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Abstract

Introduction In vivo estimation of material properties of arterial tissue can provide essential insights into the development
and progression of cardiovascular diseases. Furthermore, these properties can be used as an input to finite element simula-
tions of potential medical treatments.

Materials and Methods This study uses non-invasively measured pressure, diameter and wall thickness of human common
carotid arteries (CCAs) acquired in 103 healthy subjects. A non-linear optimization was performed to estimate material
parameters of two different constitutive models: a phenomenological, isotropic model and a structural, anisotropic model.
The effect of age, sex, body mass index and blood pressure on the parameters was investigated.

Results and Conclusion Although both material models were able to model in vivo arterial behaviour, the structural model
provided more realistic results in the supra-physiological domain. The phenomenological model predicted very high deforma-
tions for pressures above the systolic level. However, the phenomenological model has fewer parameters that were shown to
be more robust. This is an advantage when only the physiological domain is of interest. The effect of stiffening with age, BMI
and blood pressure was present for women, but not always for men. In general, sex had the biggest effect on the mechanical
properties of CCAs. Stiffening trends with age, BMI and blood pressure were present but not very strong. The intersubject
variability was high. Therefore, it can be concluded that finding a representative set of parameters for a certain age or BMI
group would be very challenging. Instead, for purposes of patient-specific modelling of surgical procedures, we currently
advise the use of patient-specific parameters.
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Introduction

Associate Editor Zhenglun Alan Wei oversaw review of this
article.

Cardiovascular diseases (CVDs) are the most common
global cause of death and are expected to grow to more than
23.6 million per year by 2030 [1]. Many of these, e.g. heart
attack or stroke, are preceded by atherosclerosis, i.e. a hard-
ening of the arterial tissue which does not show any signs
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or symptoms until severe narrowing or total blockage of an
artery occur. It is believed that understanding of disease
progression, diagnostic process as well as the pre-operative
planning and outcome prediction of cardiovascular proce-
dures (e.g. balloon angioplasty [2] and stent placement [3])
could benefit greatly from in vivo estimation of mechanical
properties of the vascular tissue. This is even more so if
these mechanical properties are related to more structurally
based material models such as those published by [4-6].
These models take into account contributions of elastin and
collagen to the mechanical properties of the wall.
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However, the fact that the amount and quality of possible
in vivo measurements is limited, and that vascular tissue is ani-
sotropic and subjected to large nonlinear deformations, makes
the estimation of mechanical properties very challenging. The
available 3D in vivo measurement techniques, such as echogra-
phy, magnetic resonance imaging (MRI) or computed tomog-
raphy (CT), are only able to provide geometrical information
which in some cases includes the thickness of the arterial wall.
In the 4D model, the deformation can be extracted as well. The
load, i.e. intraluminal pressure, still needs to be acquired sepa-
rately. This can currently be done non-invasively only for super-
ficial arteries (e.g. common carotid artery, CCA) by applanation
tonometry [7]. For non-superficial arteries, the pressure curve
can be approximated from the standard auscultatory systolic
and diastolic pressure measurements on the brachial artery by
using a cardiovascular simulator as described in [8, 9]. The
information on in vivo axial prestretch [10, 11] and circumfer-
ential residual stress [10, 12] remain unknown. Multiple groups
have made attempts to estimate the material parameters in vivo
[13—18]. The method published by [15] was used to estimate
the mechanical properties of human abdominal aorta in [19].
They found that sex differences were more pronounced than
age-related effects. [16] applied their method on non-invasive
pressure-diameter data from human CCAs to compare mechani-
cal properties of normotensive and hypertensive subjects [20].
They report, among other findings, that hypertensive subjects
had a stiffer elastin-dominated matrix, despite treatment. A dif-
ferent approach to estimating material properties in vivo is pre-
sented in [21]. There, authors work with real geometries and use
an inverse approach to obtain the material parameters by using
the constitutive equations and deformation relation between the
two loading states (e.g., diastolic and systolic pressures).

Our group previously published a method to estimate the
material and geometrical parameters of a structural constitu-
tive model directly from non-invasive clinical data [18]. In this
study, this method is applied on a large population data set on
human common carotid artery [22]. The goal is to quantify
differences in mechanical properties between men and women
and search for correlations of the parameters with age, body
mass index, blood pressure etc. As such, the importance of
patient-specific material properties can be assessed. In the
following section, the employed data acquisition techniques
and material parameter estimation approach are explained.
Afterwards, the obtained results are reported and discussed,
followed by a brief summary of the main conclusions.

Materials and Methods
Patient Data

103 subjects (76 male, 27 female) from the Asklepios study
[22] were randomly selected. The study only included subjects

who had no previous record of cardiovascular disease. Table 1
shows the demographics of the studied population. For all 103
subjects, the non-invasive pressure, diameter and intima-media
thickness (IMT) measurements obtained in the Asklepios study
were used. Outer diameter measurements, more precisely, the
diameter at the media-adventitia transition, as well as the IMT
were obtained from a resting echocardiographic examination
on the left common carotid artery (CCA). For that purpose,
arterial diameter distension waveforms were obtained using a
commercially available ultrasonographic system (VIVID 7,
GE Vingmed Ultrasound, Horten, Norway) equipped with a
vascular transducer (12 L) set at 10 MHz. Since it is chal-
lenging to recognize the transition from the adventitia to the
surrounding tissue with non-invasive imaging techniques, the
media to adventitia transition was taken as the outer diameter.
Diameter distension waveforms were acquired using a dedi-
cated application that was programmed onto the Vivid 7 scan-
ner, based on processing radio-frequency (RF) data. The RF
region of interest was placed over a section of the artery, con-
taining both the anterior and posterior walls. Within this region
of interest radio-frequency data are acquired at 209 frames/s
along eight evenly distributed beams. The RF data are stored
together with B-mode cineloops for offline analysis, yielding
diameter distension waveforms with a temporal resolution of
600 Hz. More information about the diameter measurement
can be found in [23, 24]. The used measurements were aver-
aged over at least five cardiac cycles during normal breathing.
Additional technical details about the IMT measurements can
be found in [25]. Pressure waveforms were acquired using
applanation tonometry [7] with a Millar pentype tonometer

Table 1 Baseline characteristics of the studied population

Men (n = 76) Women (n = 27)
Age (y) 496 +4.4 494 +48
Height (cm) 1742 +5.5 161.3 +4.5%
Weight (kg) 79.3 + 14.6 63.9 + 12.7*
BMI (kg/m?) 26.1 +4.3 24.6 +4.8
DP (mmHg) 78.9 +10.1 75.6 £ 8.0
SP (mmHg) 134.1 + 14.7 1335+ 17.1
MBP (mmHg) 97.3 +10.9 94.9 + 9.8
PP (mmHg) 55.2+9.8 579 £ 14.0
dgm (mm) 7.8+0.9 6.7 +0.8%
d’ (mm) 84+1.0 7.1 +0.8%
Ad (mm) 0.59 +£0.15 0.48 + 0.14*
IMT (mm) 0.698 +0.113 0.606 + 0.076*

Reported values are means + standard deviations

BMI body mass index, DP diastolic pressure, SP systolic pressure,
MBP mean blood pressure, PP pulse pressure, d(‘fias diastolic outer
diameter, d;" systolic outer diameter, Ad change in diameter between
systole and diastole, /M T intima-media thickness

*p < 0.05 between men and women
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(SPT 301, Millar Instruments, Houston, TX). Measurements
from at least three cardiac cycles were averaged.

The diameter and pressure waveforms were not obtained
simultaneously so the synchronization of the two was done
in post-processing. This was performed manually in Matlab
R2015a (The MathWorks, Natick, MA, USA) by matching the
maximal diameter to the maximal pressure and minimizing the
difference between the loading and the unloading part of the
pressure-diameter curve. The user had to manually place mul-
tiple points over the pressure curve and then choose the cor-
responding points on the diameter curve. That defined different
regions used for the synchronization (Fig. 2a). Afterwards,
the synchronization was automatic and set so that the marked
points on the pressure and diameter curve had to match. One
example of the pressure-diameter curve before and after the
synchronization is shown on Fig. 1b. One person did the syn-
chronization of all the subjects used in this study. The unload-
ing part of the pressure-diameter curve and the IMT were used
as an input to the parameter estimation procedure.

Material Models

In this study, two hyperelastic constitutive material models
were used. Hyperelastic models relate stress to strain by means
of a strain energy density function (SEDF). The Mooney—Riv-
lin model is an isotropic phenomenological model that con-
tains two material parameters. The Gasser—Ogden—Holzap-
fel (GOH) model [6] is an anisotropic structural model with
five material parameters which are related to the main con-
stituents of the arterial wall. In both cases, the arterial tissue is
approximated as incompressible, so the relationship between
the radial 4,, circumferential A, and axial 4, principal stretch
can be expressed as 4,444, = 1.

Mooney-Rivlin Model

The Mooney—Rivlin (MR) SEDF is a linear combination of
two invariants, /, and 7,, of the right Cauchy—Green deforma-
tion tensor, written as

¥ =c,(; - 3) + eI, - 3),

L= +a+2, L=+ + 24,8 W

In the above equation, ¢, and ¢, are material constants in
dimensions of stress.

Gasser-Ogden-Holzapfel Model
The GOH model additively decomposes the energy stored

in the ground matrix (¥,,,) and the collagen fibre families
(P,,p) as

Y= \Pmal + lIlcol' (2)
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The model also accounts for dispersion of the collagen
fibres. To describe the isotropic behaviour of the ground
matrix, the Neo-Hookean material model is used, as

leat = g(ll -3), (3)

where /; is the same as in Eq. 1 and u is the stiffness of the
ground matrix in dimensions of stress.

The anisotropy comes from two collagen fibre families
embedded in the ground matrix. The SEDF related to their
contribution is given as

Y 3 {exp{kz[(ldl +(1=3000) - 112} - 1},

1
col Zkz fery?

Lig= Afsinza + Aécosza,

“
where I, ¢ are invariants equal to the square of the stretch in
the directions of collagen fibres. The families are assumed
to be symmetric w.r.t. the circumferential direction. Their
orientation is described with angle a and —a for the first
and the second fibre family, respectively. If the fibre fami-
lies are symmetrical, as it is assumed in this study, and the
shear is negligible, these two invariants are identical. The
stiffness of the collagen fibres k, is a stress-like parameter.
k, is dimensionless and is related to the stiffening effect of
the fibres in the higher pressure domain. A simplified ver-
sion of the model is used for the limit cases when k, = 0 as
proposed by [26]:

H k 2
T=E(Il_3)+?li§6(li_l) . 5)

The GOH model takes into account the dispersion of the
fibres about the direction @ by introducing an additional
parameter k. k can range between 0 and 1/3 for the cases
with no dispersion and isotropic dispersion, respectively.
Y., contributes to the total SEDF only in tension, so when
I, > 0. When the fibres are compressed, the response of
the tissue comes only from the ground matrix and is purely
isotropic [27].

Parameter Identification

Parameter identification was performed according to the
approach published in [18] and further used in [28, 29]. The
artery was considered stress-free when the intraluminal pres-
sure is zero and there is no axial prestretch, i.e. the artery is
a closed cylinder. In short, the measured diameter and the
in vivo loaded wall thickness were used as an input to the
optimization procedure. The difference between the meas-
ured pressures P“? and pressures predicted by a model P,
assuming either MR or GOH material, was minimized in
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Matlab R2015a (The MathWorks, Natick, MA, USA). The
model pressures can be calculated as

},,
1 10w
prod — 2a-1)"2Zaa,
; A(ez ) 57,44 (©)

o

The circumferential stretch (ratio of the loaded to the
unloaded radius) at the inner and the outer wall is denoted
with 4; and A, respectively. j represents a certain data record
both for the measured pressure curve and for the correspond-
ing reduced axial force. The output of the optimization were

-1
'S
=
=S
~
Ot

7.4 74

do [mm)]

the material parameters of each model and additional geo-
metrical parameters, i.e. the wall thickness in unloaded con-
figuration H and the axial prestretch A,. The circumferential
residual stresses were not taken into account.

Ideally, the optimization process would include the
minimization between the measured reduced axial force
(i.e. the force acting on the arterial tissue in the axial
direction) and the same force predicted by a constitutive
model,

@ Springer
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Fig.2 Stiffness parameter c, in relation to age for men (blue dots) and
women (red x)

mod _ _ 2(32, _ & 2_—2( ﬂ_ﬂ)

Frt=ap? (A2, = 1) / (454, —1) uz% A% Aod Ay,

(N
where p; is the inner radius in the unloaded configura-
tion. However, measuring the reduced axial force in vivo
is impossible, which is why an assumption is introduced,
namely that this force remains approximately constant in the
physiological pressure range [30].

To assure a good parameter estimation, two additional
assumptions had to be introduced. Both of them are related
to the strain energy of the arterial wall. First one ensures
that the energy across the wall remains approximately con-
stant at diastolic pressure. The second one compares the
strain energy of the ground matrix and the strain energy of
the collagen fibre families at diastolic pressure and makes
sure that the latter contributes more. This condition was
derived from studies performed on animals and humans by
[31, 32]. Minimization of the difference in pressures and
the assumption related to the reduced axial force and strain
energy yield the following objective function:

e(pars) = z": { [Wp (meod _ P;xp)]z

J=1

F]mOd Faverage 2
T el T e
J J

m 2
+ Z { [Wll‘] <lpziax,mod _ q;average)]

k=1
2
dias,mod _ dias,mod
+ [W‘I‘z (‘Pk,col lIlk,mat )] }

In the above equation, pars represents a vector of optimized
parameters. A zero order polynomial was fitted to F"*¢ (pol-
yfit function in Matlab®) to calculate F*“s¢. AJ’.”Od stands
for the current cross sectional area of the arterial wall and is
calculated as

®)
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wall thickness going from 1 to m, m is the number of points
defined through the arterial wall thickness for purposes of
numerical integration and is set to 11 in our case. The polyfit
function was used once again but now on W44 to calcu-
late Paverage, ‘I‘Zf:;?”d and ‘I’fo;}m”d are the energy contribu-
tions from the ground matrix and fibre families respectively,
at diastolic pressure. The weighting factors depend on the
chosen units and were set to 1 for w,, 1072 for Wy, 10~ for
wy, and 107" for wy, in this study.

When the MR model was used, the last part in Eq. 8 is
omitted, since the model is not able to distinguish between
the collagen and matrix contribution.

As mentioned earlier, besides material model parameters,
additional geometrical parameters were fitted. The upper and
lower boundary were set for each parameter. For parameters
c; and ¢, in case of MR and y and k, in case of GOH the
boundaries were between 0 and 1000 kPa. k, ranged between
0 and 50, « between 0 and 90° and x between 0 and 1/3.
These boundaries were set as suggested in [6]. The bounda-
ries of the geometrical parameters were adapted for each
subject. For H, the lower boundary was equal to the patient’s
IMT and the upper boundary was set to 3xIMT. In the case
of axial prestretch 4., the boundaries were taken from [33].
They measured the ex vivo 4, on the CCA of 365 cadav-
ers and found a correlation between A, and age. The upper
and lower boundaries were set to the reported 95% predic-
tion interval. The uniqueness of parameters was checked by
perturbing the initial guesses for every case. Five out of 20
minimization results resulted in the same material param-
eters and an equal fitting error. They all retrieved what we
believe to be the global minimum. Other sets, if converged,
gave different values for parameters but also resulted in big-
ger residuals, meaning they converged to a local minimum
and were not taken into account.

Statistics

The values are reported as means and standard deviations.
Two-sample t-tests were performed to compare differences
in baseline characteristics, listed in Table 1, between female
and male participants. Linear regression was used to see the
relationship between the material parameters and the inde-
pendent variables such as age, BMI, etc. Pearson correlation
coefficient 72 an the corresponding p-values are reported to
quantify a trend and its significance. A p-value less than
0.05 was considered significant. The statistical tests were
performed in Matlab®R2015a.
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Table 2 Correlations between Mooney—Rivlin model parameters ¢, and ¢, and different independent variables

F- 7‘2 /P Age BMI ddias dxys Ad

M-r*/p

c 10.31/0.003 10.24/0.010 10.28/0.005 10.19/0.024 10.13/0.063
0.01/0.485 10.06/0.042 10.05/0.056 0.03/0.146 1 0.06/0.030

cy 10.30/0.003 10.14/0.060 10.27/0.006 10.18/0.026 10.12/0.073
10.04/0.093 0.03/0.111 0.03/0.171 0.01/0.420 10.14/0.001
IMT DP SP MBP PP

C 10.14/0.054 0.06/0.224 10.28/0.005 10.19/0.022 10.26/0.007
10.17/0.000 10.11/0.004 10.21/0.000 1 0.16/0.000 10.12/0.002

I 10.16/0.036 0.02/0.486 10.17/0.031 0.10/0.108 1 0.18/0.027
10.16/0.000 10.13/0.001 10.23/0.000 10.19/0.000 10.12/0.003

The results are reported as correlation coefficient over p-value (+?/p) for women (F, upper row) and men (M, lower row) separately. The arrows
indicate an increasing (1) or decreasing () trend. Significant correlations are marked in bold (p < 0.05) or italic (p < 0.10)

Results

As visible in Table 1, men had larger CCA diameters (d ;.
d,,,) and change between the systolic and diastolic diam-
eter (Ad), as well as a thicker arterial wall (IMT), p <0.05.
There was no significant difference in blood pressures.

Mooney-Rivlin

In the case of the MR model, the average goodness of fit
evaluated with the coefficient of determination R? was
0.96. In most of the cases the model was able to capture the
mechanical behaviour of the CCA, the range of the R? being
between 0.87 and 0.99.

Figure 2 shows the stiffness ¢, in relation with age, both
for men and women. The ¢, increases with age in women
(r> =0.31, p < 0.05) but no trend was present for men.
However, there was no significant difference in the values
of ¢, between men and women, 46.9 + 14.7 and 49.3 + 19.5
kPa, respectively.

Table 2 reports correlation coefficients and significance
levels of MR material parameters ¢, and ¢, with age, BMI,
diastolic (d,,) and systolic (d,) diameter, difference
between systolic and diastolic diameter (4d), IMT, diastolic
(DP) and systolic (SP) pressure, mean blood pressure (MBP)
and pulse pressure (PP). In general, the difference in men
and women is quite pronounced. Both ¢, and ¢, increased
with age, BMI, d ;. d;,,, SP and PP for women. For men,
only an increase with BMI and different pressure measure-
ments (DP, SP, MBP and PP) was present for ¢;, while a
decreasing trend with Ad and IMT was observed. However,
the correlations were quite weak (the highest >-value was
0.31). For men, ¢, increased with age, DP, SP, MBP and PP
while it decreased with Ad and IMT. As for c,, there was no

significant difference in the values of ¢, between men and
women, 33.6 + 10.3 and 35.8 + 13.3 kPa, respectively.

In the case of the geometrical parameter H (the thickness
in the unloaded configuration), there was a significant dif-
ference between men (0.83 + 0.14 mm) and women (0.71
+ 0.10 mm). Axial prestretch A, was similar for men and
women, 1.19 + 0.11 and 1.18 + 0.10 respectively. Best-fit
values of the model parameters were used to calculate the
reduced axial force that acts on the arterial tissue in the axial
direction (F, in Eq. 8). On average, men had higher
estimated F, than women (1.36 + 0.99 N vs. 1.03 +

average

0.82 N) but the difference was not statistically significant.

verage

Gasser-Ogden-Holzapfel

The GOH model always resulted in high R?-values, ranging
between 0.94 and 0.99.

Table 3 reports correlation coefficients and significance
levels of three GOH material parameters y, k; and k, with all
the independent variables (age, BMI, d ;. . Ad, IMT, DP,
SP, MBP and PP). Since the tissue was modelled as a sin-
gle layer (no separation between the intima and media), the
parameters a and k and their correlations are not reported.
In Table 3, less trends could be observed than with the MR
parameters. The difference in males and females is however
still present.

The stiffness of the matrix material y weakly increased
with age and decreased with IMT for men while no trends
were present for women. No trends were present for the stiff-
ness of the collagen fibres k; in either men or women. Con-
cerning the parameter k,, an increasing trend with BMI was
observed for women (2 = 0.42, p = 0.001, see also Fig. 3).
No significant correlations were obtained for any of the other
variables for women. In the case of men, only weak decreas-
ing trends of k, with Ad, DP and MBP were observed.
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Table 3 Correlations between GOH model parameters yu, k; and k, and different independent variables

F-r*/p Age BMI dyins ds).s Ad

M-r*/p

u 0.01/0.697 0.04/0.356 0.09/0.130 0.09/0.145 0.00/0.799
0.03/0.159 10.06/0.041 0.00/0.589 0.01/0.467 0.03/0.112

k, 0.02/0.446 0.01/0.720 0.00/0.790 0.00/0.752 0.01/0.697
0.02/0.265 0.00/0.647 0.01/0.564 0.01/0.425 1 0.05/0.064

k, 0.03/0.475 10.42/0.001 0.10/0.136 0.08/0.183 0.00/0.792
0.02/0.209 0.01/0.532 0.02/0.291 0.02/0.207 1 0.06/0.047
IMT DP SP MBP PP

u 0.08/0.156 0.01/0.709 0.01/0.737 0.00/0.993 0.02/0.519
10.06/0.034 0.01/0.451 0.00/0.939 0.00/0.617 0.01/0.509

k 0.02/0.478 0.01/0.609 0.00/0.905 0.01/0.734 0.00/0.881
0.03/0.118 0.00/0.675 0.01/0.512 0.00/0.579 0.00/0.583

k, 0.04/0.386 0.02/0.535 0.06/0.252 0.01/0.746 1 0.15/0.065
0.03/0.172 10.10/0.006 0.03/0.154 10.08/0.019 0.01/0.534

The results are reported as correlation coefficient over p-value (+2/p) for women (F, upper row) and men (M, lower row) separately. The arrows
indicate an increasing (1) or decreasing () trend. Significant correlations are marked in bold (p < 0.05) or italic (p < 0.10)

20 -
* Male
x Female

Y=0.379%X-6.382
ko 72 =042,p = 0.001

Y=-0.052*X+4.458

e . r? =0.006,p = 0.532

17 20 25 30 35 40 45
BMI [kg/m?]

Fig.3 k, in relation to BMI for men (blue dots) and women (red x)

Table 4 reports average values of GOH material param-
eters for men and women separately. In general, women had
higher values of all parameters related to stiffness (y, k; and
k,) but again these differences were not significant. The
unloaded thickness H was significantly higher for men and
there was no significant difference in A.. As with the MR
parameters, best-fit values of the model parameters were
used to calculate F*“&¢ (Eq. 8). The obtained values were
in general lower than the ones obtained with MR model and
were lower for men than for women (0.23 + 0.17 N vs. 0.52
+ 1.96 N). This difference was not significant.

Mooney-Rivlin vs. Gasser-Ogden-Holzapfel
On Fig. 4, two representative pressure-diameter curves
were shown together with their corresponding GOH and

MR model fits. A case where both models gave a good fit is
shown on the upper plot. Below, a case where MR does not

@ Springer

Table 4 Average values + their standard deviations of the fitted GOH
material and geometrical parameters for men and women

Men Women
u (kPa) 19.6 + 12,5 26.6 +43.6
k, (kPa) 93.6 +177.1 105.7 +214.0
ky (=) 3.10 +3.00 3.62 +4.33
a(®) 46.1 +31.0 50.9 +28.2
k(=) 0.135 + 0.142 0.099 + 0.129
H (mm) 1.25 +0.46 1.01 + 0.27*
A, () 1.20+0.11 1.15+0.11

*p < 0.05 between men and women

provide an ideal fit and linearizes the observed behavior is
demonstrated. Not surprisingly, this happens for cases when
a subject has more pronounced nonlinearity.

To compare the performance of the models, predictions
of the pressure-diameter curve were plotted for 0-27 kPa
pressure range, which also included pressures below and
above the physiological range (see Fig. 5). This was done
for one subject (male, 38.7 years) for whom the GOH mate-
rial parameters resulted in the lowest root mean square error
with respect to the average parameters. Average parameters
were calculated by averaging the fitted parameters, not by
fitting the average pressure-diameter curve. Table 5 shows
the average parameters for each model, GOH and MR, and
patient-specific parameters from the mentioned subject.
Additionally, the root-mean-square errors (RMSE) are
reported between the average and the patient-specific param-
eters. The reported patient-specific parameters were used to
obtain the results shown on Fig. 5.
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Table 5 Average values of

GOH average GOH specific MR average MR specific

parameters for GOH and MR
model, patient-specific values 4 (kPa) 214 19.9 ¢, [kPa] 4755 44.48
ﬁ’g‘sg’Zﬁjﬁféfg{V‘;‘;‘:n&;gem k; (kPa) 96.8 81.6 ¢, [kPa] 34.14 26.64

ky (=) 2.98 2.57 H [mm] 0.80 0.77

a(®) 9.35 50.9 A [-] 1.18 1.29

K (=) 0.125 0.330

H (mm) 1.19 0.98

A=) 1.29 1.27

RMSE 15.49 RMSE 3.06

The patient-specific parameters were used to obtain the results shown on Fig. 5

o Experimental

g * GOH, R? =0.998 ..‘...'n/"
330 . MR, R =0.980 o2
8.2+
do
[mm]
8.1+
8.0
795, L L L L L L L |
11 12 13 14 15 16 17 18 19

P [kPa]

o Experimental

y 2 _
7ol GOH, R* =0.999 P Lo
« MR, R? =0.941 *

do
mm
[ ]7,0 -

6.9

6.8

Fig.4 Two representative pressure-diameter curves (Experimen-
tal) and their corresponding Gasser—-Ogden—Holzapfel (GOH) and
Mooney-Rivlin (MR) fits

Discussion

This study estimated in vivo material properties of human
CCAs (n = 103) from non-invasively obtained pressure,
diameter and wall thickness measurements obtained as
a part of the Asklepios study [22]. The parameters were
estimated by minimizing the difference between the meas-
ured pressure and that predicted by the material model,
and by adding additional conditions related to the strain
energy and the reduced axial force as proposed in [18].
The two material models used in this study describe the
artery as a nonlinear, passive, incompressible, one-layered
tissue. Additionally, the GOH model describes the tissue

17

d, Mooney-Rivlin *
[mm] :

10.80 1

9.45 -
8.48

0 108 19.6 27
P [kPa]

Fig.5 Comparison of pressure-diameter curves predicted by the
Mooney-Rivlin (red dotted line) and the GOH (blue circles) model
for one male subject (38.7 years) for pressures between 0 and 27 kPa
(0 and 200 mmHg). Pressure 10.8 kPa corresponds to the subject’s
diastolic and 19.6 kPa to the systolic pressure

as anisotropic. The axial prestretch is taken into account,
while the residual circumferential stress is disregarded.
The latter can induce an underestimation of the tissue’s
stiffness (reflected in lower values of parameters y, k; and
k, in the GOH model, and ¢, and ¢, in the MR model).
However, based on our previous studies on simulated data,
this effect was not major [18]. To avoid over-parameteri-
zation, it was chosen not to include the opening angle as
additional geometrical parameter.

Both the MR and the GOH model were able to capture
the tissue’s behaviour which is reflected in high R?-values
(0.87-0.99 for MR, 0.94-0.99 for GOH). Furthermore, both
of them showed high robustness to a change in the initial
input parameters, since different inputs resulted in similar
outputs. It is important to note that the obtained parameters
are considered to be phenomenological since the artery is
modelled as a single-layer, i.e. no distinction was made
between the intima and the media. The adventitia was not
taken into account since the media to adventitia transition
has been taken as the outer diameter, due to the limitations
of the currently available non-invasive imaging techniques.
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Modelling the artery as a three-layered structure would be
beneficial, however it would also increase the number of fit-
ting parameters and jeopardize their uniqueness.

Variability is present in the data and it is very difficult to
infer the difference between patient variability and meas-
urement variability. Both will be present in the total vari-
ability, though great care was taken in the Asklepios study
to standardize the applied measurement protocols, as well
as the subsequent post-processing steps. One should also be
aware of the fact that the resulting parameter uncertainty will
also propagate into subsequent numerical simulations made
with these parameters. Ideally, uncertainty quantification
techniques are adopted to this end, e.g. by using a Gaussian
emulator machine [34].

Effects of Age, BMI and Blood Pressure

For the obtained parameters, the effect of ageing, sex,
increased BMI, blood pressure, wall thickness and diastolic
to systolic diameter change was studied. The effects were
more pronounced for the MR parameters than for the GOH
ones.

Many in vivo studies investigated age-related changes in
arteries and reported stiffening effect of age on the arterial
response [19, 20, 35-37]. In our dataset, the arteries were
stiffer with age for women when looking at parameters c,
and c,, while the trend was less pronounced for men. In the
case of the GOH parameters, women on average had higher
values of stiffness parameters related to elastin (u) and col-
lagen (k, and k,) than men, although these differences were
not statistically significant. Also, no correlation of y, k; and
k, with age was found either for men or women. This can be
explained by the small age range of the subjects included
in this study (35-55). Other studies included a bigger age
range, e.g. [20] studied subjects between 21 and 69 years.
Additionally, they had two groups of subjects, normotensive
and hypertensive. In their case, age was positively correlated
with residual stresses and altered fibrillar collagen in nor-
motensive subjects, and hypertensive subjects had higher
levels of stresses, increased smooth muscle tone, and a stiffer
elastin-dominated matrix despite treatment. Linearized stiff-
ness was previously calculated on the Asklepios data set by
[37]. They concluded that stiffening with age was present
for both men and women and a significant age—sex interac-
tion was found indicating that stiffening occurred at a faster
pace in women. For that reason, it is not surprising that in
our subset females also had stiffer arteries than males. We
expect that the effect of stiffening with age for men would
be present if an extended data set were used.

Different studies already reported a stiffening effect
of increased weight or BMI on arteries. [38] reported
that pulse wave velocity was significantly increased in 27
obese patients in comparison with 25 non-obese patients

@ Springer

participating in the study. In [39], the aortic pulse-wave
velocity was strongly correlated with a higher BMI and body
weight. The study involved 363 participants. [40] measured
properties of the carotid, femoral and brachial arteries in
1306 individuals and concluded that carotid distensibility
decreased with BMI both in men and women and the effect
was more evident for younger subjects (up to 40 years). In
our study, an increase in BMI also had a significant effect
on the stiffness of the arterial tissue. For women, this was
reflected through parameter ¢, (r* = 0.24) and for men
through parameter ¢, (> = 0.11) for the MR model. The
GOH parameter k, increased with higher BMI for women
(r? = 0.42) but not for men.

As expected, blood pressure (BP) also played an impor-
tant role in the tissue response, making it less compliant
for an increasing BP. This was confirmed for different BP
measurements (see effect of DP, SP, MBP and PP on ¢,
and ¢, in Table 2). However, there was almost no effect on
GOH parameters and in case of k,, the values surprisingly
even slightly decreased with increasing diastolic (DP) and
mean (MBP) blood pressure (Table 3). [20] reported an
increased stiffness of matrix material y in CCAs of hyper-
tensive (37.74 + 7.77) subjects compared to normotensive
(31.32 + 5.14) subjects. This trend was not present in our
study, although the reported values of x4 were in the same
order of magnitude as ours.

IMT is considered as an important predictor of CVDs.
Carotid IMT, together with aortic calcification, is reported
as predictor of stroke [41]. The remodelling of the arterial
wall by increasing its thickness reduces and normalizes the
wall stress. A study performed by [42] reported that as the
IMT increases after menopause in women, the elasticity of
the CCA increases as well, thus the stiffness decreases. Both
for men and women, ¢, and ¢, decreased with increasing
IMT in this study, while there was no effect on y, k; and k,
GOH parameters.

Overall, sex had the biggest effect on the mechanical
properties of CCAs. On average, women had a higher stiff-
ening rate of the MR parameters ¢, and ¢, w.r.t. age, BMI and
blood pressure than men. In case of the GOH model, BMI
had a significant effect on k, in women while no effect on
men. A study performed by [37] on 2195 subjects from the
Asklepios study reported similar findings. They evaluated
local arterial stiffness of CCA by means of compliance and
distensibility coefficients, local pulse wave velocity and the
characteristic impedance. All but the compliance coefficient
showed a higher stiffening rate in women than in men.

Mooney-Rivlin vs. Gasser-Ogden-Holzapfel
The pressure-diameter curves on Fig. 5 start from a differ-

ent diameter at zero pressure due to the fact that the mod-
els predict different unloaded configurations. The models
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Fig. 6 Sensitivity of the 10%
objective function T}, (which
includes pressures and forces)
on the parameters
1015 B
310"
-
10°
10°

also show a quite distinct difference in curvature. The GOH
model predicts a stiffer (which we believe to be more realistic)
response in the supra-physiological domain which is of big
importance for pre-operative scenarios and surgical outcome
predictions. The MR response will, most likely, result in an
overestimated deformation. This shows that even though GOH
has more parameters who’s structural meaning is questionable,
especially when modelled as a single-layered structure, it still
results in the more realistic response than the simpler, phenom-
enological MR model. The obtained parameters should not
be interpreted as patient characteristics with a clear physical
meaning, but rather as a quantitative way to compare different
datasets. The GOH model is well-known in the biomechanics
modelling community, its parameters are intuitive to inter-
pret, and can be used for subsequent modelling purposes. It is
important to stress that for any model, the parameters are only
valid for the range in which the data is fitted. With this one
example we go above this range to illustrate how different the
results can be once you exceed this range.

l-35%
l-10%
N -5%
B +5%
B +10%
[1+35%

k2 salpha kappa H beta lamz h
Parameters

Conclusion

This study estimated passive mechanical properties of
human CCAs. This was based on the non-invasive pressure
and diameter measurements of 103 healthy subjects who
were participating in the Asklepios study. Two constitutive
material models, MR and GOH, were used to describe the
arterial behaviour. In general, the GOH model resulted in a
better goodness of fit, which is not surprising considering its
exponential relation which has a big effect on the predictions
of deformation in the supra-physiological domain. Prefer-
ence is given to the anisotropic GOH model, due to more
realistic deformations at higher pressures. The advantage of
the MR model lies mainly in the low number of parameters
which simplifies their in vivo estimation.

In the ideal scenario, material properties could be esti-
mated based on factors such as sex, age and BMI or a repre-
sentative parameter set could be used for a predefined patient

Fig. 7 Sensitivity index for each
parameter s

Sensitivity index
o o o o
b (& (2] ~

T T T T

o
w
T

0.2~

0.1

sin a K
Parameters
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group. For that reason, the effect of sex, age, BMI and blood
pressure on stiffness of arteries was investigated. Overall,
the sex differences were pronounced, as women had a higher
stiffening rate than men. The lack or weakness of trends and
big inter-subject variability pointed out the importance of
patient-specific parameters.

Appendix

Previously, a sensitivity analysis was performed to possibly
exclude some of the material parameters. The result of it is
visible on Figs. 6 and 7.

On Fig. 6, each parameter was changed for +5, + 10 and
+ 35% from the actual value to see the influence on the
objective function (7%,,, in this case the objective function
included pressures and forces).

To calculate the sensitivity index (SI) shown on Fig. 7,
the following analysis has been performed:

1. Each parameter was changed from the lower to the upper
boundary in steps (e.g. parameter x4 was changed from 0
to 1000 kPa with steps of 5).

2. For these sets of parameters, the prediction of the model
in terms of diastolic pressure was calculated.

3. Based on this, a sensitivity index was calculated as fol-
lows:

P,..—P

min

10)

4. Finally, all parameters with a sensitivity index higher
than 0.5 were retained.
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