal pressure P. The second Piola-Kirchhoff stress
can be expressed as S ¼ r=k2.

Calculation: Damping Capacity. Nonlinear and linear meth-
ods were used to calculate the damping capacity from a dynamic
hysteresis loop, as shown in Fig. 1. For the nonlinear method,
the total stored energy (WS) due to loading was calculated as the
area enclosed by the loading (upper) curve AB

�!
and the two

straight lines BC and CA (see Fig. 1(a)). The dissipated energy
(WD) is defined as the area of the hysteresis loop for any x-y pair
of deformation/strain and pressure/stress [3,14,15,17], i.e.,
WD ¼

Ð B
Ay � dxþ

Ð A
By � dx, with the first and second integrals using

the loading (upper) and unloading (lower) curves, respectively.
The damping capacity (d) is then defined as

d ¼ WD

WS
(1)

Since the product of the pressure and LCSA is the total external
mechanical work done by the blood in vivo or PBS in the pressur-
ization test in vitro, we chose the damping capacity calculated
from the P-LCSA loop as a reference for comparison with that
from other hysteresis loops.

For the linear method, it is assumed that the hysteresis loop has
a slanted elliptical shape. In this case, the stored energy is calcu-
lated as the area enclosed by the straight lines AB, BC, and CA
plus half the dissipated energy (see Fig. 1(b)) and the area of the
triangle ABC is the stored elastic energy during the loading phase
WE (see Fig. 1(b)) [14,15]. The damping capacity, using this linear
assumption (d0), was calculated as

d0 ¼ WD

W0S
¼ WD

WE þ
1

2
WD

(2)

Note that the linear method is only strictly valid for an elliptical
loop generated by a linear material. This method was applied in
order to examine its appropriateness for the approximation for
nonlinear materials (i.e., arteries) loaded in their physiological
pressure ranges.

Statistics. All of the data are presented as mean 6 SD unless
specified otherwise. Simple linear correlations were determined
between the damping capacity calculated from different load-
deformation loops and between the nonlinear and linear methods.
The Anderson-Darling test was used to test the normal distribution
of the damping capacity in each group and Student’s t-test was

used to compare the average damping capacity between groups.
The paired t-test was used to compare the damping capacity calcu-
lated from the pressure-LCSA, Cauchy stress-Almansi strain, and
the second Piola-Kirchhoff stress-Green strain loops and between
the nonlinear and linear methods. A P-value of less than 0.05 was
considered significant.

Results

We observed linear correlations between the damping capacity
calculated from the pressure (P)-LCSA loop and those from other
hysteresis loops via the nonlinear method, as shown in Fig. 2.
Because the damping capacity varies with frequency, we consid-
ered the damping capacity at all three tested frequencies (1, 5, and
10 Hz) with each point indicating one artery at one frequency.
Strong linear correlations were evident, with the goodness of fit
represented by the coefficient of determination (R2> 0.99 for all
of the correlations). The damping capacity calculated from the
Cauchy stress-Almansi strain and the second Piola-Kirchhoff
stress-Green strain loops were consistently less than that calcu-
lated from the P-LCSA loop, with average differences of
�22 6 8% and �1.6 6 0.9%, respectively. These differences were
statistically significant (P< 0.00001). With the linear method,
strong linear correlations between the damping capacity calcu-
lated from these loops were also observed (data not shown;
R2¼ 0.96 for the Cauchy stress-Almansi strain versus the
P-LCSA and R2> 0.99 for all of the other correlations). As with

Fig. 2 Linear correlation between the damping capacity (d via
the nonlinear method) calculated from the (a) pressure (P)-OD,
(b) P-ID, (c) P-stretch (k), (d) P-Green strain (E), (e) P-Almansi
strain (e), (f) Cauchy stress-Almansi strain (r-e), and (g) the sec-
ond Piola-Kirchhoff stress-Green strain (S-E) loops and that
calculated from the P-LCSA loop at the frequencies of 1, 5, and
10 Hz. (LCCA denotes the left common carotid artery and LPA
denotes the left pulmonary artery.)
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the nonlinear method, the damping capacity calculated using the
linear method from the Cauchy stress-Almansi strain and the
second Piola-Kirchhoff stress-Green strain loops were consis-
tently smaller than that calculated from the P-LCSA loop with
average differences of �31 6 10% and �1.2 6 0.6%, respectively
(P< 0.00001).

To compare the difference in the damping capacity calculated
from the nonlinear method and the linear method based on the
P-LCSA, the damping capacity calculated via the linear method is
plotted versus that from the nonlinear method (see Fig. 3). A
strong linear correlation was observed (R2¼ 0.97), but the slope
(0.82) was less than 1. The linear method provided a consistently
smaller estimate of damping capacity compared to the nonlinear
method, with an average difference of �27 6 11% (P< 0.00001).
Only about 27% of cases had an absolute difference of less than
20% and the differences reached 30% and even 40% for some
cases in which the hysteresis loops were far from an elliptical
shape (see Fig. 4 for an example with varied differences).

To investigate the ability of the linear method to detect the dif-
ferences between healthy and diseased conditions and at different
frequencies, we chose the C57BL/6J mice under normoxia condi-
tion as group 1 and the pulmonary hypertensive (hypoxia- and
SU5416-treated) C57Bl/6J mice as group 2. We then compared
the damping capacity calculated from the nonlinear and linear
methods (see Fig. 5). Both methods detected a significantly
smaller damping capacity in group 2 as compared to group 1 at all
three frequencies (P< 0.007). In addition, both methods detected
significant increases in the damping capacity as the frequency
increased (P< 0.01) for both groups, except for group 1 between
5 and 10 Hz via the nonlinear method (P¼ 0.06). The linear
method provided a significantly smaller estimate of the damping
capacity compared to the nonlinear method for the two groups at
all frequencies (P< 0.04).

Discussion

In this study we compared the damping capacity calculated
from several different types of loading-deformation loops of
extralobar pulmonary arteries and common carotid arteries at
physiological pressures and from nonlinear and linear methods.
Our major finding is that all of the types of loading-deformation
hysteresis loops provide almost the same value of damping
capacity with either the linear or nonlinear method except for
the Cauchy stress-Almansi strain loop, which generates signifi-
cantly smaller values. Both the linear and nonlinear methods can

detect significant differences in damping capacity between
groups, although the damping capacity calculated from the linear
method was consistently smaller than that from the nonlinear
method.

The damping capacity calculated from the pressure (P)-OD,
P-ID, P-stretch, P-Almansi strain, and P-Green strain loops were
almost the same as that calculated from the P-luminal cross-sec-
tional area (LCSA) loop. The reason for such good agreement
between different loops is that the OD, ID, stretch, Almansi strain,
and Green strain are approximately linearly related to the LCSA
in a physiological pressure range. For an arbitrary pressure range,
these parameters (ID, OD, etc.) are nonlinearly related to each
other. However, for the left pulmonary artery and carotid artery in
the physiological pressure ranges, artery deformation is small and,
consequently, a linear approximation is reasonable. As a result,
the linear relationship between the LCSA and the other parame-
ters (OD, ID, stretch, and strains) leads to linear increases or
decreases in both the increased stored energy (WS) and the dissi-
pated energy (WD). The damping capacity, which is associated
with the ratio of the two energies, as defined in Eq. (1), remains
the same. It is worth noting that these P-OD, P-ID, P-stretch,
P-Almansi strain, and P-Green strain loops do not reveal energy.

Fig. 3 Linear correlation between the damping capacity calcu-
lated from the P-LCSA loops at all three frequencies (1, 5, and
10 Hz) with the linear and nonlinear methods. (LCCA denotes
the left common carotid artery and LPA denotes the left pulmo-
nary artery.)

Fig. 4 Representative experimental pressure-LCSA loops that
have different damping capacities calculated from the linear
method versus the nonlinear method with differences of (a)
20.4% from a left pulmonary artery (LPA) at 10 Hz, (b) 29.7%
from a LPA at 10 Hz, (c) 224% from a LPA at 5 Hz, and (d) 243%
from a LPA at 1 Hz. Loading curves are indicated by the arrow.
Note that the loops in (c) and (d) show a strong nonlinearity.

Fig. 5 Damping capacity calculated from the nonlinear and
linear methods with the P-LCSA at different frequencies (1, 5,
and 10 Hz). In the legend, N denotes the nonlinear method; L
denotes the linear method; 1 denotes group 1; 2 denotes group
2. The symbol ‘*’ denotes P < 0.05 for group 1 versus group 2 for
the same method (nonlinear or linear); the ‘#’ symbol denotes
P < 0.05 for the linear versus nonlinear method for the same
group.
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However, due to the aforementioned nearly linear relationship,
these loops provide a good estimate of the damping capacity.

The damping capacity calculated from the Cauchy stress-
Almansi strain and the second Piola-Kirchhoff stress-Green strain
loops show a different correlation than that from the P-LCSA loop
(see Fig. 2). The reason for this difference is that the Cauchy
stress and the second Piola-Kirchhoff stress have different
relationships with pressure, as shown in Fig. 6. An approximately
linear relationship exists between the second Piola-Kirchhoff
stress and pressure, which, when combined with the approxi-
mately linear relationship between Green strain and LCSA, leads
to almost the same result of the damping capacity calculated from
the second Piola-Kirchhoff stress-Green strain and P-LCSA loops.
However, the Cauchy stress is nonlinearly related to pressure and
the difference of the dependence of the Cauchy stress on loading
and unloading results in an anticlockwise Cauchy stress-pressure
loop. Such an anticlockwise loop then leads to a thinner Cauchy
stress-Almansi strain loop than the P-LCSA loop, which decreases
the calculated dissipated energy (i.e., the loop area) and, thus, the
damping capacity.

The difference between the Cauchy stress-Almansi strain and
the second Piola-Kirchhoff stress-Green loops can be explained
from the energy point of view. In solid mechanics, a conjugate
pair of stress and strain should be used to calculate the strain
energy. The second Piola-Kirchhoff stress is conjugate to the
Green strain [29]; however, the Cauchy stress is not conjugate to
the Almansi strain [30]. Therefore, while the product of the sec-
ond Piola-Kirchhoff stress and Green strain results in the strain
energy, the product of the Cauchy stress and Almansi strain does
not. The use of the Cauchy stress-Almansi strain loop for the esti-
mation of damping capacity is suitable only when both the
Cauchy stress and Almansi strain are (approximately) linearly
related to the second Piola-Kirchhoff stress and Green strain,
respectively.

It is important to note that in the isolated vessel test, the artery
deforms in both the circumferential and radial directions. The
energy calculated from the P-LCSA loops represents the total
external work and the damping capacity calculated from this loop
provides the overall damping behavior of the artery in both the
circumferential and radial directions. In contrast, the second
Piola-Kirchhoff stress-Green strain loop in this study only repre-
sents the deformation and energy in the circumferential direction
and the damping capacity calculated from this loop only provides
the damping property in the circumferential direction. Neverthe-
less, the damping capacity in the circumferential direction calcu-

lated from the second Piola-Kirchhoff stress-Green strain loop is
well correlated to the overall damping capacity calculated from
the P-LCSA loop (slope¼ 0.996, R2¼ 1.0, see Fig. 2(g)) with a
very small difference of �1.6% 6 0.9%, indicating that either the
damping capacity in the radial direction is close to that in the cir-
cumferential direction or the dissipated and stored elastic energies
in the radial direction are much less than those in the circumferen-
tial direction and can be neglected. For either case, the damping
capacity in the circumferential direction is a good estimation of
the overall damping capacity.

For the same loops, the nonlinear and linear methods provide
similar damping capacity values in some cases but large differen-
ces (greater than 20%) in other cases. Theoretically, the linear
method is suitable for linear materials with an elliptical
stress–strain loop under sinusoidal loading and the nonlinear
method can be applied to both linear and nonlinear materials. The
mechanical behavior of arteries is generally nonlinear and thus,
the elastic energy (W0S) calculated as the triangle area (see Fig.
1(b)), overestimates the true elastic energy. This leads to an over-
estimate of the total increased energy and an underestimate of the
damping capacity (see Eq. (2)). However, the arteries may behave
linearly in a limited pressure range. In this case, the damping
capacity calculated from the linear and nonlinear methods should
agree. Such behavior is seen in our data for some arteries at cer-
tain frequencies (see Figs. 4(a) and 4(b)). For other cases, how-
ever, the loops are no longer elliptical but banana-shaped, squash-
shaped, etc. (see Figs. 4(c) and 4(d)). As a result, the linear
method provides different damping capacity estimates and signifi-
cantly different average values for the same group (see Fig. 5).
Therefore, the linear method should not be used if the shape of the
loop deviates noticeably from elliptical even though this approach
is computationally simpler.

Several limitations in our study should be noted. First, we did
not perform dynamic mechanical tests in a larger-than-physiologi-
cal pressure range in which the stress–strain relationships would
have become more nonlinear. More nonlinear stress–strain rela-
tionships would likely result in more different damping capacity
estimates from the P-OD, P-ID, P-stretch, and P-strain loops ver-
sus the P-LCSA loops such that the damping capacity estimates
from the P-OD, P-ID, P-stretch, and P-strain loops would not be
valid. Second, the arteries were only tested in a passive state with
smooth muscle cells inactivated by a lack of calcium in the perfus-
ate and superfusate. Because smooth muscle cells also contribute
to arterial viscoelastic losses, our calculated damping capacities
may differ from those found in vivo. These limitations remain to
be considered in future studies but are unlikely to affect our con-
clusions that the nonlinear method is preferred and energy conju-
gate pairs of pressure/stress-deformation/strain should be used to
calculate damping capacity.

In summary, we have compared the damping capacity calcu-
lated from dynamic pressurization tests of large conduit arteries of
mice in physiological pressure ranges from several different types
of hysteresis loops and from linear and nonlinear methods. We
found that the damping capacity calculated from the P-OD, P-ID,
P-stretch, P-strain, the second Piola-Kirchhoff stress-Green strain,
and the P-LCSA loops are interchangeable and greater than that
calculated from the Cauchy stress-Almansi strain loop for both
methods and that both methods can detect significant differences
in the damping capacity between healthy and diseased states. The
linear method consistently underestimated the damping capacity
obtained with the nonlinear method and the differences are likely
greater with larger pressure ranges for testing. We conclude that
the nonlinear method applied to all loop types, except the Cauchy
stress-Almansi strain loop, is recommended for the estimation of
damping capacity in arteries in physiological pressure ranges.
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