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Chapter 1
General introduction



Chapter 1

1.1 Arterial stiffness

C ARDIOVASCULAR disease constitutes an increasing burden on the western soci-
ety. In 2014, cardiovascular disease was responsible for 27% of all deaths in
the Netherlands (Centraal Bureau voor de Statistiek 2016a). As the occurrence

of cardiovascular disease shows a strong correlation with age (Lakatta and Levy 2003a;
Lakatta and Levy 2003b), it is expected that this percentage will rise even further in our
ageing population (Centraal Bureau voor de Statistiek 2016b).

Hypertension, a sustained increase in blood pressure, is a key condition in cardiovas-
cular disease and is present in more than half of the population aged 60 years and older
(Blokstra et al. 2015; Lakatta and Levy 2003a; Smulyan et al. 2016). It is associated with
stroke, myocardial infarction, sudden death, heart failure, peripheral artery disease, and
end-stage renal disease (Mancia et al. 2013).

A key aspect in the development of cardiovascular disease is arterial stiffening (Laurent
et al. 2006). With every beat the heart ejects blood into the arteries, causing them to ex-
pand. The more compliant the arteries are, the easier they expand, and the less force is
required by the heart to eject blood into them. With stiffened, less compliant arteries, the
load on the heart is increased, potentially leading to heart failure in the long term. Accel-
erated stiffening is hence a strong predictor of cardiovascular complications worldwide
(Ben-Shlomo et al. 2014; Laurent et al. 2001; Van Bortel et al. 2012).

The arterial wall consists of three main components that bear the pressure load: colla-
gen, elastin, and smooth muscle cells (O’Connell et al. 2008; Wolinsky and Glagov 1964).
Elastin gives the arteries their large compliance, while collagen ensures that at higher
pressures, the arteries remain intact. Smooth muscle cells enable the arteries to contract,
an effect that is more pronounced in more distal, muscular (e.g., femoral and brachial)
arteries than in the larger elastic vessels such as the aorta and carotid arteries. Arterial
stiffness is the result of the interplay between these three components. For example, with
ageing, the elastin fibres become fragmented, leading to an increased role of the stiffer
collagen in pressure load bearing, resulting in increased arterial stiffness (O’Rourke and
Hashimoto 2007).

Arterial stiffening and hypertension, although both being independently associated
with cardiovascular risk, are closely intertwined for two reasons (Humphrey et al. 2016;
Mitchell 2014). First, an increase in arterial stiffness is associated with increased pulse
pressure (the pressure difference between systole and diastole). With constant peripheral
resistance (the resistance to blood flow that the end-organs pose) and mean arterial pres-
sure, this increased pulse pressure will increase systolic blood pressure (Laurent et al.
2006; Westerhof et al. 2010). Second, as will be elaborated in section 1.2, the most
commonly used clinical measure of arterial stiffness (pulse wave velocity) is inherently

dependent on blood pressure (Bramwell et al. 1923; Laurent et al. 2006). Therefore,
measured pulse wave velocity in hypertensive subjects will be inherently increased and
does not directly indicate a stiffened arterial wall.

In the long term, a sustained increase in blood pressure is thought to stimulate matrix
synthesis and thereby to increase vascular thickness and structural stiffness (pressure ↑ →
stiffness ↑). At the population level, increased arterial stiffness has been shown to pre-
cede increased blood pressure (stiffness ↑ → pressure ↑; Dernellis and Panaretou 2005;
Kaess et al. 2012; Liao et al. 1999), a finding that has also been observed in sponta-
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Figure 1.1: Overview of this thesis. Numbers indicate thesis chapters. The top part of the chart
pertains to the objective quantification of arterial stiffness (thesis aim 1), the bottom
part pertains to the interpretation of arterial stiffness changes (thesis aim 2).

neously hypertensive rats (Van Gorp et al. 2000). Hypertension and arterial stiffening are
suggested to form a positive feedback loop (Humphrey et al. 2016), with hypertension
increasing local wall stress, which induces remodelling and stiffening, in turn increasing
blood pressure.

1.1.1 Aims

Although arterial stiffness is commonly measured in clinical studies, several confoun-
ding factors inherently impede its independent quantification. Furthermore, establishing
whether an artery is stiffened or not does not inform a researcher or clinician on the cause

of the stiffening. Therefore, this thesis is centred around two aims:

1. To advance the objective, independent quantification of arterial stiffness.
2. To advance the interpretation of observed differences and changes in arterial stiff-

ness.

These aims, together with the associated chapters and their coherence, are visualised
in Fig. 1.1. Throughout this thesis, these aims are approached from clinical as well as
engineering perspectives.
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Chapter 1

1.2 Objective quantification of arterial stiffness

The gold standard method for the assessment of arterial stiffness in patients is the mea-
surement of carotid-femoral pulse wave velocity (PWV; Laurent et al. 2006; Townsend
et al. 2015). This measurement is performed by measuring the pressure or distension
waveform at carotid and femoral sites. The time difference between the feet of these
waveforms (transit time) is inversely related to PWV. By measuring the effective travel
distance between the carotid and femoral sites using a caliper or a tape measure, and
dividing this distance by the carotid-femoral time difference, an estimate of the PWV in
the carotid-femoral arterial bed is obtained. PWV can also be measured locally, assessing
only a small arterial segment (e.g., the carotid artery). This can either be performed by
assessing transit time over a short segment (Hermeling et al. 2007; Hermeling et al. 2008;
Pernot et al. 2007), or by combining locally measured pressure and diameter waveforms
(Bramwell and Hill 1922a). The latter technique is based on estimating circumferential
strain and pulse pressure, defining distensibility, which is intrinsically related to PWV by
the Bramwell-Hill relation (Bramwell and Hill 1922a).

Although PWV is positively related to arterial stiffness, this relationship is confoun-
ded by several factors. Blood pressure and heart rate are the most commonly described
physiological confounders of PWV (Townsend et al. 2015). Another, less studied con-
founder is axial stretch of the studied artery segment, which may influence the assessment
of local PWV. The effects of blood pressure, heart rate, and axial stretch on measured ar-
terial stiffness are discussed below, with reference to the first six chapters in this thesis.

1.2.1 Blood pressure as a confounder of arterial stiffness

Bramwell et al. (1923) already showed that PWV is directly dependent on blood pressure
at the time of measurement. In clinical studies, PWV is commonly corrected for blood
pressure by means of a statistical approach. However, statistical correction is not feasible
in individual subjects. The Reference Values for Arterial Stiffness’ Collaboration (2010)
published a large multi-centre study that provided reference values for PWV in healthy
and diseased subjects as a function of blood pressure. These values can be used as a ref-
erence for individual PWV measurements. However, in The Reference Values for Arterial
Stiffness’ Collaboration (2010) study, each subject is measured only at a single blood pres-
sure. Therefore, the blood pressure dependence of PWV as quantified using such a study
is of a cross-sectional nature, and has two potential causes. First, PWV acutely changes
with blood pressure (e.g., Bramwell et al. 1923). Second, in a hypertensive subject, ar-
terial remodelling may have occurred due to the chronically increased blood pressure,
changing the intrinsic stiffness of the arterial wall. Using a cross-sectional study, these
two causes are indistinguishable. In this thesis, we will focus on and try to correct for the
first (acute) cause of pressure dependence (chapters 2 to 5). This will yield techniques to
perform independent assessment of arterial stiffness.

In chapter 2, we present a technique to quantify the acute pressure dependence of
PWV, which can be used to correct measured PWVs. We assessed the performance of this
technique in chapter 3, by applying it to a data set of patients undergoing anti-angiogenic
cancer treatment.

To overcome the problem of pressure dependence of PWV, alternative measures of ar-
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terial stiffness have been proposed that are advocated as being intrinsically pressure-
independent. Two of these measures are cardio-ankle vascular index (CAVI, Shirai et al.
2006), and stiffness index β (Hayashi et al. 1980). In chapter 4, we critically assess the
assumptions made in the mathematical derivation of CAVI and β as pressure-independent
measures.

1.2.2 Heart rate as a confounder of arterial stiffness

The relationship between heart rate and carotid-femoral PWV is controversial. A small
number of acute pacing studies, specifically investigating the association between heart
rate and PWV, found an independent effect of heart rate on PWV (Haesler et al. 2004;
Lantelme et al. 2002). Others, however, found no change in PWV with heart rate (Al-
baladejo et al. 2001) or were unable to discriminate the measured increase in PWV from
the concomitant pacing-induced increase in blood pressure (Liang et al. 1999; Millasseau
et al. 2005). A potential influence of heart rate on PWV is important, as white-coat hy-
pertension often coincides with an increased heart rate (Mancia et al. 1983). Therefore,
if heart rate indeed influences PWV independent of blood pressure, the PWV measured
in the doctor’s office may be artificially increased by both an increased heart rate and
an increased actual blood pressure. In chapter 5, we report the largest study to date to
assess the confounding effect of heart rate on PWV using acute pacing, whilst rigorously
correcting for variations in actual blood pressure.

Measurement of carotid-femoral PWV often involves applanation tonometry of the ca-
rotid artery. Excessive force on the carotid baroreceptors may induce a baroreceptor re-
sponse, changing heart rate (Courand et al. 2014; Schweitzer and Teichholz 1985). If
this is the case, PWV measurements involving applanation tonometry may not be taken
at a subject’s intrinsic resting heart rate. The presence or absence of a baroreceptor effect
induced by applanation tonometry, however, remains unclear. Therefore, we assess the
effect of carotid artery applanation tonometry on heart rate in chapter 6.

1.2.3 Axial stretch as a confounder of arterial stiffness

During assessment of local carotid artery stiffness, the head may be rotated upwards and
backwards to optimise visibility of the carotid artery segment. This may cause stretching
of the carotid artery to a greater-than-physiological length. Longitudinal stretching of an
artery will affect arterial diameter and shift the relationship between pressure and diam-
eter (Sommer et al. 2010). Therefore, in addition to blood pressure and heart rate, axial
arterial stretch may confound local carotid artery stiffness measurements. In chapter 7,
we study the effect of head rotation on arterial distension and local arterial stiffness.

1.3 Interpretation of changes in arterial stiffness

Whereas the previous section focussed on advancements in the objective quantification of
arterial stiffness (“Does the artery stiffen?”), the present section focusses on the interpret-

ation of arterial stiffening (“What makes the artery stiffer?”).
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Chapter 1

1.3.1 In vivo quantification of constitutive properties

Measuring the mechanical behaviour of an artery as a whole (e.g., its stiffness) does not
directly yield information about the individual structural components (collagen, elastin,
and smooth muscle cells; O’Connell et al. 2008; Wolinsky and Glagov 1964) of the artery.
To assess mechanical changes in the load-bearing individual components, the mechanical
contributions of the individual components have to be disentangled. This can be accom-
plished by fitting a computer model that explicitly implements the individual components
(a constitutive model) to the measurement data (Ferruzzi et al. 2013; Holzapfel and Og-
den 2010a). Using such a model, observed changes in arterial stiffness can be ascribed to
changes in one or more of the load-bearing components. In chapter 8, we implement a
constitutive computer model of the arterial wall and use this to study the effects of ageing
on the arterial wall components.

Fitting constitutive models to data obtained in vivo poses a challenge, since only data
from a limited pressure range is available and measurements are typically taken at only
one axial stretch state. In chapter 9, we propose a strategy to improve the quantifica-
tion of constitutive model parameters, taking advantage of the effect of head rotation on
arterial distension as presented in chapter 7.

1.3.2 Smooth muscle orientation

Implementing realistic constitutive models requires detailed structural knowledge of the
individual wall components. For realistic constitutive modelling, (volume) content of the
components, but also their orientation within the arterial wall are required. In constitutive
modelling, the orientation of the smooth muscle cells in the arterial wall is often assumed
to be perfectly circumferential (e.g., Masson et al. 2011; Zulliger et al. 2004b). However,
experimental evidence for this assumption, obtained under controlled conditions, is lack-
ing. In chapter 10, we develop a method to determine two-dimensional smooth muscle
cell orientation in tubular structures, and use this method to quantify smooth muscle
cell orientation in rat ureters. We extend this method to a three-dimensional method in
chapter 11, and use it to quantify smooth muscle cell orientation in viable murine carotid
arteries. In both chapters 10 and 11, two-photon laser scanning microscopy is used for
imaging. This technique is inherently capable of optical sectioning (Helmchen and Denk
2005), allowing us to study arteries mounted between micropipettes under intact, viable
conditions, without the need for histological sectioning. Furthermore, its high depth pen-
etration allows us to image the entire thickness of the arterial wall (Megens et al. 2007).

1.3.3 In vitro assessment of arteries under pulsatile conditions

In order to optimally study the constitutive properties of arteries while taking into account
the effects of heart rate, isolated arteries should be studied under pulsatile conditions.
Commonly, arteries are mounted between cannulae and pressurised while measuring di-
ameter and axial force at different axial stretches (Ferruzzi et al. 2013; Sommer et al.
2010). Typically, experiments are performed statically. In chapter 12, we present a newly
developed, custom-built experimental measurement setup to measure arterial stiffness in
murine carotid arteries under static as well as dynamic conditions.
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1.4 Structure of this thesis

Chapters 2 to 12 constitute the body of this thesis, as visualised in Fig. 1.1. The general
discussion of this thesis is presented in chapter 13.
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Chapter 2

Abstract

Arterial stiffness measures such as pulse wave velocity (PWV) have a known dependence
on actual blood pressure, requiring consideration in cardiovascular risk assessment and
management. Given the impact of ageing on arterial wall structure, the pressure depen-
dence of PWV may vary with age. Using a non-invasive model-based approach, combining
carotid artery echo-tracking and tonometry waveforms, we obtained pressure-area curves
in 23 hypertensive patients at baseline and after three months of anti-hypertensive treat-
ment. We predicted the follow-up PWV decrease using modelled baseline curves and
follow-up pressures. In addition, based on these curves, we estimated PWV values for
two age groups (mean ages 41 and 64 yrs) at predefined hypertensive (160/90 mmHg)
and normotensive (120/80 mmHg) pressure ranges. Follow-up measurements showed
a near 1 m/s decrease in carotid PWV when compared to baseline, which fully agreed
with our model prediction given the roughly 10mmHg decrease in diastolic pressure.
The stiffness-blood pressure-age pattern was in close agreement with corresponding data
from the “Reference Values for Arterial Stiffness’ Collaboration” study, linking the phys-
ical and empirical bases of our findings. Our study demonstrates that the innate pressure
dependence of arterial stiffness may have implications for the clinical use of arterial stiff-
ness measurements, both in risk assessment and in treatment monitoring of individual
patients. We propose a number of clinically feasible approaches to account for the blood
pressure effect on PWV measurements.

2.1 Introduction

B EYOND blood pressure (BP), arterial wall stiffness measurements have emerged
as guidance to target arterial wall structure in anti-hypertensive treatment and
vascular risk management (Karalliedde et al. 2008; Ong et al. 2011; Shahin et al.

2012). Although the field is well aware of the fact that arterial wall stiffness is intrinsi-
cally pressure dependent (Laurent et al. 2006; Wolinsky and Glagov 1964), a clinically
applicable method to disentangle BP and arterial stiffness is currently lacking. As a con-
sequence, the order of magnitude and relevance of the pressure dependence of stiffness
in the clinical context has not been established.

We previously showed by combining carotid artery ultrasound and tonometry, that ar-
terial stiffness, expressed in terms of pulse wave velocity (PWV), may vary about 0.7–
4.0 m/s within individuals due to the cyclic diastolic-systolic BP variation (Hermeling et
al. 2012a; Hermeling et al. 2010). These cyclic stiffness changes clearly do not reflect
any change in structural wall properties (Fig. 2.1; along curve A), but do suggest that
the contribution of actual BP to the stiffness measurement in clinical practice may be
considerable. In this light, the fixed threshold of 10m/s for increased arterial stiffness,
as advocated in the 2013 ESH/ESC guidelines (Mancia et al. 2013), requires a critical
approach in (individual) patient management.

From a treatment perspective, the pharmacological modification of arterial wall struc-
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Figure 2.1: Study scope: quantitative influences of blood pressure and age on measured stiffness.
Given a curvilinear pressure-area (P-A) relationship, short term changes in pressure will
directly lead to changes in cross-sectional area and incremental slope (as indicated for
curve A). The related changes in pulse wave velocity (PWV) in this case are not due to
a change in the P-A relationship (cf. point 1 vs. 2). The stiffness assessed at the same
pressure level in a remodelled vessel, illustrated by curve B, will be different due to a
real change in the P-A relationship, as is known to occur with e.g., ageing (cf. point 1 vs.
3). Then ageing is expected to also modulate the pressure-related change in measured
stiffness (consider the difference between 1 vs. 2 and 3 vs. 4). ρ, blood mass density.

ture has gained interest, with a particular focus on pressure-independent changes in PWV
(Boutouyrie et al. 2011; Van Bortel et al. 2011; Wagenseil and Mecham 2012). An
exploratory review of the literature shows that significant differences in PWV between
groups or changes with treatment are accompanied by significant BP changes (Herme-
ling et al. 2010; Kithas and Supiano 2010; Ong et al. 2011). Thus, the extent to which
observed changes in stiffness concurrent with BP changes reflect structural alterations in
the arterial wall remains to be established (Boutouyrie et al. 2011; Van Bortel et al. 1999;
Van Bortel et al. 2011).

Next to BP, age is the other major factor influencing arterial stiffness, as established
by robust meta-analyses (Cecelja and Chowienczyk 2009; The Reference Values for Ar-
terial Stiffness’ Collaboration 2010). The structural alterations in the arterial wall re-
lated to ageing are well-known and clearly reflected by increased stiffness values found
in older subjects (Langewouters et al. 1984; O’Rourke and Hashimoto 2007; Wagenseil
and Mecham 2012). We previously observed that the pressure dependence itself may
vary with age (Hermeling et al. 2010), which raises the question whether the BP effect
on arterial stiffness measurements is as large in young subjects as in elderly (Fig. 2.1;
compare curvature of curves A and B).

In the present study, we obtained more quantitative insight into the abovementioned
aspects of the pressure dependence of arterial stiffness. To this end, we conducted an
observational study in a sample of hypertensive subjects consecutively attending our out-

17



Chapter 2

patient hypertension clinic.
We obtained non-invasive data on the carotid artery pressure-area relationship at

baseline and at 3-month follow-up (Fig. 2.2A). At baseline, anti-hypertensive medication
was discontinued. Shortly after the baseline measurement, anti-hypertensive medication
was increased. At both visits, we calculated carotid pulse wave velocity (cPWV, Fig. 2.2A)
using the Bramwell-Hill equation (Bramwell and Hill 1922a). In addition, baseline mea-
surements were also used to obtain a pressure-area (P-A) curve model. If it is assumed
that the P-A curve does not change, follow-up cPWV can be predicted (cPWVpred) using
the baseline P-A curve and follow-up blood pressures (Fig. 2.2A). The feasibility of this
assumption was verified by comparing the measured change in cPWV (∆cPWV) with the
predicted change (∆cPWVpred).

In order to disentangle pressure and age effects on cPWV, we additionally calculated
arterial stiffness at defined pressure levels for a young as well as an old subgroup of our
population. We discuss our quantitative findings from a clinical perspective, focusing on
their relevance in the cardiovascular risk management of individual patients.

2.2 Methods

2.2.1 Study population

The study was approved by the ethical committee of Maastricht University and conducted
in accordance with the Declaration of Helsinki (Seoul 2008). All subjects provided written
informed consent prior to participation. Thirty consecutive subjects were recruited from
patients referred to our outpatient hypertension clinic for a two-day clinical assessment.
Participants underwent extensive arterial function and hemodynamic measurements (de-
tailed below) at inclusion and at three-months (3.0± 0.6 months) follow-up (Fig. 2.2A).
Baseline characteristics and medication profile in units of daily defined dose (DDD, Wess-
ling and Boethius 1990) are shown in Table 2.1. After baseline measurements, blood
pressure was managed according to European Society of Hypertension (ESH) guidelines
(Mancia et al. 2013), while treating physicians were blinded for (intermediate) study re-
sults. Seven subjects were excluded due to incomplete follow-up data (n = 3 no show;
n = 2 missing carotid ultrasound) or inconsistent data quality (n = 2, see Discussion).
Baseline and follow-up measurements obtained in 23 patients are used in the present
analyses (Fig. 2.2B).

2.2.2 Measurements

Arterial function measurements (total duration 30–45 min) were performed in a quiet,
temperature-controlled room (22 ◦C) after a resting period of 15min with subjects in
supine position. Throughout the session four to eight repeated oscillometric BP readings
were obtained at the left upper arm (Omron 705IT, Omron Healthcare Europe B.V., Hoofd-
dorp, The Netherlands). Additionally, continuous pulsatile finger BP, heart rate (HR) and
an estimated cardiac output (CO), were obtained from the right middle finger by the
Peñáz method (Nexfin, BMEYE B.V., Amsterdam, The Netherlands; Peñáz 1973).

Left common carotid artery diameter waveforms were obtained using a 7.5 MHz vascu-
lar ultrasound scanner (MyLab70, Esaote Europe, Maastricht, the Netherlands) operated
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Figure 2.2: Study set-up and derivation of measured and predicted changes in carotid stiffness. A:
The change in measured carotid pulse wave velocity (cPWV) from baseline to follow-up
is termed ∆cPWV. The baseline pressure-area (P-A) curve of each subject was mod-
elled by an exponential function. Using this baseline model and follow-up blood pres-
sures, the change in cPWV with respect to baseline could be predicted (∆cPWVpred),
assuming that the P-A relationship did not change between baseline and follow-up. B:
Stratification for analyses of blood pressure (BP) and age effects on measured stiffness.
Young, subjects < 50 yrs; Old, subjects > 50yrs; US, ultrasound.
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Table 2.1: Baseline characteristics of study population

Parameter Unit n= 23

Age yrs 56±15
Sex # m/f 11/12
Height cm 172±8
BMI kg/m2 27±4
aSBP mmHg 140±15a

aDBP mmHg 91±11a

aHR 1/min 73±9a

Dipper # y/n 8/14a

nb DDDb

Anti-HT meds 9 2.6±1.6
ACEi/ARB 7 2.0±0.5
BB 7 0.6±0.3
CCB 1 2.0
Diuretics 5 0.7±0.3

Mean± SD. aSBP and aDBP, 24-hour average systolic and diastolic blood pressures, respectively;
aHR, 24-hour average heart rate. Dipper defined as night SBP< 85% of day SBP. ACEi, angiotensin-
converting enzyme inhibitors; ARB, angiotensin receptor blockers; BB, beta blockers; CCB, calcium
channel blockers. an = 22. bNumbers (n) and daily defined doses (DDDs) pertain to only those
receiving medication at baseline. Most of those not taking antihypertensive (anti-HT) drugs at
baseline had discontinued medication prior to clinical blood pressure profiling.

at high frame rate as previously described (Hermeling et al. 2012b). Diastolic diameter
and distension values over 6 consecutive heartbeats and a real-time distension wave-
form display were used to judge quality of the recordings (RFQAS utility, Esaote Europe).
Subsequently, left common carotid artery tonometric pressure waveforms were obtained
(SphygmoCor, AtCor Medical, Sydney, NSW, Australia). Raw carotid artery tonometry
waveforms were used to obtain calibrated local left common carotid artery BP waveforms
(Van Bortel et al. 2001). Signal processing was performed using proprietary MATLAB code
(MATLAB R2013b, The MathWorks Inc, Natick, Massachusetts, USA). Carotid ultrasound
and arterial tonometry measurements were obtained in triplet by a single experienced
operator (JOR). Ambulatory (i.e., 24 h) BP was assessed from clinic assessment day one
onto day two (Mobil-o-Graph, IEM, Stolberg, Germany).

2.2.3 Data processing

Waveform analysis and data processing

To enable quantitative assessment of the curvilinearity of the carotid artery pressure-area
(P-A) relation at individual subject level, we followed procedures similar to those de-
scribed previously (Hermeling et al. 2012b). Briefly, systolic (peak), dicrotic notch and
diastolic (minimum) points were identified in the diameter (by manual cursor reading,
using RFQAS) and pressure (automatic) waveforms. For diameter typically 9–12 and for
pressure 18–30 heartbeats were included for each subject in each session.
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To suppress variability related to echo and tonometry tracking artefacts, we
applied the following averaging schemes for processing the acquired diameters (D).
Diastolic diameter was averaged over acquired beats to obtain a recording average
and subsequently over recordings to obtain a session average. Relative distensions
(i.e.,

�

Dsystolic − Ddiastolic

�

/Ddiastolic) were averaged over beats and recordings, yielding a
session average of relative distension. The session average of systolic diameter was then
obtained by multiplying relative distension by the corresponding diastolic diameter and
adding the diastolic diameter. Similarly, the relative distensions of the dicrotic notch
point (i.e., (Dnotch − Ddiastolic)/

�

Dsystolic − Ddiastolic

�

) were averaged for further analysis,
rather than absolute dicrotic notch values. Exactly the same scheme was applied for
carotid systolic, notch and diastolic blood pressures. Median averaging was used
throughout.

Reproducibility

Intra-session measurement variability was quantified as follows. Differences of the three
(m = 3) recording averages with the session mean were calculated for the entire study
group (n= 23). The SD of these values from all subjects (m ·n= 3 ·23= 69) is a measure
of intra-session variability.

Carotid stiffness calculation

Carotid artery cross-sectional areas were calculated at diastole (Ad), dicrotic notch (An)
and systole (As) using A = π (D/2)2. Local carotid PWVs (cPWV) were calculated using
the Bramwell-Hill relationship (Bramwell and Hill 1922a):

cPWV =

√

√ 1
ρ

SBP−DBP
As − Ad

Ad , (2.1)

with ρ = 1.050 kg/L the blood mass density, and SBP and DBP the calibrated local systolic
and diastolic carotid blood pressures, respectively.

Pressure-area curve description

In each individual and session, the three (diastolic, notch and systolic) P-A points obtained
were used to fit an established mathematical description of the P-A relation, i.e., a single-
exponential model (Meinders and Hoeks 2004):

P(A) = DBP · eγ·
�

A
Ad
−1
�

. (2.2)

γ is obtained by minimising the sum-of-squares of differences between measured and
modelled notch and systolic pressures. The line is forced through the diastolic point. As
a line with one free parameter (γ) is fitted through two points, the line will, in general,
not pass exactly through the notch and systolic points.
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Model prediction of stiffness at follow-up

Based on the above descriptive model (Eq. 2.2) and baseline P-A data, we predicted cPWV
at follow-up (cPWVpred), using BP at follow-up as input. This was done under the ex-
plicit assumption that between baseline and follow-up the P-A relationship had remained
unaltered. To verify whether this assumption was valid, we calculated stiffness for a pre-
scribed, normotensive BP level of 120/80 mmHg by using the modelled P-A curves from
baseline and follow-up (cPWVmod120/80).

Stratification according to BP lowering at follow-up

To investigate whether measured changes in arterial stiffness were related to changes in
BP observed in our study population, we stratified patients to a BP-lowered group (n= 13)
if the reduction in DBP at three-month follow-up was more than twice the intra-session
SD (i.e., 7 mmHg) and to a BP-constant control group (n = 10) if the reduction was less
than 7 mmHg (Fig. 2.2B).

Stratification of BP lowering group to age

To identify age-related differences in hemodynamic and stiffness changes, we divided the
BP-lowered group into a young group (< 50 yrs, n= 6) and an old group (> 50 yrs, n= 7)
(Fig. 2.2B).

Age group data averaging and stiffness calculations for comparison with the

“Reference Values for Arterial Stiffness’ Collaboration”

For both the young BP-lowered group and the old BP-lowered group, we calculated
an average P-A relationship by averaging the individual baseline P-A curves in
A-direction. To enable comparison with reference values from The Reference Values
for Arterial Stiffness’ Collaboration (2010) study, we estimated cPWV values on these
average baseline P-A curves, similar to described above. We applied pre-defined
normotensive (120/80 mmHg; cPWVmod120/80) as mentioned above) and hypertensive
(160/90 mmHg; cPWVmod160/90) blood pressure profiles for this analysis.

2.2.4 Statistical analysis

Statistical analyses were performed using MATLAB (MATLAB R2013b, The MathWorks
Inc, Natick, Massachusetts, USA). Unless otherwise indicated, non-parametric Wilcoxon
signed-rank or rank-sum tests were performed to evaluate statistical differences within
patients and between groups, respectively. p-values ≤ 0.05 were considered statistically
significant. Unless otherwise indicated, values are given as mean± SD.

Agreement (bias and limits of agreement) between cPWV and cPWVpred changes at
follow-up was assessed by Bland-Altman analysis.
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Table 2.2: Changes in blood pressure and arterial properties without and with blood pressure lower-
ing

Parameter Unit All individuals

Baseline Change at 3-month follow-up

BP-constant BP-lowered BP-constant BP-lowered

n 10 13 10 13
Age yrs 59±17 53±14

meds DDD 1.2±1.9 0.8±1.2 0.3±0.6 1.6±0.8*,**

SBP mmHg 154±24 163±29 1±14 −25±10*,**

DBP mmHg 87±10 94±9 1±5 −12±6*,**

PP mmHg 67±22 69±29 −0±13 −13±9*,**

cPWV m/s 10.8±2.3 10.7±3.1 0.1±1.5 −0.9±1.1*

cPWVpred m/s 0.1±0.4 −0.9±0.4*,**

Mean± SD. meds denotes antihypertensive medication in daily defined dose (DDD). Sex differences
were not statistically significant (p = 0.21, Fisher’s exact test). BP, blood pressure; SBP and DBP,
systolic and diastolic blood pressures, respectively; PP, pulse pressure; cPWV, carotid pulse wave
velocity; cPWVpred, carotid pulse wave velocity predicted from the baseline pressure-area model
curve and follow-up BP; meds, antihypertensive medication; PP, pulse pressure. *p < 0.05 for
change at follow-up compared with baseline (Wilcoxon signed-rank test). **p < 0.05 for difference
between BP-constant and BP-lowered groups (Wilcoxon rank-sum test).

2.3 Results

2.3.1 Reproducibility

Intra-session SDs were 2% for diastolic diameter, 13% for relative distension, and 7% for
relative notch amplitude. Intra-session SDs (post calibration) were 4% for local carotid
diastolic pressure, 10% for pulse pressure and 5% for relative notch amplitude. The
absolute intra-session SD for diastolic blood pressure (DBP) was 3.5 mmHg.

2.3.2 Effect of BP lowering

At baseline, there were no significant differences in patient characteristics, BP, and arterial
properties between the BP-lowered and BP-constant groups (Table 2.2).

Compared to the control group, the BP-lowered group tended to have less
anti-hypertensive medication at baseline (0.8±1.2 vs. 1.2±1.9 DDD; Table 2.2) and had
a more intensified regime at three-month follow-up (2.4±1.4 vs. 1.5±1.9 DDD, of which
mainly renin-angiotensin-aldosterone system inhibitors: 1.4± 1.0 vs. 0.6± 0.9 DDD; not
shown in table).

The anti-hypertensive treatment particularly decreased SBP, showing a decrease twice
that of DBP (Table 2.2), although HR, CO and stroke volume (SV) did not change signif-
icantly (data not shown).

Carotid stiffness as expressed by pulse wave velocity (cPWV) significantly decreased in
the BP-lowered group (Table 2.2). The change in cPWV, however, was not significantly dif-
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Figure 2.3: Measured (meas) carotid artery stiffness (carotid pulse wave velocity, cPWV; Bramwell-
Hill) in the blood pressure-lowered group (n= 13) at baseline and at follow-up, in com-
parison with predicted (pred) changes based on follow-up blood pressures and using the
single exponential model fitted to individual pressure-area data obtained at baseline.
Whiskers indicate standard deviation.

ferent between the BP-lowered and BP-constant groups. Model predictions of the change
in cPWV at follow-up (cPWVpred) were of the same order of magnitude (−0.9±0.4 m/s)
as the measured change (−0.9±1.1 m/s; p = 0.95; Fig. 2.3). Bias and limits of agreement
(Bland-Altman) between measured and predicted changes in cPWV were 0.0± 2.0 m/s.

2.3.3 Age-associated differences with BP lowering

Table 2.3 discriminates baseline BP and arterial properties as well as their changes at
follow-up for the young and old subjects with BP lowering. There were no differences
in sex, height, weight or BMI between age-groups. Differences in BP profiles and carotid
cross-sectional area were noted at baseline but these did not reach statistical significance.
Baseline values and follow-up changes in DBP and Ad were not significantly different
between age groups. The old group tended to have less anti-hypertensive medication at
baseline (0.6 ± 1.2 vs. 1.0 ± 1.4 DDD; Table 2.3) and had a more intensified regime at
three-month follow-up (2.6± 1.5 vs. 2.2± 1.4 DDD, of which mainly renin-angiotensin-
aldosterone system inhibitors: 1.7± 1.1 vs. 1.0± 0.9 DDD; not shown in table).

Both age groups with BP lowering showed significant reductions in SBP (−21±9 mmHg,
p = 0.03 and −29± 9 mmHg, p = 0.02 for < 50 and > 50yrs, respectively; p = 0.18 for
inter-group).

Pulse pressure (PP) showed a significant decrease at follow-up in the old group only
(−17± 7 mmHg, p = 0.01; p = 0.04 for inter-group difference). SV was unchanged (no
difference between age groups; data not shown).

Baseline cPWV differed significantly between age groups (Table 2.3). The measured
change in cPWV was significant only in the old, amounting to −1.2±1.0 m/s, and similar
to cPWV changes predicted by the patient-specific single-exponential model (cPWVpred;
−1.1± 0.4 m/s).

Baseline cPWVmod120/80 was significantly different between age groups (Table 2.3).
However, changes in cPWVmod120/80 at 3-month follow-up were not significant within
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Table 2.3: Blood pressure lowering related changes in arterial properties in younger and older pa-
tients

Parameter Unit BP-lowered patients

Baseline Change at 3-month follow-up

Age < 50 yrs Age > 50yrs Age < 50yrs Age > 50 yrs

n 6 7 6 7
Age yrs 41±6 64±9**

meds DDD 1.0±1.4 0.6±1.1 1.2±0.8 2.0±0.7*

SBP mmHg 149±17 174±34 −21±9* −29±9*

DBP mmHg 95±12 92±4 −13±4* −12±8*

PP mmHg 54±14 82±33 −8±9 −17±7*,**

Ad mm2 46.3±9.0 58.5±16.7 −1.5±0.9 −2.9±5.5
cPWV m/s 8.4±1.2 12.7±2.9** −0.5±1.1 −1.2±1.0*

cPWVpred m/s −0.7±0.3* −1.1±0.4*

cPWVmod120/80 m/s 7.4±1.0 11.0±2.1** 0.2±0.9 −0.2±1.0

Mean± SD. meds denotes antihypertensive medication in daily defined dose (DDD). Sex differ-
ences were not statistically significant (p = 0.59, Fisher’s exact test). SBP and DBP, systolic and
diastolic blood pressures, respectively; PP, pulse pressure; Ad, diastolic cross-sectional area; BP,
blood pressure; cPWV, carotid pulse wave velocity; cPWVpred, cPWV predicted from baseline P-A
relationship and follow-up blood pressures; cPWVmod120/80, cPWV calculated for standardised BP
of 120/80mmHg; meds, antihypertensive medication; PP, pulse pressure. *p < 0.05 for change
(Wilcoxon signed-rank test). **p < 0.05 for difference between age groups (Wilcoxon rank-sum
test).

the age groups and the changes at follow-up were not significantly different between age
groups.

2.3.4 Differences in pressure-area relationships between age groups

Fig. 2.4A shows the group-average of the single-exponential P-A curves of the individuals
in both the young and old groups. With respect to the young group’s curve, the old group’s
P-A curve is not only shifted rightward to larger areas but is also steeper, reflecting greater
stiffness at corresponding to blood pressure levels.

Fig. 2.4A also indicates the normotensive and hypertensive pressure ranges we defined
to assess more generically age-related differences in the P-A relationships (shaded areas).
We calculated PWVs for these ranges (PWVs indicated in the figure and in Fig. 2.5A).
These group-averaged PWVs suggest that for a given acute decrease in SBP and DBP of
40 and 10 mmHg respectively, measured arterial stiffness may decrease more in older
hypertensive patients (−1.3 m/s; mean age 64 yrs) than in the younger (−0.9 m/s; mean
age 41 yrs). These changes are clearly visible in Fig. 2.4B, where PWV is plotted as a
function of DBP.
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Figure 2.4: Relationship between age, blood pressure, and pulse wave velocity. A: Comparison of
the young and old groups’ pressure-area relationships. Note that the old group op-
erates at a greater average cross-sectional area than the young group. To study the
stiffness–pressure–age relationship more generically, we pre-defined normotensive and
hypertensive blood pressure ranges, as indicated by the shaded areas. Pulse wave velo-
cities for these ranges are indicated in the figure, and replicated in Fig. 2.5A. B: Pressure
dependence of pulse wave velocity. Pulse wave velocities for normotensive and hyper-
tensive groups in A as a function of diastolic blood pressure. Systolic and diastolic
pressures are indicated in the figure as systolic/diastolic blood pressure. Note that in
the old group, the pulse wave velocity increase with diastolic blood pressure is larger
than in the young group (steeper slope of the lines).

Figure 2.5: Arterial stiffness, blood pressure and age patterns of the present study and the “Refer-
ence Values for Arterial Stiffness’ Collaboration” are strikingly similar. Stiffness, as in-
dicated by pulse wave velocity (PWV) is shown for the mean ages of the two age groups
in the present study (baseline visit) and pre-defined normotensive (120/80 mmHg) and
hypertensive (160/90mmHg) pressure ranges. ∆: difference in PWV between hyper-
tensive and normotensive conditions. A: Carotid artery PWV values derived from the
modelled pressure-area curves (cPWVmod120/80 and cPWVmod160/90) via Bramwell-Hill
for young and old groups. B: Carotid-femoral PWVs derived from published data from
the “Reference Values for Arterial Stiffness’ Collaboration” (The Reference Values for
Arterial Stiffness’ Collaboration 2010: Fig. 4, bottom and Table 6, bottom; PWVs lin-
early interpolated between age categories and at corresponding mean arterial pressures
(MAP = 0.4 ·SBP+0.6 ·DBP), i.e., hypertensive 118 and normotensive 96mmHg). DBP,
diastolic blood pressure; SBP, systolic blood pressure.
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2.3.5 Comparison with the “Reference Values for Arterial Stiffness’

Collaboration”

Fig. 2.5 compares the stiffness–BP–age pattern found in our mechanistic study (A) with
those found on statistical grounds in the reference population (B) (The Reference Values
for Arterial Stiffness’ Collaboration 2010). Overall, the arterial stiffness patterns are very
similar but their pressure dependence at a given age appears greater in the reference
population (between groups) than within our patients. Interestingly, the difference in
pressure dependence, i.e., the influence of the assumed BP change on measured stiffness,
is the same for both: (1.3− 0.9) = (1.6− 1.2) = 0.4 m/s.

2.4 Discussion

The present study shows that clinically observable changes in arterial stiffness and BP are
linked through the non-linear arterial P-A relationship, the effect of which appears mod-
ified with age. Our findings show that a short-term decrease in DBP of about 10 mmHg
leads to a decrease in measured carotid PWV of about 1 m/s. This decrease is not caused
by a change in the P-A relationship, since we were able to predict this decrease by imput-
ing BP values at follow-up onto the (modelled) P-A curve at baseline. We did observe a dif-
ference in the carotid artery P-A relationship between young (41 yrs) and old (64 yrs) sub-
groups, the old group having greater cross-sectional area and increased stiffness at com-
parable DBP. Based on these age-stratified P-A data, we estimated generalised carotid PWV
values for predefined normotensive (120/80 mmHg) and hypertensive (160/90 mmHg)
BP ranges. Our clinical measurements and the generalised data indicate that, for compar-
able changes in BP, PWV changes more in older subjects due to a higher degree of non-
linearity of the P-A relationship. The resultant stiffness–BP–age pattern proved strikingly
similar to the pattern we read from The Reference Values for Arterial Stiffness’ Collabora-
tion (2010) study, though it should be noted that this reference values study is based on
transit time PWVs instead of carotid PWVs. These findings indicate that the innate pres-
sure dependence of arterial stiffness could have implications regarding patient vascular
risk stratification and treatment monitoring.

2.4.1 Influence of blood pressure on arterial stiffness measurements

To quantitatively assess the impact of BP level on PWV measurements and corresponding
risk scoring, we approached the BP dependence of stiffness at the individual/small group
level, using an established descriptive model (Meinders and Hoeks 2004). This model was
used to derive PWV at well-defined and comparable BP levels, as opposed to a statistical
approach. Adjustment for mean arterial pressure in multiple linear regression models
is only possible in moderate to large populations (Schillaci et al. 2011), whereas our
approach allows individual quantification of the BP effect on stiffness.

With our individualised 3-point P-A measurements and model fitting approach, we pre-
dicted cPWV changes following three months of anti-hypertensive treatment, under the
assumption that no real change occurs in the P-A relationship (cPWVpred). The observa-
tion that the changes in cPWV and cPWVpred with BP lowering were of similar magnitude
suggests that short-term anti-hypertensive treatment has no effect on intrinsic arterial wall
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stiffness, but reduces measured stiffness mainly via the nonlinear P-A relationship (exem-
plified with curve A; Fig. 2.1). The hypothesis of no real change in the P-A relationship
could not be rejected, as the measured P-A curves at follow-up and their standardised
stiffness values (cPWVmod120/80) were not significantly different.

The measured 1 m/s PWV decrease exceeds measurement variability, which is typically
of the order of 0.5 m/s. Therefore, the pressure dependence appears relevant when con-
sidering fixed cut-off values to triage individual patients based on PWV measurements. As
such, our study specifically links part of the uncertainty in PWV determinations to actual
BP levels, which is an issue both in initial risk stratification and in monitoring treatment
effects.

It is well known that the white-coat effect can cause office BPs to show higher values
than a patient’s actual BP as measured using ambulatory BP measurement. We assessed
the effect of this artificially elevated measured BP on the measured arterial stiffness in
the office (Appendix 2.A1). Our analysis of the white-coat effect on arterial stiffness mea-
surements showed a similar 1 m/s difference in stiffness linked to a 10 mmHg difference
between mean ambulatory and study DBP.

Taken together, our quantitative findings indicate that the (physically well-established)
pressure dependence is relevant to consider in initial risk assessment and in monitoring
treatment in individual patients.

2.4.2 Influence of ageing on arterial stiffness and its pressure

dependence

Based on the stratification to age and on modelled P-A data, we consistently found a lar-
ger dependence of PWV on BP in older subjects than in younger. This difference with age
is directly related to the steeper slope of the P-A relation, as notable from the modelled
curves in Fig. 2.4. Our analysis based on predefined BP ranges (Fig. 2.5) further supports
the notion of an age-related difference in pressure dependence and that this observation
is not a by-effect of the differing BP (ranges) between age groups. Rather, the intrinsi-
cally different P-A relationship explains the age-related difference in elastic behaviour. In
addition to the increased slope, a greater average cross-sectional area with age is evident
from our data (Fig. 2.4), which is in line with ex vivo data (Virmani et al. 1991). It should
however be noted, given discrepant observations in cross-sectional cohorts (Reneman et
al. 2005; Virmani et al. 1991), that longitudinal data on changes in arterial structure
with ageing are much needed. Both the stiffening (increase in slope) and dilatory (in-
crease in mean area) aspects are biomechanically consistent with the established concept
of age-related degradation of the elastin structure in the wall and the resulting transfer
of mechanical stress to the stiffer collagen network (Bénétos et al. 1993; O’Rourke and
Hashimoto 2007; Wagenseil and Mecham 2012).

2.4.3 Stiffness, blood pressure and age as a pattern

We found that the (modelled) within-age-group changes in carotid stiffness with BP lower-
ing match well with the aortic stiffness–BP–age pattern observed in the reference values
population (Fig. 2.5). This match existed despite the obvious methodological differences,
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such as physical/statistical approach, number of subjects, intra-/inter-subject compar-
ison, carotid/aortic measurements and stiffness calculations, and outpatients/population
characteristics. This prompts critical consideration of the pressure dependence of stiff-
ness measurements as advocated in clinical-epidemiological research (Kaess et al. 2012;
Laurent et al. 2001; The Reference Values for Arterial Stiffness’ Collaboration 2010) and
practice guidelines (Laurent et al. 2006; Mancia et al. 2013).

Our study provides a physical underpinning of the epidemiological stiffness–BP–age
data pattern, implying that at given age a considerable part of the arterial stiffness spread
in the population may be simply explained by the non-linear elastic behaviour of arteries,
having not so much to do with adaptive hypertrophy or hypertensive remodelling (Bots
et al. 1997; Boutouyrie et al. 2000). The structural remodelling that does occur with
ageing (Fig. 2.4) appears to accentuate the BP-related arterial stiffness spread in the older
population (The Reference Values for Arterial Stiffness’ Collaboration 2010).

In current clinical practice, treatment of hypertension is predominantly focussed on
lowering blood pressure and much less on arterial wall stiffening as a potential cause for
hypertension. However, current (2013) ESH guidelines (Mancia et al. 2013) do state a
carotid-femoral PWV above 10 m/s as an additional risk factor. Our study shows that, if
the BP effect is not accounted for, consideration of arterial stiffness (as quantified by PWV)
in risk scoring may introduce a spurious double scoring of high BP (Mancia et al. 2013).
In this regard, our findings suggest that the arterial stiffness of patient A with a PWV of
9 m/s and diastolic BP of 70 mmHg may be considered equivalent to that of patient B with
respective readings of 11 m/s and 90 mmHg. Hence, it may not be justified physically to
score patient B +1 for increased arterial stiffness (cf. Table 4 in (Mancia et al. 2013)).

The agreement between reference values data and our findings in clinical patients sug-
gests that risk stratification on the basis of combined BP–age cut-off values would do more
justice to the physical and practical aspects of arterial stiffness measurements. Alternative
approaches to improve risk stratification would be 1) to use the individual patient’s P-A
data and calculate from a modelled curve the stiffness value at a fixed or normative (e.g.,
age-specific) BP level or, as a thumb-rule; or 2) to adjust PWV values for concurrently
measured DBP at a rate of 1 m/s per 10 mmHg.

2.4.4 Limitations

Our study did not include a long-term follow-up. Therefore, we could not evaluate
whether on the long-term the P-A relationship was modified by the anti-hypertensive
treatment, as a sign of structural (re-)remodelling. Moreover, our observational study
design and number of subjects do not allow a well-powered drug-specific analysis. In
future studies, both short- and long-term follow-up measurements should be performed
to be able to fully discriminate and quantify the pressure-dependent and -independent ef-
fects of (anti-hypertensive) drugs on arterial wall structure (Boutouyrie et al. 2011; Ong
et al. 2011; Van Bortel et al. 1999; Van Bortel et al. 2011).

We found zero bias between measured and predicted changes in cPWV. The limits of
agreement, however, were substantial. With our sample size we could have detected a
significant difference of > 0.8 m/s at a power of 80%. A large part of the variability is
explained by the fact that the measured changes in cPWV were subject to variability in
both pressure and area measurements, whereas the model-predicted changes were only
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subject to variability in pressure.
Our study was set up as an observational study in consecutive patients, which, given

non-compliance with the protocol (n= 3) and missing data (n= 2), led to basic exclusion
of subjects (see Study population). Additionally, two subjects were excluded. One subject
showed a convex P-A relationship at one visit, which is physically not plausible and very
likely a measurement error. In the other subject, we did not obtain sufficiently stable
pressure and area waveforms due to vessel movement.

We calculated PWV values not from transit time based measurements but from disten-
sibility based on P-A data (Fig. 2.1). Cross-sectional arterial distensibility is physically
related to PWV via the Bramwell-Hill relationship (Bramwell and Hill 1922a). This ap-
proach is required, because transit time PWV measurement does not allow discrimination
of stiffness within the diastolic-systolic range, to which the non-invasive assessment of
large artery stiffness is practically limited to. Moreover, our aim was to get a feeling of
the order of magnitude of the pressure dependence, not to establish absolute agreement
between the two approaches.

The approach presented in this study requires the assumption of an exponential rela-
tionship between P and A. Although Meinders and Hoeks (2004) showed that this is a
reasonable assumption, in individual cases, it may not hold. When full pressure and di-
ameter waveforms are available (as is the case in the present study), one could also obtain
pressure-independent, isobaric stiffness measurements without the exponential curve as-
sumption. This is exemplified by studies by Balkestein et al. (1999) and De Hoon et al.
(2001), in which isobaric distensibility and compliance coefficients were determined for
a fixed pressure interval. Although this approach has the advantage of not relying on the
assumption of an exponential P-A relationship, it is more sensitive to measurement noise,
as only a small part of the measured relationship is used for stiffness quantification (Van
Bortel et al. 2002).

It should be stressed that our 3-point P-A approach is not affected by apparent hyster-
esis caused by phase errors or time-delays between pressure and area waveform signals
(Hermeling et al. 2012a), given that we only consider corresponding P and A amplitudes.
Hysteresis due to viscous behaviour of the arterial wall in vivo using a well-characterised
measurement set-up is negligible (Alghatrif et al. 2013; Hermeling et al. 2010).

Our measurements included carotid artery applanation tonometry, which requires sub-
stantial applied pressure to applanate the vessel. Consequently, baroreflex modulation
may have potentially affected hemodynamic conditions. Using the continuous finger
blood pressure and HR data acquired (Nexfin), we tested whether HR and relative dicrotic
notch height (in the finger pressure waveform) were different between carotid (potential
baroreflex effect) and femoral (no baroreflex effect) tonometry recordings. Three re-
peated and alternating carotid and femoral tonometry acquisitions were performed in all
subjects (n= 23). We found no difference in HR (62.5 bpm carotid vs. 63.1 bpm femoral,
p = 0.24) and no difference in relative dicrotic notch height (0.39 carotid vs. 0.38 femoral,
p = 0.24). Moreover, the tonometric pressure waveform was calibrated to absolute val-
ues using session-averaged brachial blood pressures, hence potential baroreflex-mediated
noise or bias in mean or pulse pressure during tonometry will not have propagated into
our P-A data. Taken together, it appears unlikely that the tonometry measurements in our
study affected proper correspondence between P and A datapoints.

We approached ageing by cross-sectional data. Ideally, ageing effects should be as-
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sessed longitudinally, following patients over time, as for example in the recently pub-
lished study by Alghatrif et al. (2013). Unfortunately, AlGhatrif et al. did not include
information on the BP change between baseline and follow-up, i.e., only BP category at
baseline was used as a statistical model determinant. Additionally, the question can be
asked whether our small study in hypertensives is sufficiently powered and representa-
tive. While our stiffness–BP–age pattern agrees well with the reference values data as well
as with current mechanistic concepts of arterial wall elastic behaviour and remodelling,
we conclude that there is strong mechanistic and epidemiological evidence corroborating
our present findings (Langewouters et al. 1984; O’Rourke and Hashimoto 2007; The Ref-
erence Values for Arterial Stiffness’ Collaboration 2010; Virmani et al. 1991; Wagenseil
and Mecham 2012; Wolinsky and Glagov 1964).

2.4.5 Perspectives

We conclude that short-term changes in carotid artery stiffness (in PWV terms) concurrent
with BP lowering can be deemed BP-dependent, at a rate of about 1 m/s per 10 mmHg
DBP. We also found that this pressure dependence appears greater in older subjects, which
is consistent with changes in the arterial pressure-area relationship due to age-related
structural remodelling. Both these BP and age influences are responsible for the clin-
ical and epidemiological patterns observed between stiffness (PWV), BP and age. While
current treatment of hypertension is focussed on lowering BP, ESH guidelines (2013) in-
clude the option to score a carotid-femoral PWV above 10m/s as an additional risk factor.
Based on the physically underpinned insights that our study yields, combined BP–age spe-
cific PWV thresholds seem more justified for use in vascular risk management than the
current absolute threshold of 10 m/s for carotid-femoral PWV. Our non-invasive model-
based methodology is feasible in a vascular clinic setting and could improve identifica-
tion of treatment effects on arterial wall structure, by discriminating BP-dependent and
-independent changes in arterial wall elastic properties.
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2.A1 Appendix: Potential white-coat effect on arterial

stiffness measurements

2.A1.1 Introduction

It is well known that the white-coat effect can cause office BPs to show higher values than
a patient’s actual BP as measured using ambulatory BP measurement (Parati and Valentini
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2007). As PWV is dependent on BP, the white-coat effect potentially also has an influence
on measured PWVs. In this appendix, we will assess the white-coat effect of BP on PWV.

2.A1.2 Methods

Baseline modelled P-A curves were used to calculate cPWVmod values for ambulatory
BP values. These values were used to assess the white-coat effect on arterial stiffness
measurements.

2.A1.3 Results

Table 2.A1 shows for both age-groups the differences in cPWV as measured during the
study and the calculated cPWVmod, based on ambulatory BP values and the (individual)
baseline P-A curves. A roughly similar 1 m/s difference in stiffness linked to a 10mmHg
difference between night-time ambulatory and study DBP was noted, corroborating the
pressure dependence rate described above.

2.A1.4 Discussion

Our analysis of the white-coat effect on carotid artery stiffness measurements showed a
similar 1 m/s difference in stiffness linked to a 10 mmHg difference between mean ambu-
latory and study DBP. It should be noted 1) that for the young the effect was smaller than
in the older group, and 2) that in our white-coat PWV illustration, only the BP effect is
included (Van Bortel et al. 2002), whereas it is known that the white-coat effect may also
increase vessel tone (Van Bortel et al. 2011; Wagenseil and Mecham 2012), which would
increase PWV beyond the mere BP effect. Schillaci et al. (2011) established the effect
of white-coat hypertension on (office) arterial stiffness measurements, using a statisti-
cal approach at clinical population level. They concluded that stiffness values should be
adjusted based on the office versus ambulatory BP difference. This, however, is only pos-
sible at individual patient level either using our model-based approach or using a 1 m/s
per 10 mmHg thumb-rule.
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Abstract

Anti-angiogenic drugs (AADs) are increasingly used in anti-cancer therapy, with hyper-
tension as a frequent side effect. Furthermore, arterial pulse wave velocity (PWV) in-
creases with AAD treatment. PWV, however, depends on blood pressure (BP). Therefore,
using PWV to assess intrinsic arterial stiffness requires consideration of BP. We recently
developed a mechanistic, model predictive approach to assess BP-independent changes
in carotid PWV (cPWV). In the present study, we used this approach to assess the BP-
independent effect of AADs on cPWV, and compared it to a conventional statistical cor-
rection approach. We obtained carotid artery systolic and diastolic cross-sectional areas
(echo-tracking) and corresponding BPs (tonometry) in 48 patients before starting AAD
treatment (sorafenib/sunitinib), and at four follow-up visits spaced two weeks apart.
For each patient, we derived cPWV and a baseline single-exponential BP-cross sectional
area curve. Based on these baseline curves and follow-up BPs, we predicted cPWV at
follow-up due to BP. By comparing predicted and measured cPWVs at follow-up, we as-
sessed the BP-independent cPWV increase. In the same way, we assessed whether dias-
tolic cross-sectional area (Ad) changed beyond the BP-induced amount. The AAD-induced
BP-independent increase in cPWV was 0.43[0.09, 0.77]m/s (mean[95%CI], p = 0.014,
mechanistic approach) and 0.48[0.14, 0.82]m/s (p = 0.006, statistical approach). Ad
increased with 1.92[0.93, 2.92]mm2 (p < 0.001) and 2.14[1.06, 3.23]mm2 (p < 0.001),
respectively. In conclusion, the present study demonstrates the feasibility and potential of
our mechanistic, model predictive approach to quantify BP-independent effects on arterial
stiffness at the level of the individual, in a clinically relevant setting of AAD therapy.

3.1 Introduction

A NTI-ANGIOGENIC drugs (AADs) are increasingly used in anti-cancer therapy (Cao
and Langer 2010). We recently showed that AADs lead to an increase in local
carotid pulse wave velocity (cPWV) (Alivon et al. 2015), a measure of large

artery stiffening. Furthermore, AAD treatment frequently leads to hypertension (Wu et al.
2008). Since pulse wave velocity is known to depend on blood pressure (BP) (Bramwell
et al. 1923), the increased cPWV does not directly reflect intrinsic large artery stiffening.
Therefore, using PWV to assess intrinsic arterial stiffness requires consideration of BP.

In a recent study, we demonstrated that by using distensibility measurements at carotid
level and a mechanistic approach, it is possible to assess the blood pressure effect on
cPWV in the individual patient, rather than adjusting for BP at the group level (Spronck
et al. 2015b). This approach is based on a single-exponential relationship that is fitted
to arterial pressure-area measurements, and allows estimation of any changes in stiffness
due to changes in wall material and not due to BP.

In the present study, we will use our novel mechanistic approach to quantify the BP-
independent effect of AADs on large artery stiffness. We will compare this novel mech-
anistic approach to the conventional, exclusively statistical correction for BP effects, and
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discuss the differences between these two methods.

3.2 Methods

3.2.1 Study population and measurements

The population and measurements used in this study were elaborately described previ-
ously (Alivon et al. 2015). Briefly, patients in whom treatment with AADs (sorafenib or
sunitinib) was indicated were recruited at a secondary unit dedicated to care of meta-
static cancer patients (Fig. 1 in Alivon et al. (2015)). Patients were investigated during
day hospitalisation for chemotherapy administration, at baseline, after 7–10 days of AADs
(follow-up 1) and then every 2 weeks for 6 weeks (follow-ups 2–4). At each visit, bra-
chial diastolic (DBP), mean (MAP) and systolic (SBP) blood pressures were recorded in
triplicate using an oscillometric device (Dinamap, GE Medical, Tampa, Florida, USA). If
AADs induced hypertension, the consulting physician put patients on anti-hypertensive
drugs (AHDs). Systolic, mean and diastolic pressures were averaged over the three ac-
quired measurements by calculating the average. In addition, carotid artery ultrasonic
wall tracking was performed (ART.LAB; Esaote Pie-Medical, Maastricht, the Netherlands)
(Alivon et al. 2015). Local carotid artery pulse pressure was calculated using the carotid
applanation tonometry waveform recorded with a SphygmoCor device (AtCor Medical,
Sydney, NSW, Australia) (Alivon et al. 2015). This approach assumes carotid DBP and
MAP to equal brachial DBP and MAP (Van Bortel et al. 2001). Patients provided written
informed consent before baseline testing. The study protocol was performed within the
Angiogenesis Inhibitors Study and Research Centre (CERIA) and was approved by the
Cochin Ethics committee (approval number 12804766).

3.2.2 Data processing

Data processing was performed using the software R, version 3.2.3 (R Core Team 2014).

Carotid stiffness calculation

Cross-sectional areas of the carotid artery lumen were calculated from the media-
adventitia echo diameter using A = π · (diameter/2)2 at diastole (Ad) and systole (As).
cPWV was calculated using the Bramwell-Hill relationship (Bramwell and Hill 1922a):

cPWV =

√

√ 1
ρ

SBP−DBP
As − Ad

Ad , (3.1)

with ρ = 1.050 kg/L the blood mass density, and SBP and DBP the systolic and diastolic
brachial blood pressures, respectively.

Uncorrected effect of AADs on blood pressures, cPWV, and Ad

The uncorrected effect of AADs on blood pressures, cPWV, and Ad was assessed using
mixed-effects models (R nlme package version 3.1-125) (Pinheiro et al. 2014) of the
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form:
par = β0 + β1AAD , (3.2)

where par is brachial SBP, carotid SBP, MAP, DBP, cPWV, or Ad, respectively. AAD is a
Boolean variable indicating the use of anti-angiogenic drugs, and is therefore coded 0
for the baseline visit and 1 for all follow-up visits. Therefore, β0 represents the average
value of par at baseline, and β1 represents the average AAD-induced change in par over
all follow-up visits.

Mixed-effects modelling has the distinct advantage over e.g., repeated-measures anal-
ysis of variance (ANOVA) that it can handle missing data points, maximising the use of
all available data. Furthermore, mixed-effects modelling has proven to be very robust
against non-normality of residuals (Gelman and Hill 2006). The most appropriate co-
variance structure was determined for each model by likelihood-ratio comparison of 8
models with different covariance structures (Walavalkar et al. 2016). Likelihood-ratio
tests were used to compare the different covariance structures (Walavalkar et al. 2016;
Zuur et al. 2009). After the most suitable covariance structure was found, significance
of fixed model terms was assessed by likelihood-ratio comparison of successively more
complicated models.

Mechanistic approach

Pressure-area curve description The diastolic and systolic pressure-area (P-A) points
obtained at baseline (before anti-angiogenic treatment) were used to fit an established
mathematical description of the P-A relation, i.e., a single-exponential model (Meinders
and Hoeks 2004):

P(A) = DBPbl · eγ
�

A
Ad,bl
−1
�

, or equivalently (3.3)

A(P) = Ad,bl





ln
�

P
DBPbl

�

γ
+ 1



 , (3.4)

where DBPbl and Ad,bl indicate baseline diastolic blood pressure and cross-sectional area,
respectively.

Model predictions of cPWV and Ad at follow-up For each individual patient, we pre-
dicted Ad (Adpred) and As (Aspred) at follow-up based on the baseline P-A curves (Eq.
3.3) and follow-up BPs (Fig. 3.1). Subsequently, predicted cPWV (cPWVpred) was ob-
tained from Eq. 3.1, using follow-up BPs and predicted cross-sectional areas (Adpred and
Aspred). This was done under the explicit assumption that between baseline and follow-
up the P-A relationship had remained unaltered. Therefore, any difference between mea-
sured and predicted cPWV or Ad signifies a change in intrinsic wall properties and is not
a BP effect.

Mixed-effects modelling to assess statistical significance of cPWV and Ad predictions

The BP-independent effect of AADs on carotid artery stiffness was analysed by calculating
the difference between predicted (cPWVpred) and measured cPWV at each follow-up visit,
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Figure 3.1: Study set-up. At baseline (top row), subjects were measured before onset of anti-
angiogenic drugs (AADs). Directly after the baseline measurement, and before follow-
up visits (bottom row) subjects were put on AADs. During both baseline and follow-up
visits, measurements (left column) were performed which included carotid artery tono-
metry and ultrasound (US) wall tracking. These yielded diastolic (DBP, Ad) and systolic
(SBP, As) pressure-area points (left column). At baseline, an exponential pressure-area
curve was modelled through these points (top right) for each subject individually. At
follow-up, this (unchanged) curve, together with follow-up pressures, was used to pre-
dict diastolic and systolic cross-sectional areas (Adpred and Aspred, bottom right). Mea-
sured carotid pulse wave velocity (cPWV) was calculated using measured As, whereas
predicted cPWV (cPWVpred) was calculated using predicted As (legend). In both cases
the Bramwell-Hill equation is used (Bramwell and Hill 1922a). The difference between
measured and predicted cPWVs (∆cPWV) was calculated by subtracting cPWVpred from
cPWV. Similarly, ∆Ad was calculated by subtracting Adpred from Ad. ρ refers to blood
mass density; “area” refers to the artery lumen cross-sectional area.
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which was termed ∆cPWV. An initial mixed-effects model with ∆cPWV as dependent
variable was fitted to the data:

∆cPWV = β0 + β1dnvisit,1 + β2dnvisit,2 + β3dnvisit,3 + β4AHD , (3.5)

containing:

1. An intercept (parameter β0).
2. The visit number as a categorical variable (parameters β1 – β3), which was added

by means of three dummy variables (dnvisit,1–dnvisit,3), for which deviation coding was
used. As there are four follow-up visits, there are three dummy variables.

3. Use of anti-hypertensive drugs (parameter β4), as a Boolean variable (AHD), which
was also deviation-coded.

Baseline data points were not used in fitting the models, since these per definition only
contain zeroes (∆cPWV = 0 at baseline) and lead to numerical problems in model fitting.
Notably, the use of deviation coding for the categorical and Boolean variables ensures that
the model’s intercept term corresponds to the grand mean of the model. Therefore, in
the current formulation, a (positive) significant intercept term indicates that ∆cPWV is
significantly larger than 0. The latter implies that measured cPWV is significantly larger
than predicted cPWV, indicating a BP-independent increase in cPWV at follow-up. Using
the fixed model terms as described in Eq. 3.5, the most appropriate covariance structure
was determined (Walavalkar et al. 2016; Zuur et al. 2009).

Difference between Ad prediction and measurement The BP-independent effect of
AAD treatment on carotid diastolic cross-sectional area (∆Ad = Ad−Adpred) was analysed
using the same scheme as for the ∆cPWV analysis (see above).

Conventional, entirely statistical approach

Correcting for the BP dependence of cPWV Conventionally, PWV is corrected for blood
pressure using a statistical model. In the present study, we replicated such an approach.
We fitted the following initial mixed-effects model to the data:

cPWV = β0 + β1AAD+ β2DBP+ β3DBP2

+ β4dnvisit,1 + β5dnvisit,2 + β6dnvisit,3 + β7AHD . (3.6)

In contrast to the mixed-effects models used in our mechanistic approach, cPWV (Eq. 3.6)
is fitted to all five visits, including the baseline visit. Note that the dependent parameter
is now cPWV instead of ∆cPWV as in Eq. 3.5. AAD is a Boolean variable indicating the
use of anti-angiogenic drugs, and is therefore coded 0 for the baseline visit and 1 for all
follow-up visits. Note that while each patient has five visits, there are only three visit
dummy parameters present. This is necessary, as AAD also functions as a visit dummy
variable, effectively distinguishing between baseline and follow-up visits. For the coding
of AAD and dnvisit,1 − dnvisit,3, see supplemental Table 3.A4. The most suitable covariance
structure was again estimated from 8 potential candidates (Walavalkar et al. 2016).

40



3

Blood pressure correction of arterial stiffness in a cohort on anti-angiogenic medication

Table 3.1: Study population characteristics

Parameter Unit n= 48

Sex # m/f 30/18
Age yrs 56±15
Height m 1.72±0.11
Weight kg 75±13
BMI kg/m2 25±4

Mean ± standard deviation. BMI, body mass index.

Correcting for the BP dependence of Ad Exactly the same, entirely statistical approach
that was used to estimate the BP-independent effect of AADs on cPWV (see previous para-
graph) was used to estimate the BP-independent effect of AADs on Ad.

3.3 Results

3.3.1 Patient population

The same patient data as in Alivon et al. (2015) were used. In the present study, only
subjects with complete baseline measurements (echo-tracking, carotid tonometry, and
blood pressure; see below) were included (n= 48). General characteristics of this group
are outlined in Table 3.1. At the follow-up visits, n= 39 (follow-up 1), n= 30 (follow-up
2), n= 31 (follow-up 3), and n= 23 (follow-up 4) measurements were included.

3.3.2 Uncorrected effects of AADs on blood pressures, cPWV, and Ad

Table 3.2 shows the estimated, uncorrected effects of AADs on blood pressures, cPWV,
and Ad. AADs increased cPWV and Ad by 0.75 m/s and 2.7 mm2 on average, respectively
(both p < 0.001). However, all BP measures also significantly increased (p ≤ 0.006). This
could potentially explain the increased cPWV and Ad that were measured, and emphasises
the need for a method to correct for BP.

3.3.3 Main findings of mechanistic and conventional, statistical BP

correction approaches

Using our mechanistic approach, for each subject, the difference between measured and
predicted cPWV (∆cPWV) was calculated. For the predicted cPWV values, strictly no
change in wall behaviour is assumed, i.e., the P-A relationship remains unaltered. All dif-
ferences between measured and predicted cPWVs are therefore assumed to be caused by
intrinsic wall changes. Mixed-effects modelling was used to investigate the statistical sig-
nificance of ∆cPWV. We found that AADs lead to a BP-independent increase in ∆cPWV of
0.43[0.09, 0.77]m/s (p = 0.014, Table 3.3). The change in cPWV was also assessed by an
exclusively statistical approach, which resulted in a cPWV change of 0.48[0.14, 0.82]m/s
(p = 0.006, Table 3.3).
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Table 3.2: Estimated first-order effects of AADs on blood pressures, cPWV, and Ad

Parameter Unit Baseline Change at p

follow-up

SBP, brachial mmHg 123.2 [118.0,128.4] 8.3 [4.6,12.0] < 0.001
SBP, carotid mmHg 117.1 [111.1,123.1] 8.6 [3.7,13.4] < 0.001
MAP mmHg 92.7 [88.1,97.2] 5.3 [1.6,9.1] 0.006
DBP mmHg 73.3 [70.1,76.5] 6.2 [4.0,8.5] < 0.001
cPWV m/s 6.82 [6.39,7.26] 0.75 [0.52,0.98] < 0.001
Ad mm2 42.0 [38.9,44.9] 2.7 [1.7,3.6] < 0.001

Mean [95% confidence interval] values of mixed-effects model (Eq. 3.4) intercept term (β0,
baseline) and AAD term (β1, change at follow-up). Note that the changes in cPWV and Ad presented
in this table have not been corrected for blood pressure effects yet. AAD, anti-angiogenic drug; SBP
and DBP systolic and diastolic blood pressures, respectively; MAP, mean arterial pressure; cPWV,
local carotid pulse wave velocity; Ad, diastolic carotid lumen cross-sectional area.

Table 3.3: Summary of blood pressure-independent effects of AADs on cPWV and Ad

Mechanistic correction Exclusively statistical correction

Effect of AADs (β0) Ref. Effect of AADs (β1) Ref.

Mean CI p Mean CI p

cPWV [m/s] 0.43 [0.09,0.77] 0.014 3.A1, #1 0.48 [0.14,0.82] 0.006 3.A5, #5
Ad [mm2] 1.92 [0.93,2.92] < 0.001 3.A2, #1 2.14 [1.06,3.23] < 0.001 3.A6, #3

Summary of blood pressure-independent effects of AADs on cPWV and Ad, as assessed by our novel
mechanistic correction approach (left part of table) and by an exclusively statistical approach (right
part of table). Values are given as mean [95% confidence interval (CI)]. Ref., table references.
AAD, anti-angiogenic drug; cPWV, local carotid pulse wave velocity; Ad, diastolic carotid lumen
cross-sectional area.

Our mechanistic approach was also used to investigate the BP-independent effect of
AADs on diastolic cross-sectional area (Ad). We found that AADs lead to an increase in
∆Ad of 1.92[0.93, 2.92]mm2 (p < 0.001, Table 3.3). Using the exclusively statistical
approach, this change was estimated at 2.14[1.06, 3.23]mm2 (p < 0.001, Table 3.3).

3.3.4 Mechanistic approach: Changes in intrinsic carotid artery

stiffness with the use of anti-angiogenic medication

Table 3.A1 contains the full analysis results discussed in this section. Mixed-effects mod-
elling was used to investigate the effect of AADs on∆cPWV, as well as the potential effects
of anti-hypertensive medication and the potential difference in ∆cPWV between follow-
up visits. Model 1 in Table 3.A1 (of which β0 is reproduced in Table 3.3) represents the
mixed-effects model with the simplest fixed-effects structure, i.e., only an intercept. The
magnitude of the intercept term indicates that measured cPWVs are on average 0.43 m/s
higher than predicted cPWVs, at p = 0.014. Addition of other model terms (distinguish-
ing between follow-up visits and/or between the use of anti-hypertensive medication) did
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not significantly improve the statistical model (Table 3.A1, right column: likelihood-ratio
tests are all non-significant).

3.3.5 Mechanistic approach: Changes in intrinsic carotid artery

diameter with the use of anti-angiogenic medication

Table 3.A2 contains the full analysis results discussed in this section. Again, for the pre-
dicted Ad values, strictly no change in wall behaviour is assumed. The same mixed-effects
modelling approach as for cPWV was used. Model 1 in Table 3.A2 (of which β0 is repro-
duced in Table 3.3) represents the mixed-effects model with the simplest fixed-effects
structure, i.e., only an intercept. The magnitude of the intercept term indicates that
measured Ads are on average 1.9 mm2 higher than predicted from the blood pressure
increase, at p < 0.001. Addition of other model terms (distinguishing between follow-up
visits and/or between the use of anti-hypertensive medication) again did not significantly
improve the statistical model.

3.3.6 Changes in diastolic blood pressure with the use of

anti-angiogenic medication

Table 3.A3 contains the full analysis results discussed in this section. As an internal
check, we assessed whether DBP did indeed increase with AAD, and whether this in-
crease differed between follow-up visits and between people that did or did not use anti-
hypertensive drugs. Table 3.A3 shows mixed-effects models comparing DBP at each of
the follow-up visits to baseline. Model #1 shows that at the follow-up visits, DBP was
6.0 mmHg higher than at baseline (p < 0.001). Addition of other model terms (distin-
guishing between follow-up visits and/or between the use of anti-hypertensive medica-
tion) did not significantly improve the statistical model.

3.3.7 Conventional, entirely statistical approach: Correcting for the

BP dependence of cPWV

Table 3.A5 contains the full analysis results discussed in this section. In addition to our
novel mechanistic methodology, we assessed the effects of anti-angiogenic drugs on cPWV
by means of a statistical approach, without prediction of follow-up cPWVs. Table 3.A5
shows the results of a series of mixed-effects model fits. As expected, DBP had a signifi-
cant influence on cPWV (addition of a DBP term improved the model, p = 0.010, model
#2 vs. #1). Additional inclusion of a quadratic DBP term did not statistically significantly
improve the model (p = 0.288, model #3 vs. #2). Nevertheless, we chose to continue sta-
tistical modelling with (models #5 and #7) and without (models #4 and #6) a quadratic
DBP term. Distinguishing between visits improved the model (p = 0.002, model #4 vs.
#2 and p = 0.003, model #5 vs. #3). Addition of a term accounting for the presence
of anti-hypertensive medication did not improve the model, whether it was to a model
without a quadratic DBP term (p = 0.468, models #6 vs. #4), or to a model with a
quadratic DBP term (p = 0.568, models #7 vs. #5).

From a strictly statistical point of view (only keeping model terms that significantly
improve the statistical model), model #4 (Table 3.A5) best describes our results. This
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model indicates an AAD-induced increase in cPWV of 0.52 m/s. However, as there is
a known nonlinear dependence of cPWV on DBP, using a model that corrects for DBP
quadratically provides additional BP correction (model #5, of which β1 is reproduced in
Table 3.3). This model indicates an AAD-induced increase in cPWV of 0.48 m/s.

3.3.8 Conventional, entirely statistical approach: Correcting for the

BP dependence of Ad

Table 3.A6 contains the full analysis results discussed in this section. Table 3.A6 shows
the results of a series of mixed-effects model fits that assess the AAD-induced change
in Ad on a statistical basis. The influence of DBP on Ad is statistically non-significant
(p = 0.105, model #2 vs. #1). However, there is a clear, direct, mechanical relationship
between pressure and lumen cross-sectional area. Addition of a quadratic term is again
statistically non-significant (p = 0.168, model #3 vs. #2), albeit that physiologically, the
relationship between Ad and pressure is known to be nonlinear (see e.g., Eq. 3.2). We have
chosen to continue our statistical modelling again on “physiological grounds”, keeping
in both the DBP and DBP2 terms (models #5 and #7), as well as performing parameter
inclusion strictly statistically, omitting DBP terms altogether (models #4 and #6). Neither
distinguishing between visits (p = 0.553, model #4 vs. #1 and p = 0.673, model #5 vs.
#3) nor accounting for the presence of anti-hypertensive medication (p = 0.584, model
#6 vs. #1 and p = 0.584, model #7 vs. #3) improved our models.

From a strictly statistical point of view (only keeping model terms that significantly
improve it), model #1 (Table 3.A6) best describes our results. This model indicates an
AAD-induced, BP-corrected increase in Ad of 2.67 mm2. However, to obtain a physically
warranted BP correction, a model should be used that corrects for the nonlinear depen-
dence of Ad on DBP (model #3, of which β1 is reproduced in Table 3.3). The latter model
indicated an AAD-induced, BP-corrected increase in Ad of 2.14 mm2.

3.4 Discussion

In the present study, we investigated the effect of AADs on arterial stiffness as quantified
by cPWV. As cPWV is known to vary heavily with BP (Bramwell and Hill 1922a), one has
to correct cPWV for this potential confounder. Recently, we published a study in which
we quantified the BP effect on cPWV on a mechanistic basis, and proposed a way of
correcting for this effect (Spronck et al. 2015b). We applied this mechanistic correction
approach to the data in the present study, and found that AAD treatment leads to a BP-
independent increase in cPWV of 0.43 m/s. With AAD treatment, arterial lumen cross-
sectional area showed a BP-independent increase of 1.9 mm2. We compared these findings
obtained using our mechanistic approach to the results of the conventional approach of
statistical correction. When correcting for a quadratic dependence of cPWV and Ad on
DBP, we found an AAD-induced increase of 0.48 m/s in cPWV and 2.1 mm2 in Ad. These
numbers are similar to those obtained using our mechanistic approach, confirming that
our mechanistic, model-driven methodology yields BP-corrected estimates of cPWV and
Ad that are very similar to their statistically predicted counterparts. The advantage of our
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mechanistic methodology, however, is that it provides a pressure-independent estimation
of cPWV and Ad at the level of the individual, which is crucial for clinical management.

In our previous paper (Spronck et al. 2015b), we used three pressure-area points (dias-
tolic, dicrotic notch, and systolic) to fit the curvilinear relationship between pressure and
area. In the present study, dicrotic notch detection in the pressure and diameter signals
was unavailable due to technical limitations, and therefore we resorted to a two-point
approach. Our results show that the pressure dependence of cPWV can also be reason-
ably captured using a two-point approach, although we could not establish the possible
quantitative consequences in the present study.

While mean arterial pressure is often used in correcting for blood pressure, from a
physical point of view, it is the diastolic blood pressure that influences the velocity of the
blood pressure wave (Bramwell et al. 1923; Nichols et al. 2011). In the present study,
we therefore chose to base our statistical blood pressure corrections on diastolic blood
pressure.

The structural changes underlying the increased stiffness and cross-sectional area of
the carotid artery wall with AAD use are largely unknown. Several potential causes are
discussed in our previous paper (Alivon et al. 2015), which include potential vasoactive
properties of sorafenib and sunitinib (Papadopoulou et al. 2009) or their interaction with
integrins, but also a potential effect of the AADs on the vasa vasorum, the microscopic
arterial network that supply the artery wall with nutrients (Stefanadis et al. 1995). It
is beyond the scope of the present study to structurally explain the observed changes in
carotid artery stiffness and diameter.

The carotid blood pressure measurements used in this study are obtained by scaling the
carotid artery applanation tonometry waveform, assuming that carotid diastolic and mean
pressures are equal to brachial diastolic and mean pressures (Van Bortel et al. 2001). This
scaling method has two potential disadvantages: 1) it introduces additional measurement
noise, and 2) it requires additional tonometry measurements by an experienced research
nurse (Spronck et al. 2016b), complicating the measurement protocol. In addition to the
present analyses, we additionally re-performed our mechanistic correction technique us-
ing brachial systolic and diastolic pressures. All results were essentially the same, except
for the observation that the pressure-independent increase in∆cPWV with AAD got smal-
ler and lost statistical significance (β0 = 0.314m/s, p = 0.075). This suggests that using
brachial pressures instead of carotid yields an under-estimation of ∆cPWV.

In conclusion, the present study demonstrates the feasibility and potential of our mech-
anistic, model predictive approach to quantify BP-independent effects on arterial stiffness
at the level of the individual, in a clinically relevant setting of AAD therapy.

3.4.1 Perspectives

Our study shows that AADs significantly increase stiffness of the carotid artery, indepen-
dently of blood pressure. We show that the correction of cPWV for BP can be performed
on a mechanistic basis and that this correction can therefore be applied to data of the
individual, which is crucial for clinical management in daily practice.
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Table 3.A1: Mechanistic correction: mixed-effects models of ∆cPWV

Model # Parameter Regression coefficient [m/s] p [-] LR p [-]

1 Intercept 0.431 0.014 -

2 Intercept 0.422 0.016
0.157 (vs. #1)

nvisit multiple multiple

3 Intercept 0.431 0.016
0.266 (vs. #1)

AHD −0.098 0.734

4 Intercept 0.422 0.017
0.928 (vs. #2)
0.163 (vs. #3)

nvisit multiple multiple
AHD −0.027 0.926

∆cPWV, difference in local carotid pulse wave velocity between measurements and predic-
tions; nvisit, follow-up number implemented as a categorical, dummy-coded variable; AHD, anti-
hypertensive drugs, coded as a Boolean (yes/no) variable; LR, likelihood-ratio.

Table 3.A2: Mechanistic correction: mixed-effects models of ∆Ad

Model # Parameter Regression coefficient [mm2] p [-] LR p [-]

1 Intercept 1.923 < 0.001 -

2 Intercept 2.036 < 0.001
0.445 (vs. #1)

nvisit multiple multiple

3 Intercept 1.926 < 0.001
0.620 (vs. #1)

AHD 0.402 0.612

4 Intercept 2.035 < 0.001
0.919 (vs. #2)
0.487 (vs. #3)

nvisit multiple multiple
AHD 0.082 0.921

∆Ad, difference in diastolic carotid lumen cross-sectional area between measurements and predic-
tions; nvisit, follow-up number implemented as a categorical, dummy-coded variable; AHD, anti-
hypertensive drugs, coded as a Boolean (yes/no) variable; LR, likelihood-ratio.
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Table 3.A3: Mixed-effects models of ∆DBP

Model # Parameter Regression coefficient [mmHg] p [-] LR p [-]

1 Intercept 6.007 < 0.001 -

2 Intercept 5.975 < 0.001
0.792 (vs. #1)

nvisit multiple multiple

3 Intercept 5.958 < 0.001
0.088 (vs. #1)

AHD −3.305 0.081

4 Intercept 5.984 < 0.001
0.101 (vs. #2)
0.847 (vs. #3)

nvisit multiple multiple
AHD −3.254 0.104

∆DBP, difference in diastolic blood pressure between follow-up measurements and baseline; nvisit,
follow-up number implemented as a categorical, dummy-coded variable; AHD, anti-hypertensive
drugs, coded as a Boolean (yes/no) variable; LR, likelihood-ratio.

Table 3.A4: Categorical variable coding used in exclusively statistical correction models with cPWV
and Ad as dependent parameters

Visit Intercept AAD nvisit dummy variables

1 2 3

Baseline 1 0 0 0 0
FU 1 1 1 1 0 0
FU 2 1 1 0 1 0
FU 3 1 1 0 0 1
FU 4 1 1 −1 −1 −1

AAD, anti-angiogenic drug; FU, follow-up.
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Table 3.A5: Exclusively statistical correction: mixed-effects models of cPWV

Model # Parameter Regression coefficient p [-] LR p [-]

1 Intercept 6.822 m/s < 0.001
-

AAD 0.755 m/s < 0.001

2 Intercept 4.943 m/s < 0.001
0.010 (vs. #1)AAD 0.509 m/s < 0.001

DBP 0.027 m/s/mmHg 0.003

3 Intercept 1.826 m/s 0.520
AAD 0.435 m/s 0.004 0.020 (vs. #1)
DBP 0.108 m/s/mmHg 0.137 0.288 (vs. #2)
DBP2 −0.00051 m/s/mmHg2 0.255

4 Intercept 5.592 m/s < 0.001

0.002 (vs. #2)
AAD 0.523 m/s 0.002
DBP 0.022 m/s/mmHg 0.011
nvisit multiple m/s multiple

5 Intercept 3.088 m/s 0.275
AAD 0.481 m/s 0.006

0.003 (vs. #3)
0.392 (vs. #4)

DBP 0.086 m/s/mmHg 0.226
DBP2 −0.00041 m/s/mmHg2 0.362
nvisit multiple m/s multiple

6 Intercept 5.557 m/s < 0.001
AAD 0.503 m/s 0.004 <0.001 (vs. #1)
DBP 0.022 m/s/mmHg 0.011 0.005 (vs. #2)
nvisit multiple m/s multiple 0.468 (vs. #4)
AHD 0.144 m/s 0.472

7 Intercept 3.324 m/s 0.245
AAD 0.468 m/s 0.009
DBP 0.079 m/s/mmHg 0.273 0.568 (vs. #5)
DBP2 −0.00036 m/s/mmHg2 0.423 0.466 (vs. #6)
nvisit multiple m/s multiple
AHD 0.114 m/s 0.578

cPWV, carotid pulse wave velocity; AAD, anti-angiogenic drugs, coded as a Boolean (yes/no) vari-
able; DBP, diastolic blood pressure; nvisit, follow-up number implemented as a categorical, dummy-
coded variable; AHD, anti-hypertensive drugs, coded as a Boolean (yes/no) variable; LR, likelihood-
ratio.
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Table 3.A6: Exclusively statistical correction: mixed-effects models of Ad

Model # Parameter Regression coefficient p [-] LR p [-]

1 Intercept 41.91 mm2 < 0.001
-

AAD 2.67 mm2 < 0.001

2 Intercept 37.53 mm2 < 0.001
0.105 (vs. #1)AAD 2.30 mm2 < 0.001

DBP 0.0597 mm2/mmHg 0.109

3 Intercept 22.73 mm2 0.046
AAD 2.14 mm2 < 0.001 0.104 (vs. #1)
DBP 0.440 mm2/mmHg 0.119 0.168 (vs. #2)
DBP2 −0.00237 mm2/mmHg2 0.174

4 Intercept 41.91 mm2 < 0.001
0.553 (vs. #1)AAD 2.76 mm2 < 0.001

nvisit multiple mm2 multiple

5 Intercept 25.09 mm2 0.031
AAD 2.25 mm2 0.001

0.673 (vs. #3)
0.137 (vs. #4)

DBP 0.38 mm2/mmHg 0.189
DBP2 −0.0020 mm2/mmHg2 0.264
nvisit multiple mm2 multiple

6 Intercept 41.74 mm2 < 0.001
0.584 (vs. #1)AAD 0.52 mm2 0.588

AHD 2.61 mm2 < 0.001

7 Intercept 23.07 mm2 0.044
AAD 2.08 mm2 < 0.001

0.584 (vs. #3)
0.104 (vs. #6)

DBP 0.42 mm2/mmHg 0.136
DBP2 −0.0023 mm2/mmHg2 0.198
AHD 0.525 mm2 0.586

Ad, diastolic carotid lumen cross-sectional area; AAD, anti-angiogenic drugs, coded as a Boolean
(yes/no) variable; DBP, diastolic blood pressure; nvisit, follow-up number implemented as a categor-
ical, dummy-coded variable; AHD, anti-hypertensive drugs, coded as a Boolean (yes/no) variable;
LR, likelihood-ratio.
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Abstract

Arterial stiffness index β and cardio-ankle vascular index (CAVI) are widely accepted to
quantify the intrinsic exponent (β0) of the blood pressure (BP)-diameter relationship.
CAVI and β assume an exponential relationship between pressure (P) and diameter (D).
We aim 1) to demonstrate that, under this assumption, β and CAVI as currently imple-
mented are inherently BP-dependent; and 2) to provide corrected, BP-independent forms

of CAVI and β . In P = Prefe
β0

�

D
Dref
−1
�

, usually reference pressure (Pref) and reference diam-
eter (Dref) are substituted with diastolic BP and diameter to accommodate measurements.
Consequently, the resulting exponent is not equal to the pressure-independent β0. CAVI
does not only suffer from this “reference pressure” effect, but also from the linear approx-
imation of dP

dD . For example, assuming β0 = 7, an increase of systolic/diastolic BP from
110/70 to 170/120 mmHg increased β by 8.1% and CAVI by 14.3%. We derived correc-
ted forms of β and of CAVI (CAVI0) that indeed did not change with BP and represent
the pressure-independent β0. To substantiate the BP effect on CAVI in a typical follow-
up study, we realistically simulated patients (n = 161) before and following BP-lowering
“treatment” (assuming no follow-up change in intrinsic β0 and therefore in actual P-D re-
lationship). Lowering BP from 160±14/111±11 to 120±15/79±11 mmHg (p < 0.001)
resulted in a significant CAVI decrease (8.1± 2.0 to 7.7± 2.1, p = 0.008); CAVI0 clearly
did not change (9.8± 2.4 and 9.9± 2.6, p = 0.499). β and CAVI as currently implemen-
ted are inherently BP-dependent, potentially leading to erroneous conclusions in arterial
stiffness trials. BP-independent forms are presented to readily overcome this problem.

4.1 Introduction

A RTERIAL stiffness, as assessed by pulse wave velocity (PWV), is an important inde-
pendent predictor for cardiovascular disease. PWV, however, is known to depend
intrinsically on arterial blood pressure (BP) (Bramwell and Hill 1922a; Spronck

et al. 2015b). This BP dependence has led to the search for BP-independent measures of
arterial stiffness.

As shown by Hayashi et al. (1980), the relationship between arterial pressure and diam-
eter can be described by an exponential function in the physiological range (Fig. 4.1A).
Throughout the present paper, this exponential relationship between arterial pressure
and diameter with pressure-independent exponent β0, is assumed as a “ground truth” on
which all other derivations are based. Of note, this paper has no intention to prove the
validity of this basic assumption.

Kawasaki et al. (1987) proposed a clinically usable stiffness index β that is based on
the exponential relationship as demonstrated by Hayashi et al. (1980). In the present
paper, we will demonstrate that β is only an approximation of β0, and that β is in fact
pressure-dependent.

Cardio-ankle vascular index (CAVI) is being increasingly used in small and large pop-
ulation studies (Saiki et al. 2015), and is advocated as a pressure-independent index of
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Figure 4.1: Pressure dependence of stiffness index beta (β). A: Intrinsic relationship between arte-
rial pressure and diameter (Eq. 4.1). Hayashi et al. (1980) showed that in the physiolo-
gical pressure range, this relationship is exponential (Hayashi et al. 1980). The expo-
nential nature of this relationship is assumed as a “ground truth” in this paper, serving
as the basis for all other derivations. Pressure ranges (systolic/diastolic blood pressure)
indicated in this panel are used for calculating stiffness parameters in panels B and C.
Pref = 100mmHg is a reference pressure (Eq. 4.1). Dref is the diameter corresponding
to the reference pressure. Dref is kept fixed at 20mm to illustrate solely the effect of
a change in β0 on the pressure-diameter relationship. B: Measured stiffness index β
as computed from systolic and diastolic pressures (Ps, Pd) and diameters (Ds, Dd) on
panel A’s curves, is blood pressure-dependent. Because the pressure dependence of β
can be shown to exist mathematically (Eq. 4.4), β can be corrected using ln(Pd/Pref),
obtaining the intrinsic, pressure-independent stiffness index beta (β0, panel C). Pref and
Dref, reference blood pressure and diameter corresponding to Eq. 4.1.

arterial stiffness (Shirai et al. 2006). CAVI is closely related to stiffness index β , and is
also an approximation of the exponent of the pressure-diameter relationship. Whereas
β is used for local characterisation of small artery segments, CAVI is derived as a sum-
mary measure for the heart-to-ankle arterial trajectory. CAVI is obtained by measuring
PWV and converting it to an index using the Bramwell-Hill equation (Bramwell and Hill
1922a).

In the present paper, we will:

1. Show that β , as commonly calculated in biomedical literature, is not equal to the ac-
tual, intrinsic stiffness index of the pressure-diameter relationship (β0), but instead
varies with BP.

2. Show that the BP dependence of β can be corrected for, yielding a formula to obtain
the true, intrinsic stiffness index β0 from the same measurements.

3. Show that CAVI, which essentially is a form of stiffness index β , is also BP-dependent.
4. Show that a straightforward modification of the formula for calculating CAVI yields

a pressure-independent version, i.e., CAVI0.
5. Illustrate the scientific and clinical relevance of our analysis and proposed corrected
β0 and CAVI0 formulas.
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4.2 Methods

4.2.1 Behaviour of the arterial wall: Intrinsic stiffness index beta

Hayashi et al. (1980) showed experimentally that, in the physiological BP range, arterial
pressure (P) and diameter (D) relate exponentially:

P = Prefe
β0

�

D
Dref
−1
�

. (4.1)

Throughout this paper, this equation serves as our “ground truth”. β0 in this relationship
is an intrinsic, pressure-independent measure of arterial stiffness. Note the use of Pref (a
“reference”, or “standard” pressure) in this equation. Dref is the diameter corresponding
to the reference pressure. Fig. 4.1A shows two pressure-diameter relationships, obtained
using Eq. 4.1 at β0 = 7 and β0 = 15. Each curve corresponds to one β0 value. Pref =

100mmHg was used throughout the present study (Hayashi et al. 1980).

4.2.2 Assessment of arterial wall mechanics: Measured stiffness

index beta

Stiffness index β as commonly reported is calculated using a slightly different equation
than Eq. 4.1:

Ps = Pde
β
�

Ds
Dd
−1
�

, (4.2)

in which Ps, Ds, Pd, and Dd denote systolic and diastolic pressures and diameters, respec-
tively. Note the following differences between Eq. 4.1 and 4.2: a) reference pressure
and diameter have been changed to diastolic pressure and diameter; b) instantaneous,
variable pressure has been changed to systolic pressure; and c) intrinsic stiffness index
β0 has been changed to measured stiffness β . Eq. 4.2 can be rearranged to obtain the
commonly-used expression for β :

β =
ln
�

Ps
Pd

�

Ds
Dd
− 1

. (4.3)

If this equation is used to quantify β in an exponentially-distending wall (Eq. 4.1) with
a given β0 = 7 and Pref = 100 mmHg, calculated βs will be dependent on the pressure
ranges (Fig. 4.1B). This can be understood as follows.

4.2.3 Pressure dependence of measured stiffness index β

Suppose that two pressure-diameter points are measured on the intrinsic pressure-diameter
relationship (Eq. 4.1): a systolic (Ps,Ds) and a diastolic (Pd,Dd) point. From Eq. 4.3 and
rearranging the result (see Appendix 4.A1), we obtain

β = β0 + ln
�

Pd

Pref

�

. (4.4)
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This equation shows that β , the measured stiffness index, differs from the intrinsic stiff-
ness index β0, by an amount of ln

�

Pd
Pref

�

. This also implies that we can readily obtain the
intrinsic, pressure-independent stiffness index β0 by rearranging Eq. 4.4:

β0 = β − ln
�

Pd

Pref

�

. (4.5)

Note that if Pd is equal to Pref, ln
�

Pd
Pref

�

= 0 and β0 equals β . However, in general, this is
not the case. Substituting the initial expression for β (Eq. 4.3) into Eq. 4.5 yields

β0 =
ln
�

Ps
Pd

�

Ds
Dd
− 1
− ln

�

Pd

Pref

�

, (4.6)

which is a formulation that can be used to obtain the intrinsic, pressure-independent
stiffness index β0 from measured systolic and diastolic pressures and diameters.

4.2.4 The value of Pref

The previous sections demonstrate that the pressure (either Pd or Pref) that is used to
multiply the exponential function influences the value of β or β0 that is obtained. It is
important to realise that a value of β0 corresponds to a Pref value. Therefore, one should
choose one, fixed Pref value for all subjects in a study, in order to be able to compare the
β0 values among these subjects. The numerical value of Pref that is chosen is a matter of
standardisation or consensus. Pref does not represent a physiological pressure. Different
values of Pref (and the corresponding Dref) lead to different values of β0. However, the
P-D curves that are described using these different combinations of Pref/Dref/β0 perfectly
and analytically overlap. Therefore, Pref values should be taken equal between studies
(irrespective of the patient cohort studied), if β0-values are to be compared between those
studies. Arbitrarily, in the present study, we have chosen Pref = 100mmHg.

4.2.5 Cardio-ankle vascular index (CAVI)

Stiffness index β , (Eq. 4.3), which is a function of pressures (Pd and Ps) and diameters (Dd
and Ds), can also be expressed as a function of pressures and PWV. This is accomplished
by combining Eq. 4.3 with a simplified version of the Bramwell-Hill equation (Eq. 4.A10)
(Bramwell and Hill 1922a). When PWV in this equation is determined from the heart-
to-ankle arterial bed, the resulting quantity (in fact a β index) is termed cardio-vascular
index (CAVI):

CAVI = ln
�

Ps

Pd

�

· PWV2 · 2ρ
Ps − Pd

. (4.7)

PWV from the heart to the ankle is obtained using a combination of phonocardiography,
electrocardiography, and brachial and ankle cuff measurements (Shirai et al. 2006).

For the same reasons outlined in the previous section (the use of diastolic BP instead
of a reference BP), CAVI is pressure-dependent. However, CAVI also depends on BP for
another reason, as explained below.
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The derivation of CAVI (Shirai et al. 2006) is based on a simplified version of the
Bramwell-Hill equation (Fig. 4.2B), in which the derivative of pressure to diameter ( dP

dD )
is replaced by a linear approximation over the diastolic-to-systolic pressure range. This
approximation introduces an error in the obtained CAVI value. The magnitude of this
error can be quantified using the true PWV, i.e., the PWV based on the true dP

dD in the
diastolic point (Eq. 4.A11). Using this PWV to calculate CAVI by means of Eq. 4.7 yields:

CAVI =
�

β0 + ln
�

Pd

Pref

��

· ln
�

Ps

Pd

�

· Pd

Ps − Pd
. (4.8)

The extra terms beside β0 in the right hand side of this equation indicate the pressure
dependence of CAVI (Fig. 4.2C).

4.2.6 Finding a pressure-independent CAVI

A pressure-independent CAVI formula should provide an index equivalent to the intrinsic
stiffness index β0. Such an index can be derived by squaring and rearranging the re-
lationship between true PWV (obtained from the exact, analytic derivative of the P-D
relationship) and β0 (Eq. 4.A13):

CAVI0 = β0 =
PWV2 · 2ρ

Pd
− ln

�

Pd

Pref

�

. (4.9)

This equation can be used to obtain the pressure-independent CAVI0 from PWV, ρ, and
Pd (Fig. 4.2D).

4.2.7 Simulation

Residual BP dependence of stiffness index β and CAVI

In order to quantify the BP dependence of stiffness index β , we calculated β (Eq. 4.4)
at two clearly distinct BP ranges (normotensive 110/70 mmHg systolic/diastolic BP
(SBP/DBP) and hypertensive 170/120mmHg). We did so for two values of intrinsic
stiffness: β0 = 7 and β0 = 15, corresponding to a normal young subject and an older sub-
ject with a stiffened artery, respectively. The reference diameter (Dref) was kept constant
at 20 mm. The quantitative effect of BP on CAVI was determined for the same BP ranges
and β0 values (Eq. 4.8).

BP dependence of CAVI in a simulated population study

In order to gain insight into the magnitude of the BP dependence of CAVI and how this
could affect a typical study’s results, we computer-simulated a BP-lowering treatment in a
population with an average intrinsic stiffness of β0 = 10. For a detailed description of the
protocol for data generation and randomisation, we refer the reader to Appendix 4.A2.

In short, we simulated a baseline and a follow-up measurement between which BP
decreased on average from about 160/110 (SBP/DBP) to about 120/80 mmHg. Import-
antly, we assumed wall behaviour to remain unchanged. That is, with the BP change
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Figure 4.2: Pressure dependence of cardio-ankle vascular index (CAVI). A: Intrinsic P-D relations
(Eq. 4.1) and pressure ranges (systolic/diastolic blood pressure) used for calculating
CAVI in panels C and D. Pref = 100mmHg and Dref = 20 mm. B: As CAVI is essentially a
form of stiffness index beta, the pressure dependence as shown in Fig. 4.1 also holds for
CAVI. In CAVI, however, there is a second source of pressure dependence, which arises as
follows. In the normal CAVI formula, an approximation of the Bramwell-Hill equation
is used, effectively substituting dP

dD
with ∆P

∆D
. Therefore, if CAVI is determined using

measured PWV and the standard equation (Eq. 4.7) (Shirai et al. 2006), CAVI shows
a blood pressure dependence (panel C). D: As CAVI assumes an exponential pressure-
diameter relationship (Eq. 4.1), one can analytically determine the true dP

dD
. By using this

analytic expression, one can find a pressure-independent formulation of CAVI (CAVI0).
Note the presence of the ln

�

Pd
Pref

�

term, which is also present in the corrected form of
stiffness index beta (Eq. 4.6 and Fig. 4.1C).
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for each subject, the exponential P-D relationship (Eq. 4.1) and, hence, β0 remained un-
changed. DBP, SBP, and PWV values before and following “treatment” were drawn from
normal distributions, simulating biological variation. Subsequently, measurements were
simulated by adding normally-distributed measurement noise. CAVI and CAVI0 were cal-
culated from these simulated measurements.

Using the simulated population data, we calculated the sample size at which, for a
power of 80% and α = 0.05, the BP lowering would lead to a statistically significant
change in CAVI. Subsequently, we simulated a study in the number of subjects obtained
from the sample size calculation to illustrate a typical study’s results.

4.3 Results

4.3.1 Residual BP dependence of stiffness index β and CAVI

Fig. 4.1B shows the quantitative effect of BP on stiffness index β . With increasing BP from
110/70 mmHg to 170/120 mmHg (SBP/DBP), β increased by 8.1% (from 6.6 to 7.2) in
a young individual’s artery with β0 = 7. In an older individual’s artery with β0 = 15, β
increased by 3.7% (from 14.6 to 15.2).

Pressure dependence of β was markedly smaller than that of PWV. PWV changed to a
much larger extent with BP; from 5.4 to 7.4 m/s in the young artery (36% change) and
from 8.1 to 10.8 m/s in the older artery (33% change). Stiffness index β as determined
using the corrected equation (Eq. 4.6, yielding β0) was independent of pressure (Fig.
4.1C).

Fig. 4.2C shows the quantitative effect of BP on CAVI. With increasing BP from
110/70 mmHg to 170/120 mmHg (SBP/DBP), CAVI increased from 5.3 to 6.0 (14.3%
increase) in a young individual and from 11.6 to 12.7 (9.6% change) in an older
individual. Furthermore, using the standard CAVI formula leads to much lower values
for β than the actual, intrinsic β0s of 7 and 15.

CAVI as determined using the corrected equation (Eq. 4.9, yielding CAVI0) was inde-
pendent of pressure (Fig. 4.2D).

Fig. 4.3 shows how stiffness index β (A) and CAVI (B) depend on diastolic and systolic
BPs. Comparing Fig. 4.3A and 4.3B, one sees that 1) β only depends on DBP, whereas
CAVI depends on DBP and SBP; and that 2) the BP dependence of CAVI is much larger
than that of β (viz., compare the different colour scales of panes A and B). The larger
BP dependence of CAVI is caused by the use of an approximated derivative in the CAVI
formula (Fig. 4.2B), in addition to the “reference pressure” effect that affects both β and
CAVI.

4.3.2 Simulated impact of the BP dependence of CAVI in a

population study

For our simulated population, we determined that a sample size of 161 subjects would give
an 80% chance of finding a statistically significant difference in CAVI due to BP lowering.
Table 4.1 shows the results of a simulated set of measurements in 161 subjects. Values
throughout are expressed as mean±standard deviation.
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Figure 4.3: Dependence of stiffness index β and CAVI on diastolic and systolic blood pressures (DBP
and SBP). A: β depends on DBP due to the “reference point” effect (cf. the difference
between Eq. 4.1 and Eq. 4.2). B: The “reference point” effect also influences CAVI,
causing a dependence of CAVI on DBP. CAVI is additionally blood pressure-dependent
due to the use of an approximated derivative in the Bramwell-Hill equation (Fig. 4.2B),
also introducing a dependence on SBP. Plots were generated for Pref = 100 mmHg and
β0 = 7 (see text).

Table 4.1: Uncorrected cardio-ankle vascular index (CAVI) leads to misinterpretation

Parameter Unit Baseline Follow-up p*

SBP mmHg 161±14 120±15 < 0.001
DBP mmHg 111±11 79±11 < 0.001
PWV m/s 8.2±1.1 6.9±1.0 < 0.001
CAVI - 8.1±2.0 7.7±2.1 0.008
CAVI0 - 9.8±2.4 9.9±2.6 0.499

Pressure dependence of CAVI in a simulated data set (n = 161). Values denote mean ±
standard deviation. SBP, systolic blood pressure; DBP, diastolic blood pressure; PWV, pulse wave
velocity; CAVI, standard, pressure-dependent cardio-ankle vascular index (Eq. 4.7); CAVI0, correc-
ted, pressure-independent cardio-ankle vascular index (Eq. 4.9); *p-value of two-sided paired t-test
comparing baseline to follow-up values. Intrinsic stiffness index β0 was 9.8±1.9, and was equal at
baseline and follow-up.
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For the lowering of systolic BP from 160 ± 14mmHg to 120 ± 15mmHg (p < 0.001)
and diastolic BP from 110± 11 mmHg to 79± 11 mmHg (p < 0.001), PWV significantly
decreased from 8.2 ± 1.1 to 6.9 ± 1.0 m/s (p < 0.001). CAVI as calculated from the
standard equation (Eq. 4.7) significantly decreased from 8.1±2.0 to 7.7±2.1 (p = 0.008)
with lowering BP, as expected for the sample size.

The corrected CAVI as proposed and calculated from Eq. 4.9 (CAVI0) showed no change
with BP (p = 0.499).

4.4 Discussion

CAVI and β assume an exponential relationship between pressure and diameter. In this
study, we have demonstrated that, under this assumption and contrary to the often made
claim (Shirai et al. 2006), stiffness index β and CAVI are BP-dependent. This confirms
findings by Lim et al. (2015), who showed a BP dependence of CAVI in an experimental
setting. However, the BP dependence of other artery stiffness parameters, such as PWV
(Spronck et al. 2015b), is greater than that of β and CAVI.

Using CAVI under the assumption of it being fully BP-independent may confound con-
clusions, especially in large population studies investigating relatively small changes in
CAVI. For example, several studies have reported that arterial stiffness, as measured with
CAVI, decreases with BP-lowering medication (Saiki et al. 2015; Shirai et al. 2011). How-
ever, our simulations show that even in a study with relatively few participants (n= 161)
where intrinsic wall parameters (β0) were explicitly kept constant, the BP effect on CAVI
may emerge as statistically significant.

In our simulation study, the BP effect on PWV (1.3 m/s) is much larger than the within-
subject standard deviation of 0.5 m/s (Salvi et al. 2008). The BP-induced change of CAVI
of 0.4 in our simulation study is of the same order as the CAVI within-subject standard
deviation of 0.5 (Kubozono et al. 2007). This comparison 1) underlines the much smaller
BP dependence of CAVI when compared to PWV, and 2) emphasises that CAVI as usually
implemented may lead to erroneous conclusions.

As mentioned in the Introduction, Kawasaki et al. (1987) previously derived β from β0
(Hirai et al. 1989; Kawasaki et al. 1987). In their derivation, they correctly mentioned
that clinically, it is difficult to measure diameter at a standard pressure of e.g., 100 mmHg.
After this notice, they simplified Eq. 4.1 to Eq. 4.2, thereby neglecting the underlying BP
dependence emerging from substituting diastolic BP and diastolic diameter for Pref and
Dref in Eq. 4.1.

Note that CAVI as reported by the VaSera device by Fukuda Denshi, Co. LTD (CAVIVS)
is a scaled version of CAVI as used in this paper: CAVIVS = a · CAVI + b (Shirai et al.
2006). The constants a and b are considered proprietary information by the company and
therefore are not publicly available. However, as a and b constants, the BP dependence
of CAVI is equally applicable to CAVIVS.

The present study relies on the assumption that the in vivo arterial wall pressure-
diameter relationship is exponential. The underlying arterial wall mechanics of the ex-
ponential behaviour are complex. At lower pressures, mainly elastin bears the load,
whereas at higher pressures, this load bearing is gradually shifted to collagen (O’Rourke
and Hashimoto 2007; Spronck et al. 2015a). This shift leads to the typical form of the full
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P-D relationship, which, starting from P = 0 first shows an increase in compliance, then
has a maximum, and subsequently decreases with increasing pressure (Langewouters et
al. 1984). The maximum compliance, corresponding to an inflection point in the P-D
relationship, occurs at a pressure of around 45 mmHg in individuals aged 30 years. With
increasing age, the pressure at which the maximum compliance occurs decreases and be-
comes 0 mmHg at the age of 80 (Langewouters et al. 1980). If this full P-D relationship
with an inflection point is to be described, a single-exponential P-D relationship is clearly
insufficient; an arctangent-type model may be more suitable in this case (Langewouters
et al. 1984). Because young subjects have an inflection point at relatively high pressures
of ≈ 45 mmHg, the assumption of a single-exponential relationship may not hold when
they are hypotensive. In this case, their low diastolic BPs may be close to their inflec-
tion point. However, in all other subjects, physiological BPs are normally well above the
inflection point. Therefore, a single-exponential relationship provides an appropriate ap-
proximation of the true P-D relationship. The exponential shape of the P-D relationship
as shown in vitro by Hayashi et al. (1980) was confirmed in vivo in humans by Stefanadis
et al. (1997). They reported that “the pressure-diameter data fitted excellently to the
monoexponential function P = b × ea·D, (r = .97 to .99, p < .001), . . . ” in the human
aorta, both in normotensive and hypertensive subjects. Later studies by these investiga-
tors again confirmed this finding (Stefanadis et al. 1998; Toutouzas et al. 2000). The
choice of an exponential P-D relationship has a pragmatic reason. Models that are more
complicated than the single-exponential model cannot be uniquely parameterised using
a set of two pressures (systolic and diastolic) and two diameters or a PWV. This limits
their use to very specific research studies in which the full pressure-diameter relationship
is measured, or in which more than two P-D points are measured (e.g., by adding an
additional dicrotic notch point, Hermeling et al. 2010). In our opinion, this limitation,
together with the in vivo validations by Stefanadis et al. (1997), makes a strong case for
using an exponential model to characterise in vivo arterial P-D relationships.

4.4.1 Conclusions

CAVI and stiffness index β rely on the assumption of an exponential relationship between
pressure and diameter. In this paper we have shown that, under this assumption, stiffness
index β and CAVI as commonly implemented, depend on BP. This dependence can poten-
tially lead to erroneous conclusions in studies that use β and CAVI to estimate changes in
stiffness of the artery wall. We have presented corrected stiffness indices, β0 and CAVI0,
that readily overcome this problem.

4.4.2 Perspectives

The findings presented in this manuscript have direct implications for all studies that in-
corporate β and/or CAVI measurements. We have shown that due care should be taken in
interpreting β and CAVI as strictly pressure-independent measures of arterial stiffness. In
a moderately-sized study, a BP decrease from a hypertensive to a normotensive range may
lead to a significant decrease in CAVI as calculated from the standard equation, merely
due to the change in BP. CAVI0 as derived in the present study, does not exhibit this pres-
sure dependence. Our new formulations (β0 and CAVI0) allow even retrospective data
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analysis for improved interpretation of arterial stiffness trials. Recently, we have shown
that the degree of BP dependence of PWV is clinically relevant (Spronck et al. 2015b), and
that the BP dependence is apparent from the PWV reference values (The Reference Values
for Arterial Stiffness’ Collaboration 2010). Based on the reference values for PWV, and
considering the approach proposed in the present paper, pressure-independent reference
values for β0/CAVI0 could be obtained.
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4.A1 Appendix: Detailed methods

4.A1.1 Derivation of Eq. 4.4

Eq. 4.1 of the main article can be re-arranged to
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Using this equation, we find an expression for systolic (Ds) and diastolic diameter (Dd):
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and fill these in into Eq. 4.3 of the main article:
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Simplification of the denominator leads to
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and further to
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Using the identity ln a
b = ln a− ln b to further simplify the denominator, we obtain

β =

�

ln
�

Pd
Pref

�

+ β0

�

ln
�

Ps
Pd

�

ln (Ps)− ln (Pref)− ln (Pd) + ln (Pref)
=

�

ln
�

Pd
Pref

�

+ β0

�

ln
�

Ps
Pd

�

ln
�

Ps
Pd

� , (4.A6)

and finally
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4.A1.2 Bramwell-Hill relationship

Bramwell and Hill (1922a) derived the relationship between local pressure (P) and cross-
sectional area (A) and PWV:

PWV =

√

√dP

dA

A

ρ
, (4.A8)

in which ρ = 1050 kg ·m−3 is the blood mass density. This equation can be re-written in
terms of diameter (D):

PWV =
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2ρ
. (4.A9)

For use in the conventional CAVI formula, this equation is approximated by (Shirai et al.
2006):

PWV ≈
√

√ Ps − Pd

Ds − Dd

Dd

2ρ
. (4.A10)

4.A1.3 Derivation of the true pulse wave velocity at points on an

exponential pressure-diameter curve (Eq. 4.1) and obtaining

a pressure-independent formula for CAVI

The Bramwell-Hill equation contains a derivative of pressure to area ( dP
dA , Eq. 4.A8) or to

diameter ( dP
dD , Eq. 4.A9). This derivative can be readily obtained by differentiating Eq.

4.1 with respect to D:
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Combining this equation with Eq. 4.A9 for P = Pd yields (Bramwell et al. 1923)
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Filling in Dd from Eq. 4.A2 yields
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Squaring this equation and rearranging yields Eq. 4.9 of the main article.

4.A2 Appendix: Generation of example dataset

In order to gain insight into the magnitude of the BP dependence of CAVI, we computer-
generated measurement data. In the simulated subjects, an anti-hypertensive treatment-
induced BP lowering was simulated, while assuming that the artery wall structure and
function remained unaltered. I.e., subjects remained on their exponential P-D relation-
ship (Eq. 4.1), and β0 did not change. Measurement data were generated by (i) draw-
ing numbers from normal distributions (assuming biological spread but no measurement
noise) and (ii) subsequently adding measurement noise.

4.A2.1 Method for generation of measurement data

In this section N(µ,σ) denotes independent samples drawn from a normal distribution
with mean µ and standard deviation σ. Subscripts bl and fu indicate baseline and follow-
up, respectively. Subscript nf indicates “noise-free” values, i.e., these do not contain mea-
surement noise. The following data were generated:

• An intrinsic stiffness index (β0) for each subject was drawn from N(10, 2).
• Baseline diastolic BPs (Pd,bl,nf) were drawn from N(110mmHg, 10mmHg). Baseline

pulse pressures (Pp,bl,nf) were drawn from N(50mmHg, 10 mmHg). Systolic pres-
sure (Ps,bl,nf) was calculated as the sum of diastolic and pulse pressures. Baseline
PWV (PWVbl,nf) was subsequently calculated from Pd,bl,nf, and β0 by means of Eq.
4.A13. Note that PWV is calculated (or “measured”) using the equation that is based
on the true, non-approximated dP

dD .
• Follow-up diastolic BPs (Pd,fu,nf) were drawn from N(80mmHg, 10mmHg). Follow-

up pulse pressures (Pp,fu,nf) were drawn from N(40 mmHg, 10 mmHg). Systolic
pressure (Ps,fu,nf) was calculated as the sum of diastolic and pulse pressures. Follow-
up PWV (PWVfu,nf) was again calculated using Eq. 4.A13.

Normally-distributed, additive, random measurement noise was added to DBP, SBP, and
PWV at both baseline and follow-up. Noise on DBP and SBP measurements was assumed
to be zero-mean and independent. Using data from a previous study (Spronck et al.
2015b), we calculated intra-subject SD of DBP as the square root of the mean of all indi-
vidual variances (Bland and Altman 1996), resulting in an intra-subject SD of 5.0 mmHg.

If measurement noise is assumed to be the sole source of the repeatability variation,
one can generate BP noise by drawing independent samples from N(0, 5.0 mmHg).
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Repeatability of PWV measurements was assessed by Salvi et al. (2008). For their
reference method, the SphygmoCor (AtCor, Sydney, NSW, Australia) device, they report
a repeatability of 1.44 m/s. Salvi et al. (2008) defined repeatability as two times the
standard deviation of the difference between two measurements. This led to a standard
deviation in one measurement of 1.44

2
p

2
m/s. Therefore, we generated PWV measurement

noise by drawing samples from N(0, 1.44
2
p

2
m/s).

Measured CAVI and CAVI0 were calculated using Eq. 4.7 and 4.9, respectively, filling in
SBP, DBP, and PWV including measurement noise.

4.A2.2 Simulation protocol

First, we generated measurement data as described above for a large number of subjects
(n = 106). This yields robust estimates of the mean and standard deviation of CAVI in
this simulated population, before and after simulated BP lowering. Using these values,
we performed a sample size calculation, determining the number of subjects that, at a
probability (power) of 0.8, would lead to a statistically significant difference (α = 0.05)
in CAVI between baseline and follow-up.

Second, we generated measurement data in the number of subjects that resulted from
the sample size calculation. Results from this simulation are reported.
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Abstract

Carotid-femoral pulse wave velocity (cfPWV) quantifies large artery stiffness, is used
in haemodynamic research and is considered a useful cardiovascular clinical marker.
cfPWV is blood pressure (BP)-dependent. Intrinsic heart rate (HR) dependence of
cfPWV is unknown as increasing HR is commonly accompanied by increasing BP.
This study aims to quantify cfPWV dependence on acute, sympathovagal-independent
changes in HR, independent of BP. Individuals (n = 52, age 40–93 yrs, 11 female)
with in situ cardiac pacemakers or cardioverter defibrillators were paced at 60, 70,
80, 90, and 100 bpm. BP and cfPWV were measured at each HR. Both cfPWV
(0.31[0.26, 0.37]m/s/(10 bpm), p < 0.001 mean[95%CI]) and central aortic diastolic
pressure (3.78[3.40, 4.17]mmHg/(10 bpm), p < 0.001) increased with HR. The HR ef-
fect on cfPWV was isolated by correcting for BP effects by three different methods: 1) stat-
istically, by a linear mixed model; 2) mathematically, using an exponential relationship
between BP and cross-sectional lumen area; and 3) using measured BP dependence of
cfPWV derived from changes in BP induced by position changes (seated and supine) in
a subset of subjects (n = 17). BP-independent effects of HR on cfPWV were quantified
as 0.20[0.11, 0.28]m/s/(10 bpm) (p < 0.001, method 1), 0.16[0.11, 0.22]m/s/(10bpm)
(p < 0.001, method 2), and 0.16[0.11, 0.21]m/s/(10bpm) (p < 0.001, method 3). With
a mean HR dependence in the range of 0.16 to 0.20 m/s/(10 bpm), cfPWV may be con-
sidered to have minimal physiologically relevant changes for small changes in HR, but
larger differences in HR must be considered as contributing to significant differences in
cfPWV.

5.1 Introduction

C AROTID-FEMORAL pulse wave velocity (cfPWV), a surrogate measure for aortic
stiffness, is an independent marker for all-cause and cardiovascular mortality
(Laurent et al. 2001; Laurent et al. 2003). It is widely used in haemodynamic

research and is increasingly being recognised as an important parameter in the clinical
assessment of patients at risk for cardiovascular disease (Mancia et al. 2007). However,
the uptake of cfPWV as part of the clinical routine has been slow despite the large amount
of evidence supporting its relevance as a cardiovascular clinical marker (Brunner-La Rocca
2010), as well as being recommended as a clinical tool in current guidelines (Mancia et al.
2007). A potential reason for this is the lack of standardisation of cfPWV methodology
and reference values (Brunner-La Rocca 2010). Although this has recently been addressed
by the investigators of the Arterial Stiffness’ Collaboration, whereby normative and refer-
ence values were determined for age, mean arterial pressure (MAP) and cardiovascular
risk factors (The Reference Values for Arterial Stiffness’ Collaboration 2010), other less
well-established potential confounders of cfPWV were not considered. One such factor is
heart rate (HR).

Despite studies that have investigated effects of HR on arterial stiffness in the past, the
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relationship between the two has remained controversial. Although a few acute, pacing
studies specifically investigating the association between HR and cfPWV found an inde-
pendent HR effect on cfPWV (Haesler et al. 2004; Lantelme et al. 2002), others found no
significant change in cfPWV with HR (Albaladejo et al. 2001) or were unable to discrim-
inate the measured increase in cfPWV from the concomitant pacing-induced increase in
blood pressure (BP) (Liang et al. 1999; Millasseau et al. 2005). In cross-sectional studies,
only half of those that included HR as a parameter for predicting cfPWV in their model
found a significant association (Cecelja and Chowienczyk 2009). As cfPWV is known to
be pressure-dependent (Avolio et al. 1983; Bramwell and Hill 1922a; Pruett et al. 1988;
Spronck et al. 2015b), any change in cfPWV accompanied by a change in BP needs to be
corrected for BP in order to isolate the true effect of the factor being investigated. The
present study aims to quantify the acute, BP-independent effect of HR on cfPWV.

5.2 Methods

Patients with implanted pacemakers or implantable cardioverter defibrillators (ICDs) with
pacing function were recruited from the Cardiac Health Institute and Macquarie Heart
clinics. Exclusion criteria included unstable angina, prior myocardial infarction within
the last twelve months of the study, and uncontrolled congestive heart failure. A total
of 52 subjects (age 40–93 yrs, 11 female) entered the study, and all were included in
the analysis. The study protocol was approved by Macquarie University’s Human Ethics
Committee and written consent to participate in the study was obtained from all subjects.

5.2.1 Haemodynamic measurements

Brachial BP, central aortic BP, and cfPWV were determined by cuff-based pulse wave anal-
ysis (SphygmoCor XCEL, AtCor, Sydney, NSW, Australia). Brachial BP was obtained by
oscillometric method with a brachial cuff positioned on the right arm, and central aor-
tic waveform was derived from the brachial BP volume displacement waveform using a
validated transfer function (Butlin et al. 2012). For measurement of cfPWV, the carotid
and femoral pulse waveforms were obtained by tonometry on the skin above the right
carotid artery and by a cuff placed on the right upper thigh, respectively (Butlin et al.
2013; Hwang et al. 2014). Subtraction method for path length was used to calculate
cfPWV, whereby the path length was calculated as the distance between the sternal notch
and the carotid site subtracted from the distance between the sternal notch and top of the
thigh cuff (Butlin et al. 2013).

In a subset of the study’s cohort (n = 45), beat-to-beat stroke volume (SV), cardiac
output (CO), and total peripheral resistance (TPR) were determined from the finger arte-
rial pressure waveform using the Modelflow method (Finometer PRO, Finapres Medical
Systems, Amsterdam, Netherlands; Wesseling et al. 1993).

5.2.2 Study protocol

Subjects were advised to refrain from caffeine and fatty meals 4 hours prior to their study
appointment, but to continue with their prescribed medications. There were no current
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tobacco users in the cohort. After 10 minutes of seated rest, seated brachial BP was mea-
sured in duplicate (SphygmoCor XCEL). After a further 10 minutes of supine rest, finger
arterial pressure waveform was measured from the left middle finger (Finometer PRO)
to obtain SV, CO, and TPR. Brachial and central aortic BP and cfPWV were then obtained
(SphygmoCor XCEL). Subjects were then paced in a randomised sequence at 60, 70, 80,
90, and 100 bpm using their prescribed pacemaker settings, with BP and cfPWV mea-
surements repeated at each pacing step after 3 minutes of stabilisation. ECG was also
acquired continuously for the duration of the study for monitoring of HR (PowerLab ac-
quisition system, LabChart software, ADInstruments, Dunedin, New Zealand), and SV, CO,
and TPR from the Finometer PRO device were also recorded via PowerLab and LabChart.
The average duration for study protocol completion was 60 minutes.

5.2.3 Data analysis

For pulse wave analysis, brachial and central aortic BP waveforms were averaged over
5 seconds, and cfPWV was averaged over 10 seconds. Observations with measured HR
differing from the paced rate by more than 5 bpm were excluded from the analysis, and
the lowest pace rates of 60 and 70 bpm were not achievable in some subjects due to a
higher unpaced resting heart rate. A linear mixed model with maximum likelihood was
used to determine the effects of HR on each measured variable, with paced HR modelled
as the fixed effect and the random effect modelled as the intercept for each individual:

Yi j = β0 + β1 ·HR+ εi j + u j , (5.1)

where Yi j denotes the outcome measure at a particular paced HR for one individual, εi j

denotes the residual of variances and u j is the random effect due to individual subject vari-
ances, i.e., variance of the random intercepts. The correlation between repeated measures
from the same subject is accounted for via the random effect. Linear mixed modelling was
chosen because, as opposed to analysis of variance (ANOVA), it accounts for unbalanced
data (Cnaan et al. 1997), which in the present study resulted from the lowest paced rates
of 60 bpm and 70 bpm being unachievable in some individuals. Descriptive statistics are
presented as mean±standard deviation (SD) unless otherwise stated. A p-value of less
than 0.05 was considered as statistically significant. Data analysis was performed using
the software R (R Core Team 2014) and mixed modelling was performed using R’s NLME

package (Pinheiro et al. 2014).

5.2.4 Blood pressure correction

In order to isolate HR effects on cfPWV from any influence of BP, three methods were used
to correct for BP.

Method 1: Blood pressure correction through statistical methods

Central aortic diastolic BP (cDBP), as well as the interaction term between cDBP and HR,
were added as fixed effects to the mixed model in Eq. 5.1:

cfPWVi j = β0 + β1 ·HR+ β2 · cDBP+ β3 ·HR · cDBP+ εi j + u j . (5.2)
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In the case of a significant interaction term (β3) between HR and cDBP, the HR dependence
of cfPWV would be dependent on cDBP, such that at any given fixed cDBP level:

cfPWV = β0 + (β1 + β3 · cDBP) ·HR+ β2 · cDBP . (5.3)

Thus, the HR dependence of cfPWV is denoted by (β1+β3 ·cDBP) at any given fixed cDBP
level. For this present study, the reported HR dependence of cfPWV was calculated for
the sample average of cDBP.

Method 2: Blood pressure correction through mathematical modelling

Based on the principle that in the physiological range, pressure (P) and arterial lumen
cross-sectional area (A) relate exponentially (Meinders and Hoeks 2004), the P-A rela-
tionship is formulated as

P = Prefe
α
�

A
Aref
−1
�

. (5.4)

PWV is also related to pressure and cross-sectional area changes, as defined by the
Bramwell-Hill equation (Bramwell and Hill 1922b). By combining Eq. 5.4 and the
Bramwell-Hill equation (Eq. 5.A2 in Appendix 5.A1), an expression for exponent α can be
derived as a function of systolic and diastolic BP and PWV (Eq. 5.A4 in Appendix 5.A1),
and denotes the BP dependence of PWV.

By using cfPWV and BP values at the lowest paced HR for each subject, α can be cal-
culated. Subsequently, these α values can be used to calculate the predicted PWV values
in each subject given the change in systolic and diastolic BP, compared to the reference
level, at each higher paced rate (Eq. 5.A3 in Appendix 5.A1). Thus, for each subject at
each HR, the difference (∆cfPWV) between measured cfPWV (cfPWVmeas) and predicted
cfPWV (cfPWVpred) was calculated as:

∆cfPWV = cfPWVmeas − cfPWVpred . (5.5)

The following mixed statistical model was then fitted to the data:

∆cfPWVi j = β0 + β1 ·HR+ εi j + u j , (5.6)

where β1 is the estimate of the BP-independent HR effect on cfPWV.

Method 3: Empirical blood pressure correction from experimental data

As PWV varies with BP, individual variations in PWV with BP changes can be determined
experimentally by varying a subject’s BP through different body positions and measuring
PWV at each position (Butlin et al. 2015). A subset of this study’s cohort (n = 17) had
their BP and cfPWV measured in both the seated and supine positions. In the seated
position, a hydrostatic pressure gradient is present along the aorta and carotid artery due
to gravity (Fig. 5.1A). In the supine position, this gradient is absent (Fig. 5.1B). In the
seated position, hydrostatic pressure varies with height relative to the position of the aortic
arch (Eq. 5.A6 in Appendix 5.A1), thus cfPWV also varies. On the contrary, cfPWV remains
constant along the aortic trunk in the supine position. Assuming a linear relationship
between PWV and BP, the measured differences in cfPWV between the seated and supine
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Figure 5.1: Empirical BP correction method using experimental data. In the seated position (A), a
pressure gradient is present along the arteries due to gravity, causing PWV to vary with
position h along the arterial tree, with pressure change being negative above the aortic
arch and positive below. On the other hand, in the supine position (B), no such pressure
gradient is present. Assuming PWV to be scaled linearly with diastolic pressure (Pd):
PWV = a · Pd + b, one can integrate incremental transit times (dt) along the arteries
and calculate the transit time between the carotid and femoral sites as a function of
parameters a and b in both seated (Eq. 5.A15 in Appendix 5.A1) and supine positions
(Eq. 5.A17 in Appendix 5.A1). By solving both equations, a, the pressure dependence
of PWV, can be calculated and used to correct for BP in measured cfPWV in the main
study.

positions were used to calculate the BP dependence of cfPWV for each individual (see
Appendix 5.A1). The averaged BP dependence across the 17 subjects was then used to
calculate the BP-corrected cfPWV (cfPWVc, Eq. 5.A18 in Appendix 5.A1), and the effect
of HR on cfPWVc was determined (Eq. 5.A19 in Appendix 5.A1).

5.3 Results

Clinical characteristics of the study cohort are outlined in Table 5.1. Baseline haemody-
namic measurements, which did not differ with pacing modality (data not shown), are
shown in Table 5.2. cfPWV increased significantly with HR, but brachial and central aor-
tic BP parameters, except for central aortic systolic BP, also increased significantly (Table
5.3). SV and TPR decreased significantly and CO increased with increasing HR (Table
5.3).

5.3.1 Results from blood pressure correction for cfPWV

After correction for BP, the effect of HR on cfPWV remained significant regardless of the
correction method used. The average BP-independent HR dependence of cfPWV across
the three methods was 0.17 m/s/(10 bpm).
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Table 5.1: Clinical characteristics of study cohort

n

Implant indications

SSS 10
Bradycardia 17
Irregular heart rate 4
Heart block 11
Syncope 2
Atrial fibrillation 11
Ventricular tachycardia 1
Cardiomyopathy 4
Other 7

Pacemaker mode

AAI/DDD 6
DDD 34
VVI 11
VVD 1

Medications

α blocker 3
β blocker 24
Calcium antagonists 11
Nitrates 5
ACE-inhibitors 14
AngII-blockers 16
Diuretics 13
Antiarrhythmics 16
Anticoagulants 24
Antiplatelets 10
Statins 31
Aspirin 10

SSS, sick sinus syndrome; AAI, atrial pacing and sensing; DDD, dual chamber (atrium and ventri-
cle) pacing and sensing; VVI, ventricular sensing and pacing; VVD, ventricular pacing and atrial
tracking; ACE, angiotensin-converting enzyme; AngII, angiotensin II.

Table 5.2: Baseline haemodynamic measurements of study cohort

Parameter Unit Mean±SD

HR bpm 64±7
cfPWV m/s 9.5±1.6
Brachial SBP mmHg 126±15
Brachial DBP mmHg 72±9
Central aortic SBP mmHg 115±13
Central aortic DBP mmHg 72±8
MAP mmHg 88±9

cfPWV, carotid-femoral pulse wave velocity; SBP and DBP, systolic and diastolic blood pressure,
respectively; MAP, mean arterial pressure; SD, standard deviation.
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Table 5.3: Estimated effect of HR on all measured variables

Dependent Unit Estimated values for effect of HR p

variable per 10 bpm increase

Mean [95% CI]

cfPWV m/s 0.31 [0.26,0.37] < 0.001
bSBP mmHg 1.03 [0.56,1.50] < 0.001
bDBP mmHg 3.55 [3.18,3.92] < 0.001
cSBP mmHg 0.33 [−0.09,0.75] 0.120
cDBP mmHg 3.78 [3.40,4.17] < 0.001
MAP mmHg 3.71 [3.33,4.08] < 0.001
SV mL −6.10 [−6.85,−5.36] < 0.001
CO L/min 0.21 [0.16,0.26] < 0.001
TPR dyn · s · cm−5 −30.33 [−51.00,−9.65] 0.005

HR, heart rate; cfPWV, carotid-femoral pulse wave velocity; bSBP and bDBP, brachial systolic and
diastolic blood pressure, respectively; cSBP and cDBP, carotid systolic and diastolic blood pressure,
respectively; MAP, mean arterial pressure; SV, stroke volume; CO, cardiac output; TPR, total peri-
pheral resistance; CI, confidence interval.

Table 5.4: Model parameters for model used for BP correction in method 1

Model
parameter

Unit β p

Mean [95% CI]

Intercept (β0) m/s 0.73 [−2.79,4.25] 0.685
HR (β1) m/s/bpm 0.09 [0.05,0.13] < 0.001
cDBP (β2) m/s/mmHg 0.10 [0.05,0.15] < 0.001
HR·cDBP (β3) m/s/(mmHg·bpm) −0.0009 [−0.0013,−0.0004] < 0.001

Mixed model was defined as cfPWVi j = β0+β1 ·HR+β2 ·cDBP+β3 ·HR·cDBP+εi j +u j . HR, heart
rate; cfPWV, carotid-femoral pulse wave velocity; BP, blood pressure; cDBP, carotid diastolic BP, CI,
confidence interval.

Blood pressure correction using statistical methods

The parameters of the statistical model are shown in Table 5.4. Adding cDBP (χ2(2) =
108.66, p = 0.008) and the interaction between HR and cDBP (χ2(2) = 10.71, p = 0.001)
significantly improved the model as compared to a model with HR as the sole predictor.
Due to the significant negative interaction between HR and cDBP, the HR dependence of
cfPWV decreased with increasing BP (Fig. 5.2A). At the mean cDBP of this cohort (80±
12 mmHg), the HR dependence of cfPWV was calculated as 0.20[0.11, 0.28]m/s/(10bpm)
(p < 0.001).

Blood pressure correction using mathematical modelling

Fig. 5.2B shows the predicted and actual measured cfPWV values using mathematical
modelling for each paced HR. The resulting BP-independent HR dependence of cfPWV
was 0.16[0.11, 0.22] m/s/(10 bpm) (p < 0.001).
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Figure 5.2: A: cfPWV increased with HR, but there was a significant negative interaction between
HR and BP, as shown by the decreasing slope of PWV with HR at different central di-
astolic BP (cDBP) levels. B: Measured cfPWV at each paced HR level and predicted
cfPWV using BP correction method with mathematical modelling. C: BP dependence of
cfPWV calculated from experimental data in a subset of this study’s cohort (n = 17).
Horizontal line indicates mean.

Empirical blood pressure correction using experimental data

From the seated-supine experimental data (Fig. 5.2C), the average BP dependence of
cfPWV was 0.04[0.02, 0.06]m/s/mmHg (p < 0.001, one-sample two-sided t-test). The
resulting BP-independent HR dependence of cfPWV was 0.16[0.11, 0.21]m/s/(10bpm)
(p < 0.001).

5.4 Discussion

To the best of our knowledge, this is the first study to quantify the intrinsic effect of HR
on cfPWV independent of observed BP changes with acute changes in HR.

Evidence from previous studies investigating the effects of HR on arterial stiffness in
the past has been inconclusive. In acute studies, where HR was manipulated pharmaco-
logically (Liang et al. 1999; Rhee et al. 2004) or through pacing (Albaladejo et al. 2001;
Haesler et al. 2004; Lantelme et al. 2002; Millasseau et al. 2005), most observed an in-
crease in measured cfPWV with increasing HR (Haesler et al. 2004; Lantelme et al. 2002;
Liang et al. 1999; Millasseau et al. 2005). However, whilst some studies did show an
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increase in arterial stiffness in the absence of significant BP changes (Haesler et al. 2004;
Lantelme et al. 2002), other studies observed a concurrent increase in BP with increasing
HR (Liang et al. 1999; Millasseau et al. 2005), making it difficult to determine whether
HR contributed to the increase in cfPWV in addition to the BP contribution.

In the current study, cardiac pacing was used to induce HR changes as pacing allowed
HR to be controlled directly and independently without introducing systemic changes to
modify HR. However, the increase in HR led to a decrease in SV, resulting from reduced di-
astolic filling time (Noble et al. 1966; Weissler et al. 1961) and ejection duration (Weissler
et al. 1961). Despite the decrease in SV and TPR, CO increased due to the large increases
in HR, which likely drove the increase in MAP in addition to the increase in both peri-
pheral and central diastolic BP. As cfPWV is highly influenced by BP (Avolio et al. 1983;
Bramwell and Hill 1922b; Pruett et al. 1988; Spronck et al. 2015b), much of the increase
in cfPWV observed in the present study can be attributed to the increase in pressure. In
order to determine whether HR further influenced cfPWV changes, we employed three
different methods to correct for BP; similar correction procedures were not conducted in
previous studies.

The first correction method we used was a straightforward statistical method, with the
effect of BP accounted for by including cDBP and the interaction between cDBP and HR in
the mixed model. Diastolic BP was chosen as cfPWV was measured at the diastolic point of
the cardiac cycle. As expected, the additional predictors significantly improved the model,
indicating a significant effect of BP on cfPWV. The effect of HR remained significant, but
the significant negative interaction between HR and cDBP indicated that the influence of
HR on cfPWV decreased as BP increased. This is contrary to our previous study in the
rat aorta, whereby, when compared at the same MAP, aortic PWV increased more with
HR at higher mean pressures (Tan et al. 2012). The difference in observations may be
due to the difference in arterial wall structure in humans and rats, with the rat aorta
being more muscular than human aorta (Wolinsky and Glagov 1967), hence in rats, even
at higher pressures where collagen fibres take the load bearing, the smooth muscle may
have contributed further to the increase in stiffness with HR (Cox 1975). At the averaged
cDBP level of this study’s cohort, HR effect on cfPWV remained significant.

The second correction method employed mathematical modelling to predict the changes
in PWV given a known change in pressure. The dependence of PWV on pressure was de-
rived by assuming an exponential relationship between artery cross-sectional area and
BP (Meinders and Hoeks 2004). Using this relationship, we predicted the BP-induced
change in cfPWV with respect to the measured cfPWV at the lowest paced HR. As with
the statistical correction method, we found that there remained a HR effect on cfPWV
even after correction for BP.

The third correction method, similar to the correction of BP by mathematical modelling,
individualised each subject’s BP dependence of cfPWV by measuring cfPWV at different
positions (Butlin et al. 2015). However, as only a subset of the cohort underwent the
additional experimental protocol, the averaged BP dependence from the individuals was
applied to the whole cohort to obtain a BP-independent HR effect on cfPWV. The resulting
HR dependence of cfPWV obtained via this method was of the same order as both the
statistical and mathematical modelling method.

From the study establishing normal and reference values for PWV in a large European
cohort of over 11, 000subjects (The Reference Values for Arterial Stiffness’ Collabora-
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tion 2010), a regression model found that for individuals aged 70yrs or above, there
was a mean BP dependence of PWV of 0.0676 m/s/mmHg, which was similar to the
BP dependence we obtained when fitting a mixed model predicting cfPWV using MAP
only (0.0613 m/s/mmHg, p < 0.001). The BP change observed in the present study was
3.71 mmHg/(10 bpm), which, if using the reference BP dependence, would equate to an
approximate increase in cfPWV of 0.25 m/s/(10bpm). As the total increase in cfPWV
with HR was 0.31 m/s/(10 bpm) in the present study (Table 5.3), the expected HR con-
tribution to cfPWV would be 0.31− 0.25= 0.06 m/s/(10 bpm). However, from the three
different BP correction methods, the average BP-independent HR dependence of cfPWV
obtained was much higher at 0.17 m/s/(10 bpm). This difference may be due to the fact
that reference values were established from a cross-sectional study, as opposed to the
present study where the acute effects of HR on cfPWV were investigated. Interestingly,
although the reference values study did not include HR in the final regression model, it
was stated that PWV was in fact significantly dependent on HR, albeit with much smaller
influence compared to MAP and age (The Reference Values for Arterial Stiffness’ Collab-
oration 2010).

It has previously been shown that an increase in HR of 10bpm is equivalent to
an increase in systolic BP of 10 mmHg in terms of associated cardiovascular risk
(Perret-Guillaume et al. 2009). In the present study, cfPWV increased on average
0.17 m/s/(10 bpm) increase in HR, independent of BP changes. This was equivalent to a
1.8% increase in cfPWV, slightly lower than but of the same order as the 2.5% in cfPWV
observed by Lantelme et al. (2002) for the same increase in HR, where the investigators
reported no change in BP with HR. Another study found an increase in cfPWV of almost
6% with 10 bpm increase in HR in the absence of significant BP changes (Haesler et al.
2004). The moderate increase in cfPWV observed in the present study is equivalent
to a 6% increase in the risk of all-cause mortality in end-stage renal disease patients
per 10 bpm increase in HR, as it has been shown that 1 m/s increase in PWV translates
to a 39% increase in risk in this population (Blacher et al. 1999). Thus, although the
influence of HR on large artery stiffness may be small, it cannot be ignored when a large
change in HR is present.

The mechanism behind the influence of HR on arterial stiffness is still largely unknown.
Investigators have often attributed the change in arterial stiffness with HR to the vis-
coelasticity of the arterial wall (Lantelme et al. 2002; Wilkinson et al. 2002). Previous
studies in both animals and humans have shown a frequency dependence of elastic mod-
ulus (Antonov et al. 2008; Bergel 1961; Imura et al. 1990). Other investigators explained
the effect by the reduced time for the artery to recoil at increased HRs, thus resulting in
a stiffer artery (Armentano et al. 1995; Mangoni et al. 1996). This is consistent with the
presence of viscoelasticity. However, no studies to date have been able to conclusively
determine whether viscoelasticity per se is indeed the mechanism involved.

Another potential mechanism for the change in arterial stiffness may be a change in
smooth muscle tone in the large arteries, induced by a change in sympathetic activity.
Although cardiac pacing, as performed in the present study, does not directly influence
the sympathetic nervous system, indirect effects due to the changed haemodynamics,
such as baroreceptor activation due to the increased BP, cannot be excluded. However,
baroreceptor activation in response to increased BP would cause a decrease in sympa-
thetic activity, potentially decreasing smooth muscle recruitment and reducing arterial
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wall stiffness. Finally, the HR dependence of cfPWV could be a measurement artefact,
caused by a change in pulse waveform due to the increased HR at either the carotid or
femoral site, influencing the detected location of the diastolic foot. However, a previous
study by Millasseau et al. (2005) demonstrated a significant HR effect on cfPWV regard-
less of whether the pulse propagation time was referenced to the diastolic foot or to the
point of maximum systolic upstroke. In the present study, a post hoc analysis of a subset
of 10 subjects comparing cfPWV calculated with two different algorithms for determin-
ing pulse transit time, one referencing the foot of the wave (Asmar et al. 1995) and the
other referencing the point of maximum slope of the systolic upstroke (Chiu et al. 1991),
also showed that the effect of HR on cfPWV was independent of the timing algorithm
used (see Appendix 5.A2). It is beyond the current study’s scope to provide additional
explanatory evidence of how HR affects arterial stiffness, but our results further support
previous observations whereby HR was shown to have a significant effect on measured
large artery stiffness.

The current study has potential limitations. The study cohort consisted of subjects with
in situ cardiac pacemakers who were heterogeneous in their cardiac function and indi-
cation for pacemaker implantation. Over half of the cohort were on antihypertensives,
but treatment was not homogenous across the cohort. As cardiac dysfunction and hyper-
tensive treatment have been shown to influence PWV (Asmar et al. 2001; Giannattasio
et al. 1995), and as the cohort consisted of mainly elderly male subjects, results from
the current study cannot be extrapolated to the general population nor beyond the HR
range studied. In addition, responses to acute changes in HR by means of cardiac pa-
cing may not be reflective of long term HR changes caused by pathological tachycardia,
which involve numerous factors including neural and hormonal influences. In addition,
the BP correction methods involved several assumptions. For the statistical BP correction,
it was assumed that for the BP changes observed in this study, cfPWV changed linearly
with BP, HR, and their interaction. This assumption also holds for the empirical correction
method. It has been shown in studies where MAP was changed pharmacologically, that
cfPWV and BP exhibited a curvilinear relationship (Kelly et al. 2001; Perkins et al. 2006;
Stewart et al. 2003). However, as other empirical data have shown the two to be linearly
associated (Avolio et al. 1983; The Reference Values for Arterial Stiffness’ Collaboration
2010), it is not unreasonable to assume a linear relationship between cfPWV and BP in
the present study. Our BP correction method using mathematical modelling incorporates
the non-linear relationship between BP and cfPWV, and is based on an assumed exponen-
tial P-A relationship (Meinders and Hoeks 2004). However, the exact exponential nature
of this relationship can be debated, as other descriptives (Langewouters et al. 1984) as
well as P-A relationships based on the actual wall constituents (Holzapfel et al. 2000;
Roccabianca et al. 2014; Spronck et al. 2015a) have also been proposed. Nevertheless,
the exponential relationship provides an acceptable compromise between accuracy and
practical utility.

In conclusion, although the effect of acute changes in HR on large arterial stiffness may
not be of the same order as that of BP, it cannot be dismissed. In particular, in addition to
correction for BP, cfPWV should be corrected for large changes in HR.
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5.4.1 Perspectives

Our study quantified the intrinsic effect of HR on large artery stiffness independent of
BP effects whereby there was a concurrent change in BP with HR. The HR effect, though
moderate at 0.17 m/s/(10 bpm) increase in HR, can still translate to a moderate increase
in risk of stroke and all-cause mortality. Our results show that HR is a relevant parameter
that needs to be accounted for when large changes in HR are present in the measurement
of cfPWV, both in research and in a clinical setting.
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5.A1 Appendix: Additional details on methods

5.A1.1 Method 2: Blood pressures correction through mathematical

modelling

The pressure (P) and arterial lumen area (A) relationship as formulated in Eq. 5.4 of the
main manuscript can be expressed as

A= Aref





ln
�

P
Pref

�

α
+ 1



 , (5.A1)

where Pref denotes a reference pressure with corresponding cross-sectional area Aref. PWV
is also related to pressure and cross-sectional area changes, as defined by the Bramwell-
Hill equation (Bramwell and Hill 1922b):

PWV =

√

√ 1
ρ

Ps − Pd

As − Ad
Ad , (5.A2)

with ρ being the mass density of blood, taken to be 1050 kg/m3, and subscripts s and d
denoting systolic and diastolic, respectively. Eq. 5.A1 can be used to obtain an expression
for Ad as a function of Pd, and equivalently to obtain an expression for As as a function of
Ps. These expressions can be entered into Eq. 5.A2, which yields
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Note that no cross-sectional area terms are present in this equation as these terms cancel
out. Rearranging Eq. 5.A3 yields an expression for exponent α as a function of systolic
and diastolic BP and PWV:

α= ln
�

Ps

Pd

�

ρ

Ps − Pd
PWV2 − ln

�

Pd

Pref

�

. (5.A4)

5.A1.2 Method 3: Empirical blood pressure correction through

experimental data

PWV in each small arterial segment was assumed to scale linearly with local diastolic BP
(Pd), i.e.,

PWV = a · Pd + b . (5.A5)

In the seated position, hydrostatic pressure Phyd varies along the arteries with height h

in metres relative to the position of the aortic arch given the blood mass density (ρ) and
gravitational constant (g = 9.81 m/s2):

Phyd = ρgh . (5.A6)

Note that Phyd is positive relative to the pressure at the aortic arch at levels below the
arch, and negative at levels above it (Fig. 5.1A). Pd along height h is therefore

Pd = ρgh+ Pd,seated , (5.A7)

where Pd,seated is the central aortic diastolic BP (cDBP) measured in the seated position. By
combining equations Eq. 5.A5 and Eq. 5.A7, PWV along the aortic trunk can be expressed
as

PWV = a
�

ρgh+ Pd,seated

�

+ b = aρgh+ aPd,seated + b . (5.A8)

As velocity is the derivative of distance with respect to time, PWV can be denoted as

PWV =
dh

dt
, (5.A9)

and thus, transit time can de denoted as

dt =
dh

PWV
. (5.A10)

The total transit time from the aortic arch to the carotid artery (tC, along distance C in
Fig. 5.1A) can be found by integrating dt along that distance:

tC =

∫ 0

−C

1
PWV
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∫ 0

−C

1
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�
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�dh , (5.A11)

which can be evaluated to
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Similarly, the total transit time from the aortic arch to the femoral artery (tF) can be
evaluated to

tF =
ln
�

�aρgh+ aPd,seated + b
�

�
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�

. (5.A13)

The total transit time from the carotid to femoral artery (tseated) using the subtraction
method for path length is

tseated = tF − tC , (5.A14)

thus, by substitution,

tseated =
1
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In the supine case, no pressure gradient is present and PWV is assumed to be constant
along the aorta for supine diastolic BP (Pd,supine):

PWV = a · Pd,supine + b . (5.A16)

Given that PWV is distance divided by transit time (tsupine),

tsupine =
F − C

PWV
=

F − C

a · Pd,supine + b
. (5.A17)

Using the two equations for tseated and tsupine (Eq. 5.A15 and Eq. 5.A17), the two unknown
coefficients a and b can be evaluated for each subject, and a represents the BP dependence
of cfPWV for each subject. The averaged a (ā) across the 17 subjects was used to calculate
the BP corrected cfPWV (cfPWVc):

cfPWVc = cfPWV− ā · (cDBP− cDBPref) , (5.A18)

where cDBPref denotes cDBP at the lowest paced HR for the individual. The following
mixed model was then fitted to the BP-corrected PWV values:

cfPWVc = β0 + β1 ·HR+ εi j + u j , (5.A19)

where β1 denotes the BP-independent effect of HR on cfPWV.

5.A2 Appendix: Effect of using different algorithms for

determination of the pressure wave foot

In order to determine whether the heart rate (HR) effect on carotid-femoral pulse wave
velocity (cfPWV) observed in the current study was a measurement artefact due to pos-
sible changes in the foot of the pressure wave with HR, a post hoc analysis was run on

81



Chapter 5

a subset of 10 subjects to compare cfPWV determined from two different pulse transit
time algorithms. One method used the intersecting tangent method to identify the foot
of the pressure wave (Asmar et al. 1995) (default algorithm of SphygmoCor). The other
method used the point of maximum slope of the systolic upstroke on the pressure wave
as the timing point of reference (Chiu et al. 1991) (as used in the Complior device).

5.A2.1 Methods

Carotid and femoral blood pressure waveforms measured from the SphygmoCor XCEL
(AtCor Medical, Sydney, NSW, Australia) device were re-analysed with the SphygmoCor
SCOR software (AtCor Medical) using the two different algorithms, both provided as
options in the software. A linear mixed model, with HR and timing algorithm modelled
as fixed effects and with random effect modelled as the intercept for each individual, was
fitted to the cfPWV data as follows:

cfPWVi j = β0 + β1 ·Method+ β2 ·HR+ β3 ·Method ·HR+ εi j + u j , (5.A20)

where “Method” was a dummy coded variable indicating the timing algorithm used for
calculation of cfPWV, coded 0 for the intersecting tangent method and 1 for the maximum
systolic upstroke method. β2 represented the effect of HR on cfPWV for the intersecting
tangent method; β3 represented the difference in the effect of HR on cfPWV between
the two methods, thus β2 + β3 represented the effect of HR on cfPWV for the maximum
systolic upstroke method.

5.A2.2 Results

The results from the mixed model indicated that the effect of HR was significant re-
gardless of the transit time algorithm used (for the intersecting tangent method, β2 =

0.05[0.03, 0.06]m/s/bpm, t = 4.94, p < 0.0001; for the maximum systolic upslope
method, β2 + β3 = 0.03[0.01, 0.05] m/s/bpm, t = 3.09, p = 0.03). The values obtained
were identical to those obtained by Millasseau et al. (2005) in their study of 11 subjects,
where there was a 0.05 m/s/bpm change in cfPWV with HR (2.1 m/s change in cfPWV
from 80 bpm to 120bpm) using the intersecting tangent method, and a 0.03 m/s/bpm
change in cfPWV with HR (1.1 m/s change in cfPWV from 80bpm to 120 bpm) using
the maximum slope of systolic upstroke algorithm. The absence of a significant inter-
action term between HR and the timing algorithm (β3 = −0.02[−0.04, 0.01], t = 1.33,
p = 0.19) indicated that the effect of HR on cfPWV was not dependent of the algorithm
employed for determination of pulse transit time.
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Chapter 6

Abstract

Carotid artery applanation tonometry is widely used in estimating local carotid artery
pressure waveforms and carotid-femoral pulse wave velocity. However, the substantial
pressure applied locally to the carotid artery with applanation tonometry might well
evoke a baroreceptor response, resulting in bradycardia and hypotension. Therefore,
when carotid and femoral tonometry are performed sequentially, baroreceptor activation
could lead to different hemodynamic conditions between carotid and femoral acquisi-
tions. Combining those acquisitions into one pulse wave velocity measure would be erro-
neous. In this study, we assessed whether carotid applanation tonometry has an influence
on heart rate and blood pressure. In 26 hypertensive subjects, heart rate and blood pres-
sure were assessed by continuous finger pulse waveform recording during carotid as well
as femoral applanation tonometry. Both carotid and femoral acquisitions were measured
in alternation and in triplicate. Median averaging over the three carotid and femoral
measurements, respectively, was used to obtain a subject’s median heart rate and blood
pressure during carotid as well as femoral tonometry. Difference in heart rate during
carotid and femoral tonometry was −0.7±2.2 bpm. Differences in systolic, pulse, and di-
astolic blood pressure were −0.7± 6.8 mmHg, −0.1± 3.8 mmHg, and −0.3± 3.5 mmHg,
respectively. All differences were statistically non-significant. Confidence intervals were
used to calculate the maximum absolute difference at 95% certainty, which was 1.6 bpm
for heart rate and ≤ 3.5 mmHg for all blood pressures. We conclude that in our study,
carotid artery applanation tonometry as performed by an experienced researcher did not
cause clinically significant baroreceptor activation.

6.1 Introduction

C AROTID-FEMORAL pulse wave velocity (cfPWV) is currently the gold standard
measure for arterial stiffness (Laurent et al. 2001), and an increased cfPWV is
considered an independent cardiovascular risk factor (Mancia et al. 2013). To

measure cfPWV, mostly applanation tonometry is performed at the carotid and sub-
sequently at the femoral artery. For proper applanation, substantial pressure is locally
applied to the artery, compressing the vessel towards a firm background (typically bone),
causing the artery to deform locally (Drzewiecki et al. 1983). Due to altered wall disten-
sion and receptor stretch, applanation tonometry might therefore induce a baroreceptor
response (Courand et al. 2014; Schweitzer and Teichholz 1985). This effect is delib-
erately triggered during a Czermak-Hering test to assess autonomic nervous function,
exerting bradycardia and hypotension (Takino et al. 1964). During applanation tono-
metry, however, it is unwanted. Because femoral applanation tonometry will not evoke
baroreceptor responses, any baroreceptor activation during carotid applanation tono-
metry could cause a difference in blood pressure and heart rate between applanation at
these two sites. Since pulse wave velocity notably depends on heart rate (Lantelme et al.
2002; Millasseau et al. 2005) and blood pressure (Spronck et al. 2015b), any effect of
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tonometry on blood pressure and heart rate would lead to a difference in pulse wave
velocity during carotid and femoral acquisitions. Clearly, combining both acquisitions
into one cfPWV measure would be erroneous. In this study, we assessed the potential
influence of carotid artery applanation tonometry on blood pressure and heart rate. To
the best of our knowledge, there haven’t been analytical reports on blood pressure during
carotid and femoral tonometry measurements. In a previous expert consensus statement
(Laurent et al. 2006), sequential recording of pulse waves for cfPWV assessment was dis-
cussed as follows: “Since the measurements are made a short time apart, the change in
the isovolumic period of the LV or heart rate variability has little or no effect on measured
pulse transit times.” Potential baroreflex activation, however, is not mentioned.

6.2 Methods

6.2.1 Study population

Data obtained in a recently published study (Spronck et al. 2015b) were used for the
present analysis. The study was approved by the ethical committee of Maastricht Univer-
sity Medical Center and conducted in accordance with the Declaration of Helsinki (Seoul
2008). All subjects provided written informed consent prior to participation. Thirty con-
secutive subjects were recruited from patients referred to our outpatient hypertension
clinic. Four subjects were excluded due to missing data (n = 3) or severe ventricular
extrasystoles (n= 1), yielding a group of 26 included subjects.

6.2.2 Measurements

Carotid and femoral tonometry were performed in alternation and in triplicate (Fig. 6.1A)
using an applanation tonometer (SphygmoCor, AtCor Medical, Sydney, NSW, Australia).
Simultaneous with the six tonometry acquisitions, finger blood pressure-derived param-
eters were acquired by the Peñáz method (Nexfin, BMEYE B.V., Amsterdam, The Nether-
lands) (Peñáz 1973). Parameters included systolic, diastolic, and pulse pressure, as well
as heart rate. The three repeated measurements were averaged using median processing,
giving one carotid and one femoral value for each parameter per subject. Measure-
ments were performed by an experienced research nurse (JOR) in a quiet, temperature-
controlled room (22 ◦C) after a resting period of 15min with subjects in supine position.

6.2.3 Processing and statistics

Carotid-femoral differences in finger pressure parameters and heart rate were calculated
and reported as mean ± standard deviation, as well as a 95%-confidence interval for the
mean. A paired t-test was used to assess significant difference from zero (α= 0.05).

6.3 Results

Results are presented in Fig. 6.1B–D. For none of the variables a significant carotid-
femoral difference was detected. For heart rate, the maximum absolute difference (95%)
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Figure 6.1: Study set-up and results. A: Carotid and femoral tonometry were performed in alterna-
tion and in triplicate. During each tonometry measurement, finger blood pressure (BP)
was acquired. B: Differences in finger blood pressure parameters during carotid and
femoral applanation tonometry. *paired student t-test; HR, heart rate; PP, pulse pres-
sure; DBP, diastolic blood pressure; SBP, systolic blood pressure; SD, standard deviation;
CI, confidence interval. C: Heart rate for each subject during carotid and femoral ap-
planation tonometry, respectively. Whiskers indicate range. D: Systolic (squares, gray)
and diastolic (circles, black) blood pressures for each subject during carotid and femoral
applanation tonometry, respectively. Whiskers indicate range.

86



6

Carotid artery applanation tonometry does not cause significant baroreceptor activation

was 1.6 bpm. For the blood pressures, this difference was 3.5 mmHg (systolic) which is
of the order of the measurement noise of 3.5 mmHg (Spronck et al. 2015b).

6.4 Discussion

In this study, we assessed the potential baroreflex-mediated effect of carotid applanation
tonometry on blood pressure and heart rate. We found no statistically significant dif-
ferences. Given the power of our study, the observed differences wouldn’t be clinically
relevant either.

In a Czermak-Hering test, baroreflex activation is deliberately triggered by applying
external pressure to a subject’s left and right carotid sinuses. Why applanation tonometry
does not cause baroreceptor activation, whereas a Czermak-Hering test does, can be ex-
plained as follows. First, tonometry is typically performed on the common carotid artery,
whereas during the Czermak-Hering test, pressure is applied to the carotid sinus, which
is located more distally. Second, tonometry is performed unilaterally (as opposed to bi-
lateral application of pressure in the Czermak-Hering test). However, it should be noted
that unilateral carotid sinus massage is also known to activate a baroreceptor response, a
technique used to treat supraventricular tachycardia (Schweitzer and Teichholz 1985).

It has to be mentioned that applanation tonometry was performed by an experienced
research nurse in our study, using only minimal applanation force. Care was taken to
perform applanation at a site about 2 cm proximal to the carotid sinus. In addition,
pressure on the carotid sinus by e.g., resting the researcher’s hand there, was avoided.
Less-experienced researchers are likely to use more force, thereby imaginably increas-
ing the probability of unwanted baroreceptor activation. Regardless of the cause, the
researcher performing transit time pulse wave velocity measurements should assert that
tonometry measurements taken at the different measurement sites are obtained at equal
hemodynamic conditions.

Our protocol consistently started with carotid tonometry followed by femoral tono-
metry (see timeline, Fig. 6.1A). As subjects were in supine position, typically for 10–
15 min, a further acclimatisation over time could have occurred. Because, on average, the
carotid tonometry acquisitions were taken at an earlier time than the femoral tonometry
acquisitions, this might have influenced our results. To assess this potential error, we re-
processed all our results, excluding the first carotid (c) and last femoral (f) acquisition.
The sequence of measurements now read “f-c-f-c”, as compared to “c-f-c-f-c-f” originally
(Fig. 6.1A). Re-processed results remained comparable: differences in heart rate, pulse,
diastolic, and systolic pressures were −0.3±2.1 bpm, −2.4±6.1 mmHg, 0.5±3.9 mmHg,
and −1.5± 6.6 mmHg, respectively (all p > 0.05). Maximum absolute differences were
1.1 bpm for heart rate and ≤ 4.9 mmHg for blood pressures.

Methods for cfPWV assessment can be divided into sequential and simultaneous ones.
Using a sequential method (typical device: SphygmoCor, AtCor Medical), carotid and
femoral tonometry are not performed simultaneously. In the case of carotid baroreceptor
activation as investigated here, the use of such a method would lead to the combination
of two acquisitions at different hemodynamic conditions into one pulse wave velocity
measure as discussed previously. Using a simultaneous method (typical device: Com-
plior, Alam Medical, Vincennes, France), carotid and femoral tonometry are performed
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simultaneously. In this case, hemodynamic conditions are, by their nature, equal during
carotid and femoral tonometry. Millasseau et al. (2005) have compared cfPWVs acquired
using both methods and found no statistical differences when signals were processed
equally. Their finding that differences in hemodynamic conditions during carotid and
femoral tonometry are indeed small corroborates our findings.

6.4.1 Conclusions

We conclude that in our study, carotid artery tonometry as performed by an experienced
researcher did not cause significant baroreceptor activation. Carotid artery tonometry
influenced heart rate by at most 1.6 bpm and peripheral blood pressure by no more than
3.5 mmHg, which both appear clinically insignificant.
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Chapter 7

Abstract

During ultrasound distensibility assessment of the carotid artery, the patient’s head is
usually rotated sidewards and slightly upwards to optimise visibility of the carotid seg-
ment. Head rotation may affect vessel length and thus the longitudinal strain of the
arterial segment. Because the longitudinal and circumferential mechanical behaviour of
an artery are intrinsically related, head rotation may influence circumferential mechan-
ics and thereby measured distensibility. In twelve apparently healthy volunteers (age
22± 3 yrs (mean± SD), 6 male/6 female), we investigated whether head rotation led to
a change in absolute and relative distension of the common carotid artery by performing
ultrasound examinations with the head in two orientations. Additionally, common carotid
artery length was measured in both orientations with magnetic resonance imaging to as-
sess whether indeed a change in length occurred due to head rotation. Rotation-induced
longitudinal strain was calculated from these lengths. We found a significant decrease
of 0.054mm (6.8%, p = 0.001) and 0.007 (5.6%, p = 0.019) in absolute and relative
distension with head rotation, respectively. Magnetic resonance imaging measurements
showed a significant rotation-induced longitudinal strain of 1.7± 2.3% (p = 0.032). We
conclude that consistent head rotation during a common carotid artery ultrasound as-
sessment causes a significant and clinically relevant bias in carotid artery distension mea-
surements. The impact of unstandardised use of head rotation in studies with carotid
distensibility as an outcome measure can therefore not be neglected; thus, standardisa-
tion is highly recommendable.

7.1 Introduction

C AROTID artery distensibility is a measure of vascular function in clinical-
epidemiological research, specifically recommended for biomechanical
investigations on vascular stiffness (Hoeks et al. 1990; Laurent et al. 2006).

Recently, reference values for local carotid artery stiffness have been established
(Engelen et al. 2015), supporting its clinical application as a diagnostic marker for
vascular dysfunction.

During ultrasound (US) assessment of carotid artery distensibility, the patient’s head is
usually rotated sidewards and slightly upwards to optimise visibility of the carotid seg-
ment (Fig. 7.1). However, the extent of head rotation during these assessments is not
explicitly standardised, introducing noise in the estimate. The head orientation may
affect the vessel length and thus the longitudinal strain of the arterial segment. Be-
cause of the intrinsic relationship between longitudinal and circumferential mechanical
behaviour of an artery, longitudinal strain may influence measured distensibility (Dobrin
1978; Humphrey 2002).

In the present study, we investigated whether head rotation led to a change in absolute
and relative distension of the common carotid artery (CCA) by performing US assessments
with the head in two orientations. In both orientations, CCA length was estimated using

90



7

Axial stretch dependence of arterial stiffness

magnetic resonance imaging (MRI) to assess whether indeed a change in length occurred
due to head rotation.

7.2 Methods

7.2.1 Study population

Twelve young, apparently healthy volunteers (age 22± 3 yrs, mean± standard deviation
(SD), 6 male/6 female) were recruited for this study. The only exclusion criteria were the
standard MRI contraindications (pacemaker, nerve stimulator, metallic devices/implants,
and severe claustrophobia). The local ethics committee approved this study and written
informed consent was obtained from all participants before enrolment. Due to logistic
reasons, the MRI examination of one subject could not be performed.

7.2.2 MRI measurements

MRI measurements were acquired using a 3T whole-body MR system (Achieva TX; Philips
Healthcare, Best, The Netherlands). Before the measurements, the subjects rested in su-
pine position on the MRI examination table for at least 10 minutes. Three ink markers
(Fig. 7.1) were drawn on the subjects’ sternal notch (fossa jugularis sternalis), chin and
right mandibular angle (angulus mandibulae dexter). The distances between these mark-
ers were measured in both orientations in order to reproduce both orientations during the
US measurements, which were performed 15–30 minutes after the MRI measurements.
After the resting period, the subjects were asked to rotate their head to the left (approx-
imately 50◦) and tilt it to the back, referred to as the rotated orientation (Fig. 7.2). If
required, sand bags were added for additional support. The distances between the three
applied markers were measured, after which the subject was inserted in the scanner and
a single measurement in the rotated orientation was acquired. After this measurement,
the subjects were asked to rotate their heads back to a natural orientation (nose pointing
upwards and no tilting backwards) while inside the scanner, referred to as the normal ori-
entation (Fig. 7.2). After the measurement in the normal orientation, the subjects were
retracted from the scanner and the distances between the three markers were measured
again.

For the MRI measurements, a standard multi-slice coronal phase-contrast angiography
scan (3D T1 fast field echo technique) was used. Scan parameters were as follows: repeti-
tion time 10 ms, echo time 3.8 ms, flip angle 15◦, velocity encoding 70cm/s, field of view
300×150×50 mm, acquisition matrix 256×122, reconstructed voxel size 0.59×0.59×
1.00 mm, 50 overcontiguous slices of 2 mm thickness, and number of signal averages 2.
The measurements were acquired with an integrated body coil.

After these measurements, the subjects walked approximately 200 m, accompanied by
one of the researchers, to the US examination room. Both MRI and US measurements
were performed on the same day and within one hour. The subjects were not allowed to
drink, eat, or smoke in between the measurements.
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Figure 7.1: Common carotid artery ultrasound and magnetic resonance imaging (MRI) were per-
formed with both the head in a normal and rotated orientation. MRI was used to assess a
potential change in common carotid artery length, while ultrasound was used to meas-
ure the artery’s cyclic diameter parameters. The black stars indicate the locations of
the three applied markers used to reproduce the two head orientations. εE, longitudi-
nal vessel strain; L, vessel segment length; Ds and Dd, systolic and diastolic diameter,
respectively.

7.2.3 US and blood pressure measurements

After the subject rested at least 10 minutes in supine position, US measurements were
performed using a MyLab 70 VGX ultrasound system (Esaote Europe; Maastricht, The
Netherlands), equipped with an ART.LAB module and a 40mm wide 7 − 13MHz lin-
ear array transducer. US measurements were performed at the right CCA segment with
the region of interest centred at 1.5 cm proximal to the start of the carotid bifurcation.
Measurements of the two orientations were performed in alternation and in triplicate
(scheme: rotated – normal – rotated – normal – rotated – normal) by an experienced vas-
cular research technician (J.O.R.) in a quiet, temperature-controlled room (22◦). Each
orientation was reproduced before the US measurement by checking the measured dis-
tances between the three ink markers. Again, sand bags were used for support if required.
Throughout the US session, three repeated oscillometric blood pressure readings were ob-
tained at the right upper arm (Omron 705IT; Omron Healthcare Europe, Hoofddorp, The
Netherlands).

The US system was operating in ART.LAB fast B-mode with electrocardiogram trigger-
ing, producing 31 M-mode lines spaced over a segment of about 29 mm. Maximal frame
rate was approximately 300Hz (temporal resolution 3.3 ms), determined by the number
of M-lines and the pulse repetition frequency. The latter depends on the maximal depth
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Figure 7.2: Overview of the normal (left) and rotated (right) head orientations, observed from a
transversal (top row) and frontal (bottom row) point of view. The inclinometer indicates
the degree of sidewards rotation, which was approximately 50◦ for all subjects.

range of the US measurement and was 9 kHz for superficial arteries like the carotid artery.
It should be noted that we could not perform MRI and US measurements simultane-

ously and in the same room due to the strong magnetic field of the MR system. Care was
taken to measure in identical conditions during MRI and US measurements by having
similar head positions as guided by ink markers and by keeping the time between the
measurements as short as possible.

7.2.4 MRI analysis

MRI datasets were reformatted into curved 3D multi-planar reconstructions using the
Osirix software package (Pixmeo; Bernex, Switzerland). This rendering technique en-
ables one to measure the length of complex, tortuous structures such as blood vessels.
Three trained observers (R.H., B.S. and G.C.), who where blinded to head orientation and
to subject identity, independently identified and marked the flow divider of the brachio-
cephalic artery bifurcation (start point) and the flow divider of the right carotid artery
bifurcation (end point; Fig. 7.1). Subsequently, they placed additional markers in the
centre of the lumen of the right CCA in between start and end points. By calculating a 3D
Bézier path through all these markers, the length of the right CCA was determined once
by each observer for both orientations. The three measurements per orientation were av-
eraged by taking the median over the three observers, giving one normal length (Lnormal)
and one rotated length (Lrotated) of the right CCA per subject. The rotation-induced lon-
gitudinal strain (εE) of the right CCA was then calculated as follows:

εE =
Lrotated − Lnormal

Lnormal
. (7.1)
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7.2.5 US and blood pressure analyses

The three repeated blood pressure readings were averaged to obtain one, orientation-
independent average value for systolic blood pressure (SBP) and diastolic blood pressure
(DBP). Ultrasound radiofrequency data was processed with a MATLAB (The MathWorks,
Natick, MA, USA) program, according to the technique developed and reported by Hoeks
et al. (1999). The global positions of the near and far vessel walls at the proximal and
distal end of the CCA segment in the acquired US images were manually indicated by
the same experienced vascular research technician who performed the measurements
(J.O.R.). The MATLAB program automatically (operator-independently) traced the exact
location of the complete vessel wall for every timeframe by wall tracking. No manual in-
terventions were performed during or after this analysis and thus no actual differences in
processing exist between the two orientations. Based on the electrocardiogram, consec-
utive heartbeats were segmented to obtain beat-to-beat diastolic diameter, and absolute
and relative distension values. Absolute distension (∆D) was defined as the difference
between systolic and diastolic arterial diameters (Ds and Dd):

∆D = Ds − Dd . (7.2)

Relative distension was subsequently calculated as ∆D/Dd.
Dd, and ∆D and ∆D/Dd were obtained for each M-line, spatially averaged over all

lines, and then averaged over all heart beats by taking the median value, yielding a single
value for these three parameters per measurement. Using these values combined with
brachial SBP and DBP, the corresponding distensibility coefficient (DC) was calculated as
(Hoeks et al. 2008):

DC=
∆A

Ad (SBP−DBP)
=
(Dd +∆D)2 − D2

d

D2
d (SBP−DBP)

, (7.3)

with Ad the diastolic lumen cross-sectional area and ∆A the change in lumen cross-
sectional area between diastole and systole. Local carotid pulse wave velocity (cPWV)
is subsequently calculated as

cPWV =

√

√ 1
ρ ·DC

, (7.4)

with ρ = 1.050 kg/L the blood mass density.
The three repeated parameter values were subsequently averaged by taking the median

value, yielding one value per orientation for each subject. Group averaged means± SDs
of the subject values are reported. Measurement variability was assessed as follows: The
variance of the three repeated measurements was calculated per orientation for the entire
study group; the square root of the average of these variances from the two orientations of
all individuals is the measurement variability (intra-subject SD, Bland and Altman 1996).

7.3 Results

Table 7.1 shows the US and MRI parameters of the right CCA for both orientations, show-
ing significant decreases of 0.054mm (6.8%, p = 0.001) and 0.007 (5.6%, p = 0.019) in
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Table 7.1: Ultrasound, blood pressure and magnetic resonance imaging parameters of the right
common carotid artery (CCA) in normal and rotated orientations

Parameter Unit Head orientation Intra-subject SD p*

Normal Rotated Normal Rotated

Ultrasound and blood pressure (n= 12)

∆D mm 0.789±0.123 0.735±0.115 0.035 0.047 0.001
∆D/Dd - 0.124±0.018 0.117±0.021 0.007 0.011 0.019
Dd mm 6.37±0.71 6.32±0.66 0.22 0.28 0.595
IMT µm 539±64 510±46 40 31 0.053

SBP mmHg 129.9± 13.1 2.9
DBP mmHg 71.8± 8.3 3.0

DC MPa−1 34.8±6.1 32.8±7.1 2.3 3.1 0.018
cPWV m/s 5.29±0.47 5.49±0.64 0.16 0.27 0.025

Magnetic resonance imaging (n= 11)

L cm 9.88±1.27 10.03±1.15 0.10 0.10 0.055
εE % 1.7± 2.3 1.2 0.032

Values are given as mean± standard deviation (SD), *p-value, paired student t-test. ∆D, absolute
distension; ∆D/Dd, relative distension; Dd, diastolic diameter; IMT, intima-media thickness; SBP
and DBP, brachial systolic and diastolic blood pressures, respectively; DC, distensibility coefficient;
cPWV, carotid pulse wave velocity; L, common carotid artery length; εE, common carotid artery
longitudinal strain.

absolute and relative distension with head rotation, respectively. Diastolic diameter and
intima-media thickness did not change significantly with head rotation. The intra-subject
SDs of 0.042 mm and 0.009 for absolute and relative distension, respectively, showed that
the measurement variability was at least two times smaller than the variability between
subjects (Table 7.1). The MRI measurements showed a significant rotation-induced lon-
gitudinal strain (εE) of the right CCA of 1.7 ± 2.3% (p = 0.032), with an intra-subject
SD of 1.2%. DC showed a significant increase with head rotation, while cPWV showed a
significant decrease. R-R interval did not vary with head rotation (p = 0.961).

7.4 Discussion

In this study, we assessed the potential bias in absolute and relative distension as a result of
head rotation during ultrasound assessment of the CCA. The MRI measurement confirmed
the presence of a rotation-induced longitudinal strain of the CCA segment.

The present study investigates the effect of consistent head rotation on carotid artery
distension. In practice, positioning of the subject’s head is performed at the discretion of
the sonographer. The present findings suggest that unstandardised (or unrecorded) use of
head manipulation introduces noise in distension measurements. Further standardisation
of head orientation is highly recommendable, especially for smaller-scale intervention
studies focussing on changes in carotid mechanics over time and with therapy.

The practical relevance of our findings becomes evident when considering the refer-
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ence values for carotid artery distensibility (Engelen et al. 2015). Engelen et al. (2015)
showed that the difference in carotid distension between the healthy sub-population and
the sub-population with prior cardiovascular disease is about 0.10 mm. Engelen et al.
(2015) also studied a subgroup of subjects without prior cardiovascular disease that are
not treated using medication that lowers BP, lipids, and/or glucose. In this subgroup,
distension in subjects with at least one cardiovascular risk factor (i.e., smoking and self-
reported diabetes) was found to be 0.05 mm smaller than in subjects without risk factors.

Considering the rotation-induced change of 0.054mm in absolute distension that we
detected (Table 7.1), the impact of unstandardised head rotation in studies with carotid
distensibility as an outcome measure cannot be neglected. The present findings suggest
that standardisation of head rotation is needed to enable unbiased measurement of dis-
tension.

Pressure measurements were not taken at a specific head orientation. A systematic
change in blood pressure between orientations is unlikely, as pulse pressure is determined
by the stroke volume of the heart and the compliance of the complete arterial system.
A change in stroke volume with head rotation is not to be expected, but carotid artery
compliance may slightly change due to the extra longitudinal strain induced by head
rotation. However, as the carotid artery compliance forms only a small part of the total
arterial compliance, a change in pulse pressure is highly unlikely. Under the assumption
that pulse pressure and diastolic blood pressure remain constant, the observed changes
in distension with head rotation will propagate into changes in DC and cPWV (Table 7.1).

DC and cPWV as calculated in this study (Table 7.1) were based on brachial pressure
measurements. Ideally, local carotid pressure measurements would be used to calculate
DC and cPWV. These measurements were unavailable in this study. Generally, using a bra-
chial pressure measurement as a surrogate for local carotid blood pressure overestimates
pulse pressure and SBP. Therefore, the reported DC values may slightly underestimate true
DC values, while the reported cPWV values may overestimate true cPWV values. How-
ever, as no change in blood pressure is expected with head rotation, the use of brachial
instead of carotid pressures only influences the absolute values of cPWV and DC, and does
not influence the observed changes in DC and cPWV with head rotation.

During an US assessment, no substantial force is exerted by the transducer on the skin,
as this is not required for proper imaging. Even the larger force that would be applied
when carotid applanation tonometry is performed does not cause significant baroreceptor
activation (Spronck et al. 2016b). Therefore, we assume that US assessment did not cause
baroreceptor activation either.

The substantial intra-subject SD of εE is likely due to the difficulty the three observers
had to identify the reference point in the brachiocephalic bifurcation. A 3D isotropic MRI
scan sequence could improve the accuracy of vessel segment length determination. More
measurements might also improve the accuracy of the estimate, though at the expense of
confounding memory effects of the observers.

The present study was performed in a relatively small study population of only young
healthy individuals. However, the population was large enough to detect a significant
change in carotid artery distension, due to the head rotation, that is also clinically sig-
nificant. Because we only estimated the effect of head rotation on distension in young
healthy individuals, no direct statements can be made about the magnitude of this effect
in elderly subjects. The observed effect of head rotations on distension could potentially
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be used to improve the quantification of age-related changes in mechanical properties of
the arterial wall constituents, as follows. Previously, we have used pressure and diameter
measurements (i.e., the pressure-diameter relation) to quantify age-related changes in
mechanical properties of the collagen-elastin matrix in the carotid artery wall (Spronck
et al. 2015a). These matrix properties were estimated by means of fitting a biomechanical
model to the measurements. The present study implies that carotid pressure-diameter re-
lations can effectively be measured at two in vivo lengths, instead of one, as is common
in other studies including our previous work. Measuring in two experimental conditions
would double the amount of information that can be obtained and may thus improve the
accuracy of non-invasive assessment of arterial biomechanics.

We conclude that consistent head rotation during a common carotid artery US assess-
ment causes a significant and clinically relevant bias in carotid artery distension. The
impact of unstandardised use of head rotation in studies with carotid distensibility as
an outcome measure can therefore not be neglected and thus standardisation is highly
recommendable.
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Chapter 8

Abstract

Aging has a profound influence on arterial wall structure and function. We have pre-
viously reported the relationship between pulse wave velocity, age, and blood pressure
in hypertensive subjects. In the present study, we aimed for a quantitative interpreta-
tion of the observed changes in wall behaviour with age using a constitutive modelling
approach. We implemented a model of arterial wall biomechanics and fitted this to the
group-averaged pressure-area (P-A) relationship of the “young” subgroup of our study
population. Using this model as our take-off point, we assessed which parameters had to
be changed to let the model describe the “old” subgroup’s P-A relationship. We allowed
elastin stiffness and collagen recruitment parameters to vary and adjusted residual stress
parameters according to published age-related changes. We required wall stress to be
homogeneously distributed over the arterial wall, and assumed wall stress normalisation
with age by keeping average “old” wall stress at the “young” level. Additionally, we re-
quired axial force to remain constant over the cardiac cycle. Our simulations showed a
shift in pressure load bearing from elastin to collagen, caused by a decrease in elastin
stiffness and a considerable increase in collagen recruitment. Correspondingly, simulated
diameter and wall thickness increased by about 20% and 17 %, respectively. The lat-
ter compared well with a measured thickness increase of 21%. We conclude that the
physiologically realistic changes in constitutive properties we found under physiological
constraints with respect to wall stress could well explain the influence of aging in the
stiffness-pressure-age pattern observed.

8.1 Introduction

I T is well established that aging has a profound influence on arterial wall structure
and function. Previously, we non-invasively established that in clinical hyperten-
sion patients, the commonly observed increase in pulse wave velocity (PWV) with

BP could be directly predicted from the nonlinearity of the pressure-area (P-A) relation-
ship, and does not require a change of the P-A relationship itself (Spronck et al. 2015b,
methods reproduced in Appendix 8.A1). With age, however, we did find a shift of the
P-A relationship to larger areas and an increase in steepness of the relationship, together
corresponding to an increase in PWVs (Spronck et al. 2015b, main findings reproduced
in Table 8.1). The BP–age–stiffness pattern is merely descriptive and does not readily
reveal any mechanistic insight. The BP dependence of arterial stiffness is known to be
directly linked to arterial wall matrix constitution and actual distribution of mechanical
load, while age-related changes also entail adaptive responses to load. In the present
study, we used a constitutive modelling approach for a quantitative interpretation of the
previously observed age- and pressure-related differences in arterial stiffness. Such an
approach could potentially be applicable in a broad range of clinical studies focusing on
arterial wall remodelling.

Constitutive modelling of the arterial wall has been used for a variety of applications
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Table 8.1: Previously obtained pulse wave velocities for predefined pressure ranges in relation to
age

SBP/DBP
[mmHg]

Pulse wave velocity, m/s

Mean age: 41 yrs (“young”) Mean age: 64 yrs (“old”)

120/80 7.2 10.9
160/90 8.1 12.2

Stiffness, as indicated by pulse wave velocity (PWV), is shown for normotensive (120/80mmHg)
and hypertensive (160/90mmHg) pressure ranges for the 2 age groups studied. Carotid artery
PWV values were derived from the exponentially modelled pressure-area curves via Bramwell-Hill
for the “young” and “old” groups. SBP, systolic blood pressure; DBP, diastolic blood pressure.

(Holzapfel and Ogden 2010a) such as studies of aneurysm rupture or of arterial remodel-
ling. However, the number of studies that apply constitutive modelling to in vivo measured
data is limited.

In 2003, Schulze-Bauer and Holzapfel (2003) used a Fung-type combination of strain
energy functions to describe the mechanical behaviour of the thoracic aorta of one nor-
motensive and one hypertensive subject. Their model, however, does not explicitly model
the three major constituents of the wall, i.e., collagen, elastin and vascular smooth muscle
(VSM).

Stålhand et al. followed a similar approach in 2004–2006, using invasively measured
pressure data from a healthy volunteer (Stålhand and Klarbring 2005; Stålhand and Klar-
bring 2006; Stålhand et al. 2004). In 2009, Stålhand expanded his model by including
explicit isotropic and anisotropic parts, separating the anisotropic contribution of collagen
from the other vascular constituents (Stålhand 2009).

In 2011, Åstrand et al. published a study (Åstrand et al. 2011) in which they used
the approach described by Stålhand (2009) to assess constitutive parameters in thirty
healthy volunteers divided into three age groups. One of their remarkable findings was
an increase of the elastin structure stiffness with age. This finding could be explained
ultrastructurally by the mechanism of elastocalcinosis. Although it is established that
elastocalcinosis is associated with an increased overall artery stiffness (2), it can be ques-
tioned whether this increase is due to either an increased stiffness of the load-bearing
elastin, or a shift in load bearing to the stiffer collagen due to elastin fibre rupture. The
current paradigm of arterial aging, in which the elastin structure is thought to degrade or
rupture with age (Wagenseil and Mecham 2012), suggests a decrease in stiffness of the
elastin structure.

Masson et al. proposed a three-constituent model for clinical application in 2008 (Mas-
son et al. 2008). The study by Masson et al. differs from the aforementioned stud-
ies (Åstrand et al. 2011; Schulze-Bauer and Holzapfel 2003; Stålhand 2009; Stålhand
and Klarbring 2005; Stålhand and Klarbring 2006; Stålhand et al. 2004) in two ways.
Firstly, Masson et al. measured blood pressure non-invasively using tonometry, whereas
the earlier studies used invasive catheter measurements. This makes the entire data-
acquisition non-invasive and increases the potential to include larger numbers of subjects.
Secondly, Masson et al. assessed wall thickness patient-specifically by measuring intima-
media thickness. The other studies used a population-based equation to estimate wall
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thickness, ignoring potential patient- and group-specific differences.

In 2011, Masson et al. used their model to evaluate 16 normotensive and 25 hyper-
tensive subjects (Masson et al. 2011). Although their results were promising in showing
the potential of non-invasive assessment of age- and blood pressure-induced changes in
wall constituents, their study had the limitation that fourteen parameters were estimated
based on only the pressure-area curve. Therefore, the uniqueness of the obtained para-
meter values obtained is questionable.

In the present study, we modified a mathematical model developed by Zulliger et al.
(2004b), and used this to quantitatively assess the constitutive changes with aging in the
carotid artery that we became aware of due to the stiffness–BP–age pattern previously
found (Table 8.1, Spronck et al. 2015b). The model considers the arterial wall to be
composed of an extracellular matrix consisting of elastin and collagen embedded with
VSM, with the three constituents homogeneously distributed in the wall. VSM is assumed
to be oriented/acting in circumferential direction (i.e., anisotropically), while elastin is
assumed to behave isotropically. Collagen is assumed to be anisotropic and oriented in
two symmetric helices, as proposed by e.g., Holzapfel et al. (2000). The model also
includes parameters to incorporate changes in residual stress as they occur with aging of
the artery wall (Saini et al. 1995; Zulliger and Stergiopulos 2007).

We explicitly chose to:

1. focus on modelling the transition from “young” to “old” artery wall mechanics (i.e.,
“aging”), varying only five selected parameters, to avoid overfitting and related
interpretation problems;

2. investigate changes in stiffness and recruitment of the different wall constituents
and resulting changes in load bearing;

3. assess changes in wall geometry related to wall stress;
4. use clinically obtained measurements in hypertensive patients. We measured these

patients under untreated (baseline) and treated (repeat) conditions. The data thus
obtained at two distinct pressure ranges, allow evaluation of the consistency of the
model outcomes; and

5. use non-invasive data, including echographic estimation of wall thickness, i.e.,
intima-media thickness.

Our approach addresses the limitations of previous work, in which either a very large
number of parameters was fitted (e.g., (Masson et al. 2011)), the wall constituents were
not explicitly modelled (e.g., (Åstrand et al. 2011), omitting VSM), or an estimated in-
stead of a measured reference for wall thickness was used (Masson et al. 2011; Masson
et al. 2008).

We evaluate our quantitative modelling approach and discuss the potential value of
constitutive model-based interpretation of clinical patient data. Explicitly, we are not pro-
posing a new model per se, but instead are focusing on interpreting clinical measurements
using an established constitutive model with only minimal modifications. Such a model-
based interpretation may offer insight into the individual patient’s arterial biomechanical
state, as needed in e.g., stiffness-treatment studies targeting specific wall constituents.
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Table 8.2: Study group characteristics

Parameter Unit Age group

“young” age <50 yrs “old” age >50 yrs

n - 6 7
Sex # m/f 3/3 5/2
Age yrs 41±6 64±9*

Height cm 174±6 174±8
Weight kg 82±18 85±9
BMI kg/m2 27±4 28±2
Meds DDD 1.0±1.4 0.6±1.1
SBP (Ps) mmHg 149±17 174±34
DBP (Pd) mmHg 95±12 92±4
PP (Pp) mmHg 54±14 82±33
Ad mm2 46±9 59±17
An mm2 50±11 61±17
As mm2 51±11 62±17
Carotid CC (C) 10−2 mm2/mmHg 8.8±3.2 4.8±1.1*

IMT mm 0.65±0.08 0.79±0.23
Carotid PWV (vcar) m/s 8.4±1.2 12.7±2.9*

Aortic PWV (vao) m/s 8.8±1.0 11.1±1.8*

Values are Mean± SD. Meds denotes antihypertensive medication in daily defined dose (DDD).
BMI, body mass index; PP, pulse pressure; Ad, An, and As, diastolic, dicrotic notch, and systolic
carotid artery cross-sectional area, respectively (based on adventitia-adventitia distance); CC, com-
pliance coefficient; IMT, intima-media thickness; vcar, local carotid PWV based on the Bramwell-Hill
equation; vao, aortic PWV based on carotid-to-femoral transit time. Sex differences (f, female; m,
male) were not statistically significant (p = 0.59, Fisher’s exact test). *p < 0.05, for difference
between age groups (Wilcoxon rank-sum test).

8.2 Methods

8.2.1 Pressure-area curve data acquisition and processing

Data acquisition and patient data used for the present study are extensively described in
Appendix 8.A1. The study protocol conformed to the Declaration of Helsinki (updated
Seoul 2008) and was approved by the Maastricht University medical ethics committee.
Study subjects were recruited from patients attending an outpatient hypertension clinic.
Measurements were performed at inclusion (baseline) and repeated after three months
(repeat) for each individual. P-A relationships were obtained at each visit (Spronck et al.
2015b, method summarised in Appendix 8.A1). Intima-media thickness was determined
as described previously (Hoeks et al. 1997; Van Bortel et al. 2001; Willekes et al. 1999).
To critically evaluate the consistency of our approach, we used baseline and repeat data
from n= 13 patients whose blood pressure was clearly reduced at repeat. We divided the
group into a “young” group (age < 50 yrs, n = 6) and an “old” group (age > 50 yrs, n =

7). Baseline characteristics of both groups are shown in Table 8.2. The present analysis
focuses on the differences in carotid artery wall properties between the age groups.
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8.2.2 Constitutive modelling

In order to interpret the differences in measured biomechanical behaviour between age
groups, we implemented a constitutive model of the arterial wall (64). We approached
the group-averaged curve of the “young” patients as the reference state and, accordingly,
the “old” group’s data as the result of age-related changes in arterial wall matrix properties
and adaptation to wall stress. We specifically quantified to which extent elastin stiffness,
collagen recruitment and VSM characteristics needed to be modified to explain the age-
related differences in terms of pressure-area relation. We took into account long-term
homeostasis of wall stress in the wall (Åstrand et al. 2011; Matsumoto and Hayashi 1994;
Wolinsky 1972), independence of axial force on pressure (Avril et al. 2013; Brossollet and
Vito 1995; Fung 1990; Humphrey 2002; Weizsäcker et al. 1983), as well as changes in
residual strains with age (Saini et al. 1995; Zulliger and Stergiopulos 2007).

Model definition

A detailed description of the model used can be found in Appendix 8.A2. Our model,
which largely follows the model published by Zulliger et al. (2004b), distinguishes three
wall components: elastin, collagen and VSM. The mechanical behaviour of each of these
components is described by a strain energy function (SEF). SEFs provide a relationship
between stress and strain, and as such provide a convenient way of formulating con-
stitutive behaviour of hyperelastic materials (Humphrey 2002).

Elastin, assumed to be mechanically isotropic, is described by a convex SEF (Eq. 8.A4)
that is governed by parameter celast, which linearly scales the elastin stress-strain relation-
ship.

Collagen is assumed to be oriented in two symmetric helices at an angle of ±β0 with re-
spect to the circumferential orientation (Fig. 8.A1), similar to e.g., Holzapfel et al. (2000).
The SEF of a single collagen fibre (Eq. 8.A8) increases quadratically with strain. The fibre
SEF is convolved with a log-logistic engagement stretch distribution (Eq. 8.A5) to obtain
the SEF of the collagen ensemble. The latter function describes the probability that, given
a certain stretch, a collagen fibre is recruited. This distribution is governed by two pa-
rameters: 1) b, a scaling parameter which, for increasing values, shifts the log-logistic
probability density function to the right, causing collagen to engage at higher strains.
At the same time, probability density function height decreases and variance increases.
2) k, a shape parameter which, for increasing values, results in a higher maximum and a
narrower distribution, thus causing collagen to engage more abruptly.

VSM is assumed to be oriented circumferentially (Hahn and Schwartz 2009; Rachev
and Hayashi 1999). The VSM SEF (Eq. 8.A10) results in a linear stress-strain relation-
ship when VSM is maximally contracted. Parameter cVSM linearly scales this relationship,
analogous to celast in the elastin SEF. Myogenic behaviour is implemented by means of a
sigmoid-shaped scaling function (S1, Eq. 8.A12). The location and dispersion of the curve
are determined by parameters µ and σ, respectively.

Four additional model parameters, i.e., cross-sectional wall area (Aw), the zero-stress
inner radius (Ri), the longitudinal stretch ratio (λz), and the opening angle (α) were
used to fit the model to the “young” group data (Cowin and Humphrey 2001). Notably,
we defined our opening angle from the center of the stress-free (cut open) configuration
(Fig. 8.A1).
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Figure 8.1: Resultant constitutive model curves (thin lines) based on measured age group-specific
pressure-area (P-A) data (thick lines). Circles indicate diastolic (Pd,group) and systolic
(Ps,group) pressures in both groups. Fitting considered a pressure range of Pd,group −
15 mmHg to Ps,group + 15mmHg. The “old” group curve shown was obtained by fit-
ting the “young” constitutive model to the “old” P-A data under wall stress and axial
force constraints (see Fig. 8.2B). Means± SD in A-direction.

Age group data averaging for fitting

For each individual we fitted a single exponential (SE) function (Eq. 8.A3) to the measured
P-A data, as further detailed in Appendix 8.A1. To obtain group averaged pressure-area
relations for the “young” group (group=“young”, n = 6) as well as for the “old” group
(group=“old”, n= 7), curves from individual SE models were averaged in A-direction:

Agroup(P) =
1
ns

ns∑

j=1

A j(P) =
1
ns

ns∑

j=1

�

Ad, j

�

1+
1
γ j

ln

�

P

Pd, j

���

, (8.1)

where ns is the number of subjects in each group and j is the subject number. A j is subject
j’s pressure-area relationship as given by the inverse of Eq. 8.A3.

For fitting purposes, we assumed that the group averaged SE models were valid for
P ∈ �Pd,group − 15 mmHg , Ps,group + 15 mmHg

�

, where Pd,group and Ps,group are the group-
averaged diastolic and systolic pressures (Fig. 8.1). Fitting was performed using rgroup =
Ç

Agroup

π instead of Agroup for convenience.

Fit procedure

As the used echo tracking tool (RFQAS, Esaote Europe) considers the media-adventitia
echoes of near and far walls, we assumed the measured rgroup to reflect common carotid
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Figure 8.2: Block diagrams summarising the performed model fits on the P-A relations of the
“young” (A) and “old” (B) patient groups. LSQ optimiser, nonlinear least-squares op-
timiser. Aw: cross-sectional wall area; λz: longitudinal stretch ratio; α: opening angle;
Ri: zero stress inner radius, σθ : circumferential wall stress; σ̄θ : average circumfe-
rential wall stress; σθ ,o,MAPo

: “old” group average wall stress at mean arterial pressure
(MAP); σθ ,y,MAPy

: “young” group average wall stress at MAP; F : reduced axial force;
IMT: intima-media thickness; VSM: vascular smooth muscle.

artery outer radius. Fitting was accomplished by varying model parameters (described
below) while minimising the sum of squared differences between model and measure-
ments (Fig. 8.2). The total sum of squares (SS,t) is the weighted sum of a radius term and
one or two wall stress related terms, as explained below.

Circumferential wall stress was forced to be distributed homogeneously along each
radial position of the wall at mean arterial pressure (MAP) (i.e., wall stress homogenisa-
tion), in both the “young” and “old” situations. MAP (Pm,group)) was defined as Pm,group =

0.6Pd,group + 0.4Ps,group. For the “old” group fits, average circumferential wall stress
(σθ ,o,MAPo

) at MAP could optionally be forced to remain at the “young” group level (i.e.,
wall stress normalisation).

The normalised radius sum of squares (SS,r) between measured (r j) and modelled

106



8

Constitutive modelling interpretation of carotid artery ageing

(rconst, j) radii is given by

SS,r =
1
nr

1

r2
y,d

nr∑

j=1

�

rconst, j − r j

�2
, (8.2)

with nr the number of data points and ry,d the average diastolic radius for the “young”
group.

Wall stress difference (DS,σ,n) is formulated as a squared difference between average
wall stresses in “young” and “old” groups, both at their respective MAP:

DS,σ,n =
1

σ̄2
θ ,y,MAPy

�

σ̄θ ,o,MAPo
− σ̄θ ,y,MAPy

�2
, (8.3)

with σ̄θ ,o,MAPo
the “old” group’s average wall stress and σ̄θ ,y,MAPy

the “young” group’s av-
erage wall stress at MAP.

The degree of wall stress inhomogeneity is formulated as a sum of squares between
local wall stress and the average wall stress:

SS,σ,h =
1
ne

1

σ̄2
θ ,MAP

ne∑

e=1

�

σθ ,e,MAP − σ̄θ ,MAP

�2
, (8.4)

with ne the number of elements in which the wall is subdivided radially, σθ ,e,MAP the local
wall stress at MAP and σ̄θ ,MAP the average wall stress at MAP.

Axial force was kept constant over the fitting pressure range via the degree of axial
force inhomogeneity:

SS,F =
1
nr

1

F2
target

nr∑

j=1

�

F j − Ftarget

�2
, (8.5)

with F j the reduced axial force at a given pressure (cf. Eq. 8.A23). Reduced axial force
is clearly described by Holzapfel and Ogden (2010a) as the force applied in the axial
direction additional to that generated by the pressure on the closed ends of the tube. For
the “young” group, Ftarget was 0.5 N; a value based on a canine carotid artery (Patel et al.
1969). For the “old” group, Ftarget is defined as the mean F over the wall. In other words,
in the young group, reduced axial force is forced to remain constant at 0.5 N over the
fitting pressure range, whereas in the old group it is forced to remain constant, but at a
non-fixed value.

The four sums of squares (SS,r, DS,σ,n, SS,σ,h, and SS,F ) are combined into the total sum
of squares (SS,t) via

SS,t = wrSS,r + wσ,nDS,σ,n + wσ,hSS,σ,h + wF SS,F . (8.6)

wr , wσ,n, wσ,h, and wF are dimensionless weighting parameters, as specified in Table 8.3.
Fitting was performed using the trust-region-reflective algorithm, implemented in the
MATLAB Optimization Toolbox function LSQNONLIN (MATLAB R2014b, The MathWorks
Inc, Natick, Massachusetts, USA). Fitting was initiated from 100 random start points in the
parameter space using the MATLAB Global Optimization Toolbox function MULTISTART.
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Radius, wall stress, and axial force fit quality were assessed using their normalised mean
squared errors:

Er = 100% · 1
ry,d

√

√

√

√
1
nr

nr∑

j=1

�

rconst, j − r j

�2
= 100% ·ÆSS,r , (8.7)

Eσ,n = 100% ·
�

�

�

�

�

σ̄θ ,o,MAPo
− σ̄θ ,y,MAPy

σ̄θ ,y,MAPy

�

�

�

�

�

= 100% ·ÆDS,σ,n , (8.8)

Eσ,h = 100% · 1
σ̄θ ,MAP

√

√

√ 1
ne

ne∑

e=1

�

σθ ,e,MAP − σ̄θ ,MAP

�2
= 100% ·ÆSS,σ,h , and (8.9)

EF = 100% · 1
Ftarget

√

√

√

√
1
nr

nr∑

j=1

�

F j − Ftarget

�2
= 100% ·ÆSS,F . (8.10)

Fitted model parameters

Constitutive model fitting was performed with various combinations of fixed and fitted
parameters and constraints (Fig. 8.2 and Table 8.3). Fitting was first performed on the
“young” pressure-area curve, yielding a take-off parameter set consisting of 8 parameters
for subsequent fitting of the “old” P-A curve (Table 8.3).

Residual stretch related parameters (opening angle (α) and axial pre-stretch (λz)) were
fixed in the “young” situation and estimated from literature. Opening angle and axial pre-
stretch vary markedly along the vascular tree. In this study on the carotid artery, we chose
to fix “young” opening angle to 100◦, based on reported carotid artery opening angles of
110◦ (human, (14)) and 101.2◦ (non-human primates; Rhesus Macaques, Wang et al.
2014). We fixed our “young” pre-stretch to 1.20, based on Delfino et al. (1997) reporting
λz = 1.10, and Wang et al. (2014) reporting λz = 1.46.

In the “old” model, wall stress normalisation was added as an additional constraint.
Both the cross-sectional wall area and the zero-stress inner radius were fitted to yield the
final formulation of the “old” pressure-area fitted model (Fig. 8.2B).

Arterial residual strain is known to change with age (Zulliger and Stergiopulos 2007).
Zulliger and Stergiopulos (2007) derived population-based relations of aortic α and λz

with age, based on data by Saini et al. (1995) Using these formulas, we calculated aortic
opening angle and axial pre-stretch for our “young” (α = 373◦, λz = 1.26) and “old”
group’s ages (α = 407◦, λz = 1.19). Notably, these values are based on measurements
of the aorta, and cannot be used directly when modelling the carotid artery. Therefore,
subsequently, we calculated the percentage change with aging (α: +9%, λz: −6%), and
imposed these percentage changes onto our “old” group fits.

To assess the consistency of our measurement and modelling approach, we repeated
the fitting procedure using “young” and “old” data obtained under repeat, i.e., after anti-
hypertensive treatment, conditions.
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Statistical analyses

Statistical analyses were performed using MATLAB. Non-parametric Wilcoxon rank-sum
tests were performed to evaluate statistical differences between patient groups. p-values
≤ 0.05 were considered statistically significant. Unless otherwise indicated, values are
given as mean± SD.

8.3 Results

8.3.1 Source data: Study population and pressure-area curves

Table 8.2 summarises “young” and “old” group characteristics. Both groups exhibit ar-
terial hypertension at baseline. Age groups do not show statistical differences, except in
age, PWV, and compliance coefficient. Both aortic and carotid PWV in the “old” group
are increased with respect to the “young” group. However, pressures also differ between
groups. Table 8.1 shows carotid PWV for predefined pressure ranges, thereby enabling
BP-independent comparison of “young” and “old” carotid stiffness. As evident from this
table, PWV increases with age and with BP independently.

Fig. 8.1 shows the P-A curves for the “young” and the “old” groups (thick lines). With
respect to the “young” curve, the “old” curve is shifted to the right (higher cross-sectional
area). Additionally, the “old” working range extends to higher pressures, effectively lead-
ing to a steeper effective P-A curve working area and therefore a stiffer vessel.

8.3.2 Constitutive modelling

“Young” P-A fitting results

Our model was fully able to describe the “young” P-A relationship (Table 8.3, “young”
column). Fit errors were small (radial fit error Er = 2.8 · 10−2%, wall stress homogenisa-
tion error Eσ,h = 0.34%, and axial force error EF = 0.18%; not shown). Note the differ-
ence in magnitude between those errors, which is caused by the difference in weighting
of the radius and wall stress homogenization/axial force terms (Eq. 8.6). At MAP, elastin
bears approximately 70% of the load, whereas collagen and VSM bear the remaining
5% and 25%, respectively. Average wall stress at MAP was 81 kPa, which is in line with
physiological values (Carallo et al. 1999).

Preliminary “old” P-A fitting results

To investigate the performance of our constitutive modelling approach in describing
aging, we assessed several combinations of parameter changes with respect to the “young”
situation (not shown). Firstly, we tried to assess aging by varying only one component’s
parameters (i.e., only of elastin, only of collagen, or only of VSM) and not including
the wall stress homogenisation constraint. Fitting was unsuccessful in all of these cases,
leading to P-A curves that clearly deviated from the measured curves, with radial fit
errors > 1.5%. We continued our study by varying the parameters of sets of two com-
ponents, i.e., elastin and collagen; elastin and VSM; and collagen and VSM. Only the
elastin-collagen combination yielded a successful fit. At this point, we decided to focus
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Table 8.3: Relative changes in constituent parameters fitting “old” group pressure-area data with
“young” group fit as take-off condition

Parameter [unit] Fit range “Young” “Old”

Lower Upper

Weighting
wr [-] 10 10
wσ,n [-] 0 1
wσ,h [-] 1 1
wF [-] 1† 1

Parameter values
Geometrical

Aw [mm2] 10 100 14.4 +31%

Ri [mm] 1 10 4.0 +12%

λz [-] 1.20 −6%
α [◦] 100 +9%

Elastin
celast [kPa] 5.0 400 181 −14%

Collagen
k [-] 2.0 32.0 6.7 0%

b [-] 0.2 2.1 0.4 −30%

β0 [
◦] 0 90 40 −3%

VSM
cVSM [kPa] 5 100 77 ∗
µ [-] 1 10.0 3.2 ∗
σ [-] 0.05 1.0 0.14 ∗

Mean arterial pressure (MAP)
Pm [mmHg] 117 125

Wall loading at MAP
Pressure load bearing

Pelast [mmHg] (%) 82 (70%) 67 (54%)
Pcoll [mmHg] (%) 5 (5%) 34 (28%)
PVSM [mmHg] (%) 30 (25%) 23 (19%)

Collagen engagement
Cumulative density function, % 0.58 3.5

Average wall stress
σ̄ [kPa] 81 81
Model wall thickness [mm] 0.63 0.75

Diastolic model wall thickness [mm] 0.65 0.76

Parameter percentages are 100% · [“old” fit value− “young” fit value]/ [“young” fit value]. Residual
strain related parameters (λz and α) were taken from literature for the young group, as were their
changes with aging (see main text). Vascular smooth muscle (VSM) parameters were evaluated in
initial fits and kept constant in the final analysis, because incorporation of vascular smooth muscle
parameters would have led to overfitting. Parameter values and changes in italics were obtained by
means of fitting. *Parameter was kept constant at the value of the “young” group. †In the “young”
group, reduced axial force (F) was, in addition to being homogenised over the fitting pressure
interval, kept at 0.5N.
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on using elastin-collagen changes in describing aging, and not to include any additional
fitted parameters. The inclusion of additional (VSM) parameters would lead to an un-
derdetermined problem (i.e., overfitting). As such, the resulting fit would be of little
value.

“Old” P-A fitting results

As indicated, we focused on elastin and collagen as the two main structural substrates
of arterial aging. We added the constraint of wall stress normalisation (i.e., requiring
average wall stress in the “old” group to equal that in the “young” group), requiring
both Aw and Ri to be included as fitting variables to yield a successful fit (Fig. 8.2B).
Fitting results are given in Table 8.3 (“old”). Wall thickness showed a physiologically
realistic increase from 0.65 to 0.76 mm (measured wall thicknesses: 0.65 and 0.79 mm).
With aging, we observed a 14% reduction in elastin stiffness (celast), which, together with
changes in collagen recruitment from 0.58 to 3.5%, caused load bearing to shift from
elastin to collagen (elastin: from 70% to 54%, collagen: from 5% to 28%; Table 8.3).

Consistency of final model fitting results

The aforementioned results are based on P-A curves measured at baseline, with the pa-
tients on a less intensive anti-hypertensive regime (Spronck et al. 2015b). Though carotid
arteries operated at clearly different operating points due to anti-hypertensive treatment
in the repeat conditions, after 3.0 ± 0.6 months, we did not find significant P-A curve
changes. Repeat measurement MAPs were 100 mmHg and 107 mmHg for “young” and
“old”, respectively (Table 8.A1), while corresponding baseline MAPs were 117mmHg and
125mmHg. We utilised these (apparently similar) P-A data under different hemodynamic
conditions to check the consistency of our model outcomes. We obtained “young” and
“old” model fits to the repeat data. Overall, results were similar to those obtained with
the baseline data (Table 8.A1). Changes in Aw, Ri, and celast with aging were+27%,+11%,
and−11%, respectively (as compared to+31%, +12%, and−14% at baseline; Table 8.3).
Changes in collagen recruitment parameters k and b, however, were markedly different
at −22% and −16% (as compared to 0% and −30%). The reader is referred to the Discus-
sion section for further interpretation of these differences. In both “young” and “old” fits,
at baseline and repeat, collagen fibre angle (β0) remained within the range of 35− 40◦,
similar to Zulliger et al. 2004a.

Despite the difference in MAP between repeat and baseline, the age-related changes
in wall loading were similar (for elastin, collagen, and VSM, respectively −16, +23 and
−6 percent points at baseline and −15, +22, and −6 percent points at repeat; Table 8.3).
Expectedly, collagen engagement in the “old” group at repeat (2.6%) was slightly lower
than at the baseline visit (3.5%; Table 8.3), as was average wall stress (σ̄θ ,MAP) which
was 68 kPa under repeat conditions as compared to 81 kPa at baseline.
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8.4 Discussion

8.4.1 Key findings

In the present study, we used patient measurements to quantify age-related changes in
carotid artery wall constituent properties and load bearing. Our model predicts that,
from roughly the 5th into the 7th decade, a) elastin stiffness decreases, b) load bearing
significantly shifts from elastin to collagen, and c) collagen recruitment increases consid-
erably. Correspondingly, simulated diameter and wall thickness increased by about 20%
and 17%, respectively. Due to the fitting regime, fitting the model’s radius response to the
measured radius response, the simulated diameter increase was equal to the measured
increase. The increase in wall thickness compares reasonably well with a measured thick-
ness increase of 21%. These geometrical changes were only consistent with patient data
if wall stress regulation was considered in model fitting. Our quantitative findings re-
mained consistent with those obtained based on repeated measurements in our patients,
despite measurement noise and clear differences in blood pressure. Our findings are well
in line with the existing aging paradigm and epidemiological findings and they do sug-
gest that age-related changes in arterial wall structure can be understood and studied
quantitatively, by integrating constitutive modelling and non-invasive patient data.

8.4.2 Previous findings from literature

The present study addresses key problems of previous clinically applied constitutive mod-
elling studies. Contrary to Masson et al. (2011), who used 14 parameters for fitting,
our findings with respect to aging are based on changes in only five model parameters.
This significantly reduces the possible effects of overfitting. Our method uses clinically
obtained, non-invasive data, and can therefore easily be applied in a broad context to
quantitatively assess changes in arterial wall structure and function.

Our quantitative findings on the load shift from elastin to collagen are consistent with
the classic paradigm as proposed by O’Rourke and Hashimoto (2007). They state that with
aging the elastin sub-structure degrades due to wear, leading to a progressive transfer of
mechanical load bearing to the collagen structure, which may be reinforced by increased
cross-linking.

Comparing our findings regarding wall thickness with literature, the model-calculated
wall thickness increase with aging from 41 yrs to 64yrs (+0.11 mm) was comparable to
the median increase in IMT for the same age range in the Reference Values for IMT Study
(healthy sub-population; Table 8.3 in The Reference Values for Arterial Stiffness’ Collab-
oration 2010; men: +0.131mm, women: +0.124mm).

With regard to vessel dilation, “young” and “old” group average vessel cross-sectional
areas (50 and 60 mm2; Fig. 8.1) roughly correspond to diameters of about 8.0 and 8.7 mm,
respectively, supporting a near 10% increase in diameter. This compares well with the
increase in proximal aortic diameter of about 13% from 23 mm at age 44yrs to 26 mm
at 64 yrs, as derived from data in post-mortem aortic specimens at 100mmHg (Virmani
et al. 1991). In our “old” fit, we forced wall stress to remain constant with age. We
based this constraint on findings by Åstrand et al. (2011) and Matsumoto and Hayashi
(1994). Åstrand et al. (2011) describe carotid wall stress to remain constant with age
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in a human population. Matsumoto and Hayashi (1994) have shown that in rats, after
inducing hypertension, wall remodelling is such that wall stress at in-situ blood pressure
remains constant, a finding which was confirmed by Wolinsky (1972).

8.4.3 Influence of wall stress normalisation

Our “old” fit (Table 8.3) incorporates a wall stress normalisation constraint, i.e., we force
average circumferential wall stress in the “old” situation to be equal to the “young” situ-
ation. Before we enforced this constraint, we tried fitting the “old” situation without wall
stress normalisation, setting wσ,n = 0. The results are given in Table 8.A2. With wσ,n = 0,
fitting is successful if either cross-sectional area (Aw) or zero-stress inner radius (Ri) is var-
ied. Although these fits were successful with respect to their fit errors (Er and Eσ,h < 1%
for both fits), these models showed non-physiological wall thickness changes. The fit in
which Aw was fitted showed almost a doubling of wall thickness (diastolic wall thickness
change from 0.65 to 1.13 mm). If Ri was fitted, wall thickness showed a decrease with
age. The latter cannot be considered physiological. These results prompted us to add
wall stress normalisation to our “old” fits, yielding the “old” fit in Table 8.3.

8.4.4 Influence of age-related changes in residual strain parameters

In our “old” fit (Table 8.3), we have chosen to change the residual strain parameters based
on the relation of aortic residual strain parameters with age as described by Zulliger and
Stergiopulos (2007) (see also Methods section). We assessed the influence of the age-
related residual strain parameters by performing a number of additional fits. First, we
fitted the “old” data while keeping λz and α at their “young” values (Table 8.A3, “old”,
λz ↔ ,α↔). In this case, age-related changes in load bearing are more pronounced
than in the fit with changed λz and α (Table 8.3, “old”; Table 8.A3, “old”, λz ↓ ,α ↑). If
only the increase of α is included (Table 8.A3, “old”, λz ↔ ,α ↑), load bearing changes
are even more pronounced. On the contrary, if only the decrease in λz is incorporated
(Table 8.A3, “old”, λz ↓ ,α↔), a smaller shift in load bearing is required than in the case
where both λz and α are varied. From the results in Table 8.A3, we conclude that the
lowering of axial stretch with age “helps” in shifting the P-A curve from its young to its
old shape.

8.4.5 Influence of age-related changes in vascular smooth muscle

parameters

In our “old” fit (Table 8.3), we have chosen to keep VSM-related parameters constant to
prevent overfitting. However, literature reports some changes in VSM with age. Hence,
we evaluated the importance of these (potential) changes on our main findings.

One influential change in VSM that may occur with age, is that smooth muscle cells
change their phenotype from contractile to synthetic (Lundberg and Crow 1999). Mech-
anically, this may translate into a smaller number of smooth muscle cells taking part in
vasoconstriction, hypothetically leading to a smaller maximum contractive force. Some
studies in rat aortas indeed confirm this decrease in maximum contractive force (Co-
hen and Berkowitz 1976; Tuttle 1966), whereas other studies in rat carotid artery show
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no decrease in maximum contractive force (Duckles et al. 1985). In order to study the
potential effect of a decrease in maximum contractive force on our aging findings, we as-
sessed the effect of a 50% decrease in the cVSM parameter with aging. Table 8.A4 (“old”,
λz ↓ ,α ↑ ,cVSM ↓) shows that the 50% decrease in cVSM removes the need for elastin
de-stiffening. As expected, VSM load bearing in the “old” situation with reduced cVSM is
approximately halved when compared to the situation in which cVSM is kept constant.

Another change in VSM that may occur with age is related to intrinsic, passive smooth
muscle cell stiffness. Qiu et al. (2010) reported an increase in intrinsic smooth muscle cell
stiffness of 223%, as measured by atomic force microscopy. This change may be linked
to the aforementioned change to a more synthetic VSM phenotype with age. In order to
study the effect of increased smooth muscle cell stiffness, we increased Sbasal by a factor of
2, and assessed the influence on our aging findings. Table 8.A4 (“old”, λz ↓ ,α ↑ ,Sbasal ↑)
shows that the effect of a decrease of Sbasal on our findings is negligible, also with respect
to the observed reproducibility (Table 8.A1). Overall, we conclude that the influence of
age-related changes in VSM parameters on our constitutive finding (the shift to collagen
load bearing) is relatively small, and that the error that we make by assuming constant
VSM parameters with age is small.

8.4.6 Measurements, population

Our study setup was cross-sectional. Ideally, aging would be studied longitudinally. How-
ever, we found our stiffness–BP–age pattern (Table 8.1) to be strikingly similar to the
findings in the Reference Values for Arterial Stiffness (The Reference Values for Arterial
Stiffness’ Collaboration 2010). This similarity indicates that the measured cross-sectional
changes in P-A relationships do reflect normal aging. We based our results on a relat-
ively small population (n = 13). Our study, however, did evaluate the reproducibility of
our approach, based on repeated measurements in the same patient but under clinically
significantly different blood pressure conditions.

We divided our study population into two, almost equally large, age groups by using
an age cut-off value of 50 yrs. As evident from e.g., The Reference Values for Arterial
Stiffness’ Collaboration (2010) study, vascular stiffening with age is a gradual, progressive
phenomenon. In this light, the use of an absolute age cut-off defining “young” and “old”
is inappropriate. However, given our small population, is was not feasible to use multiple
age groups, which would have caused an unacceptably large measurement uncertainty.

8.4.7 Constitutive modelling assumptions

The volume fractions of collagen, elastin, and VSM in the wall were taken from litera-
ture (Fridez et al. 2003; Zulliger et al. 2004a). Ideally, these values would be measured
patient-specifically. However, using the non-invasive techniques we employed, this is not
feasible. We did not fit these parameters since, in our formulation, this would lead to
overfitting (see also section 8.4.8 below). For example, an increase in elastin content is
mechanically indistinguishable from an increase in elastin stiffness. The same holds for
the other components. Therefore, the decrease in elastin stiffness that we reported could
(mechanically) also reflect a decrease in elastin content.
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Figure 8.3: Log-logistic cumulative density function (CDF) describing the cumulative collagen en-
gagement strain distribution of the constitutive model fitted to the “young” patient
group and the “old” patient group. Circles indicate the percentage of collagen engaged
for the Green-Lagrange strain (Efibre) at MAP. k, b: log-logistic shape (k) and scale (b)
parameters.

The mechanical response of each constituent was assumed to be hyperelastic and could
therefore be described by a strain energy function (SEF). This approach neglects eventu-
ally present viscoelastic effects. Previously, we have shown that viscous behaviour and the
associated hysteresis in P-A relationships of the carotid arterial wall is negligible in vivo

when using a well-characterised measurement set-up (Boutouyrie et al. 1998; Hermeling
et al. 2010).

Our collagen recruitment model requires some additional attention. Collagen was mod-
elled to engage in load bearing with increased stretch. This engagement is characterised
by a statistical probability density function (PDF) of the log-logistic type with a shape (k)
and a scale (b) parameter. Collagen recruitment in our study, however, was (in absolute
sense) very low at 0.5–3%. This means that the only part of the PDF used is a very
small part of the upslope. A shift in upslope to a lower strain (as shown in Fig. 8.3 when
comparing the “old” and “young” curves) can, to a large extent, be accomplished both
by changing k and b. In other words, k and b are not independent parameters and are
therefore not uniquely identified by parameter fitting. This explains the more inconsistent
behaviour of k and b with the various fits.

In our fits, we have constrained circumferential wall stress to be homogeneous over
the artery wall. This constraint is based on reports that incorporation of residual stresses
in a constitutive model greatly reduces the transmural gradient in circumferential wall
stress (Fung 1990; Lundberg and Crow 1999). We have assumed that there is a full
transmural homogenisation. In reality, it can be questioned whether this state is reached
in an artery at working pressure. In this light, it is important to realise that we assume
all wall constituents to be homogeneously distributed in the wall. Under this assumption,
and given the fact that a living artery “does not know its zero-stress state” (i.e., it has,
during its life span, always been subjected to the blood pressure), it is quite likely that
artery structure is such that all material contributes approximately equally to the total
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circumferential wall stress (Fung 1990; Westerhof et al. 2010). In our opinion, assuming
a non-homogeneous distribution of wall stress at working pressure, in a model with a
homogeneous distribution of constituents, is therefore unrealistic.

As just mentioned, in our model, we assume all mechanical wall constituents to be ho-
mogeneously distributed in the wall. This means e.g., that there are no separate intimal,
medial, and adventitial layers, and that elastin is not concentrated in layers. In a layered
constitutive model (Cardamone et al. 2009; Holzapfel and Ogden 2010b), however, wall
stress distribution at working pressure would not necessarily be uniform across the wall,
and our assumption of wall stress homogenisation would be invalid.

Another related assumption is that the law of mixtures is obeyed in our model, which
means that all wall components act mechanically in parallel. A consequence of this as-
sumption is e.g., that VSM contraction unloads elastin and collagen. However, it is well
possible that locally, matrix-attached smooth muscle cells load/stretch the matrix com-
ponents. Modelling such effects requires highly complex models, which is beyond the
scope of this paper.

8.4.8 Fitting approach

In nonlinear parameter fitting of (relatively) large numbers of parameters there are two
important difficulties to consider, as clearly described by Stålhand et al. (2004). Firstly,
there can be several local minima in the parameter space. A gradient-based algorithm
(like the algorithm we used) can end in such a minimum, thereby overlooking the global
minimum. We reduced this limitation of the fitting algorithm by running the algorithm
from multiple start points (n = 100 in this study) and selecting the fitted parameter set
corresponding to the lowest minimum found. Another alternative would be sampling the
entire parameter space using a Monte Carlo approach, which has the disadvantage of
being computationally very heavy. Secondly, a much more fundamental problem is that
of overparameterisation, or overfitting. In that case, the sum of squares at the optimum
changes very little with varying parameters, meaning there is not a single optimal para-
meter combination, but a range of optimal solutions for varying parameter combinations.
In this case, the number of fitted model parameters needs to be reduced.

Our “young” parameter fit (varying 10 parameters) is susceptible to overfitting. How-
ever, it is not the absolute “young” parameter values that were of interest, but rather the
changes in an aging hypothesis-based subset of these parameters. As described in the
Results section, when one of the constituents’ parameters were fixed, fitting was unsuc-
cessful. This is a strong indication that the young-to-old fits were not overparameterised.
As we found that the elastin-collagen combination yielded a successful fit, we decided not
to include additional smooth muscle related parameters, which clearly would have led to
overfitting.

8.4.9 Perspectives

Our study demonstrates that age-related changes in arterial wall structure can be un-
derstood and studied mechanistically at the quantitative level, by combining constitutive
modelling and non-invasive clinical patient data. Our integrated methodology is poten-
tially widely applicable in larger scale human studies into arterial wall remodelling. As
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such, our approach could be of added value in mechanistic and clinical intervention stud-
ies. However, it should be stressed that, when patient specific assessment is considered,
our approach explicitly will remain sensitive to measurement noise (as illustrated for our
study in Fig. 8.1).

8.4.10 Conclusions

Our constitutive modelling approach suggests that the arterial elastic and geometric prop-
erties of older compared to younger hypertensive patients are directly linked to reduced
elastin stiffness or content and advanced collagen engagement in the arterial wall, as well
as to modulation of wall stress by vessel enlargement and wall thickening. We conclude
that these findings could well explain the influence of aging in the stiffness-pressure-age
pattern observed.
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8.A1 Appendix: Pressure-area curve data acquisition and

processing

The method of obtaining non-invasive pressure-area curves as summarised below is elab-
orated in Spronck et al. 2015b.

8.A1.1 Study population

The study was approved by the ethical committee of Maastricht University and conduc-
ted in accordance with the Declaration of Helsinki (updated Seoul 2008). All subjects
provided written informed consent prior to participation. Subjects were recruited from
patients referred to our outpatient hypertension clinic for a two-day clinical assessment.
In most patients anti-hypertensive drugs were discontinued two weeks prior to the two-
day clinical assessment. Participants underwent extensive arterial function and hemody-
namic measurements (detailed below) at inclusion and at three-months (3.0±0.6 months)
follow-up (repeat). Patients were managed according to European Society of Hyperten-
sion (ESH) guidelines (Mancia et al. 2013), and their treating physicians were blinded
for (intermediate) study results. We identified n = 13 patients whose anti-hypertensive
treatment led to a decrease in diastolic blood pressure of more than 7 mmHg, i.e., twice
the a-posteriori observed BP measurement variability of 3.5 mmHg. In the present anal-
ysis we used the baseline and repeat P-A curves of these patients. We divided the group
into a “young” group (age< 50 yrs, n= 6) and an “old” group (age> 50yrs, n= 7). The
baseline characteristics of both groups are shown in Table 8.2.
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Table 8.A1: Reproducibility of findings based on repeat measurements

Parameter [unit] Fit range “Young”
repeat

“Old”
repeatLower Upper

Weighting
wr [-] 10 10
wσ,n [-] 0 1
wσ,h [-] 1 1
wF [-] 1† 1

Parameter values
Geometrical

Aw [mm2] 10 100 14.2 +27%

Ri [mm] 1 10 3.9 +11%

λz [-] 1.20 −6%
α [◦] 100 +9%

Elastin
celast [kPa] 5.0 400 169.7 −11%

Collagen
k [-] 2.0 32.0 8.1 −22%

b [-] 0.2 2.1 0.3 −16%

β0 [
◦] 0 90 35 +11%

VSM
cVSM [kPa] 5 100 33 ∗
µ [-] 1 10.0 3.2 ∗
σ [-] 0.05 1.0 0.06 ∗

Mean arterial pressure (MAP)
Pm [mmHg] 100 107

Wall loading at MAP
Pressure load bearing

Pelast [mmHg] (%) 79 (78%) 67 (63%)
Pcoll [mmHg] (%) 3 (3%) 27 (25%)
PVSM [mmHg] (%) 19 (19%) 13 (12%)

Collagen engagement
Cumulative density function, % 0.34 2.6

Average wall stress
σ̄ [kPa] 68 68
Model wall thickness [mm] 0.64 0.74

Diastolic model wall thickness [mm] 0.65 0.75

This table shows the same data as Table 8.3 in the main text, except for the fact that “re-
peat” instead of “baseline” source data are used for fitting. Parameter percentages are 100% ·
[“old” fit value− “young” fit value]/ [“young” fit value]. Residual strain related parameters (λz and
α) were taken from literature for the young group, as were their changes with aging (see main
text). Vascular smooth muscle (VSM) parameters were evaluated in initial fits and kept constant in
the final analysis, because incorporation of vascular smooth muscle parameters would have led to
overfitting. Parameter values and changes in italics were obtained by means of fitting. *Parameter
was kept constant at the value of the “young” group. †In the “young” group, reduced axial force
(F) was, in addition to being homogenised over the fitting pressure interval, kept at 0.5N.
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Table 8.A2: Necessity of wall stress normalisation with age

Parameter [unit] Fit range “Young” “Old”
wσ,n = 0,

Aw �,
Ri↔

“Old”
wσ,n = 0,
Aw↔,
Ri �

“Old”

Lower Upper

Weighting
wr [-] 10 10 10 10
wσ,n [-] 0 0 0 1
wσ,h [-] 1 1 1 1
wF [-] 1† 1 1 1

Parameter values
Geometrical

Aw [mm2] 10 100 14.4 +85% ∗ +31%

Ri [mm] 1 10 4.0 ∗ +18% +12%

λz [-] 1.20 −6% −6% −6%
α [◦] 100 +9% +9% +9%

Elastin
celast [kPa] 5.0 400 181 −70% +37% −14%

Collagen
k [-] 2.0 32.0 6.7 −42% +23% 0%

b [-] 0.2 2.1 0.4 +13% −40% −30%

β0 [
◦] 0 90 40 +4% −6% −3%

VSM
cVSM [kPa] 5 100 77 ∗ ∗ ∗
µ [-] 1 10.0 3.2 ∗ ∗ ∗
σ [-] 0.05 1.0 0.14 ∗ ∗ ∗

Mean arterial pressure (MAP)
Pm [mmHg] 117 125 125 125

Wall loading at MAP
Pressure load bearing

Pelast [mmHg] (%) 82 (70%) 38 (30%) 77 (62%) 67 (54%)
Pcoll [mmHg] (%) 5 (5%) 50 (40%) 31 (25%) 34 (28%)
PVSM [mmHg] (%) 30 (25%) 38 (30%) 17 (13%) 23 (19%)

Collagen engagement
Cumulative density function [%] 0.58 2.2 5.2 3.5

Average wall stress
σ̄ [kPa] 81 49 115 81
Model wall thickness [mm] 0.63 1.11 0.56 0.75

Diastolic model wall thickness [mm] 0.65 1.13 0.57 0.76

“Young” and “Old” columns are reproduced from Table 8.3. Parameter percentages are 100% ·
[“old” fit value− “young” fit value]/ [“young” fit value]. Residual strain related parameters (λz and
α) were taken from literature for the young group, as were their changes with aging (see main
text). Vascular smooth muscle (VSM) parameters were evaluated in initial fits and kept constant in
the final analysis, because incorporation of vascular smooth muscle parameters would have led to
overfitting. Parameter values and changes in italics were obtained by means of fitting. � indicates a
fitted parameter;↔ indicates that the respective parameter is kept at its “young” value. *Parameter
was kept constant at the value of the “young” group. †In the “young” group, reduced axial force (F)
was, in addition to being homogenised over the fitting pressure interval, kept at 0.5 N. Parameter
values and changes in italics were obtained by means of fitting.
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Table 8.A3: Influence of age-related changes in residual strain parameters

Parameter [unit] Fit range “Young” “Old”
λz↔,
α↔

“Old”
λz↔,
α ↑

“Old”
λz ↓,
α↔

“Old”
λz ↓,
α ↑Lower Upper

Weighting
wr [-] 10 10 10 10 10
wσ,n [-] 0 1 1 1 1
wσ,h [-] 1 1 1 1 1
wF [-] 1† 1 1 1 1

Parameter values
Geometrical

Aw [mm2] 10 100 14.4 +31% +31% +31% +31%

Ri [mm] 1 10 4.0 +13% +15% +10% +12%

λz [-] 1.20 ∗ ∗ −6% −6%
α [◦] 100 ∗ +9% ∗ +9%

Elastin
celast [kPa] 5.0 400 181 −21% −40% +17% −14%

Collagen
k [-] 2.0 32.0 6.7 −22% −17% +7% 0%

b [-] 0.2 2.1 0.4 −28% −23% −38% −30%

β0 [
◦] 0 90 40 −13% −10% −7% −3%

VSM
cVSM [kPa] 5 100 77 ∗ ∗ ∗ ∗
µ [-] 1 10.0 3.2 ∗ ∗ ∗ ∗
σ [-] 0.05 1.0 0.14 ∗ ∗ ∗ ∗

Mean arterial pressure (MAP)
Pm [mmHg] 117 125 125 125 125

Wall loading at MAP
Pressure load bearing

Pelast [mmHg] (%) 82 (70%) 56 (45%) 49 (39%) 78 (62%) 67 (54%)
Pcoll [mmHg] (%) 5 (5%) 44 (35%) 46 (37%) 28 (23%) 34 (28%)
PVSM [mmHg] (%) 30 (25%) 25 (20%) 30 (24%) 19 (15%) 23 (19%)

Collagen engagement
Cumulative density function [%] 0.58 3.9 3.9 3.4 3.5

Average wall stress
σ̄ [kPa] 81 81 81 81 81
Model wall thickness [mm] 0.63 0.75 0.75 0.75 0.75

Diastolic model wall thickness [mm] 0.65 0.76 0.76 0.76 0.76

“Young” and “Old” λz ↓,α ↑ columns are reproduced from Table 8.3. Parameter percentages are
100% · [“old” fit value− “young” fit value]/ [“young” fit value]. Residual strain related parameters
(λz and α) were taken from literature for the young group, as were their changes with aging (see
main text). Vascular smooth muscle (VSM) parameters were evaluated in initial fits and kept con-
stant in the final analysis, because incorporation of vascular smooth muscle parameters would have
led to overfitting. λz ↓ indicates manual decrease of 6% in axial prestretch; α ↑ indicates manual
increase of 9% in opening angle;↔ indicates that the respective parameter is kept at its “young”
value. Parameter values and changes in italics were obtained by means of fitting. *Parameter was
kept constant at the value of the “young” group. †In the “young” group, reduced axial force (F)
was, in addition to being homogenised over the fitting pressure interval, kept at 0.5N.
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Table 8.A4: Influence of potential age-related changes in vascular smooth muscle parameters

Parameter [unit] Fit range “Young” “Old”
λz ↓,
α ↑

“Old”
λz ↓,
α ↑,

cVSM ↓

“Old”
λz ↓,
α ↑,

Sbasal ↑
Lower Upper

Weighting
wr [-] 10 10 10 10
wσ,n [-] 0 1 1 1
wσ,h [-] 1 1 1 1
wF [-] 1† 1 1 1

Parameter values
Geometrical

Aw [mm2] 10 100 14.4 +31% +31% +31%

Ri [mm] 1 10 4.0 +12% +12% +12%

λz [-] 1.20 −6% −6% −6%
α [◦] 100 +9% +9% +9%

Elastin
celast [kPa] 5.0 400 181 −14% +3% −17%

Collagen
k [-] 2.0 32.0 6.7 0% +7% +2%

b [-] 0.2 2.1 0.4 −30% −32% −31%

β0 [
◦] 0 90 40 −3% −6% −3%

VSM
cVSM [kPa] 5 100 77 ∗ −50% ∗
µ [-] 1 10.0 3.2 ∗ ∗ ∗
σ [-] 0.05 1.0 0.14 ∗ ∗ ∗

Mean arterial pressure (MAP)
Pm [mmHg] 117 125 125 125

Wall loading at MAP
Pressure load bearing

Pelast [mmHg] (%) 82 (70%) 67 (54%) 80 (64%) 65 (52%)
Pcoll [mmHg] (%) 5 (5%) 34 (28%) 33 (27%) 35 (28%)
PVSM [mmHg] (%) 30 (25%) 23 (19%) 12 (9%) 25 (20%)

Collagen engagement
Cumulative density function, % 0.58 3.5 3.5 3.6

Average wall stress
σ̄ [kPa] 81 81 81 81
Model wall thickness [mm] 0.63 0.75 0.75 0.75

Diastolic model wall thickness [mm] 0.65 0.76 0.76 0.76

“Young” and “Old” λz ↓,α ↑ columns are reproduced from Table 8.3. Parameter percentages are
100% · [“old” fit value− “young” fit value]/ [“young” fit value]. Residual strain related parameters
(λz and α) were taken from literature for the young group, as were their changes with aging (see
main text). Parameter values and changes in italics were obtained by means of fitting. *Parameter
was kept constant at the value of the “young” group. †In the “young” group, reduced axial force (F)
was, in addition to being homogenised over the fitting pressure interval, kept at 0.5 N. λz ↓ indicates
manual decrease of 6% in axial prestretch; α ↑ indicates manual increase of 9% in opening angle;
↔ indicates that the respective parameter is kept at its young value; Sbasal ↑ indicates manual
increase of vascular smooth muscle (VSM) basal tone parameter (Sbasal) by a factor of 2; cVSM ↓
indicates manual decrease in maximum VSM contraction parameter (cVSM) by a factor of 2.
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8.A1.2 Measurements

Arterial function measurements (total duration 30–45 min) were performed in a quiet
room (22 ◦) after a resting period of 15 min with subjects in supine position. Throughout
the session four to eight repeated oscillometric BP readings were obtained at the left
upper arm (Omron 705IT, Omron Healthcare Europe B.V., Hoofddorp, The Netherlands).
Additionally, continuous pulsatile finger BP, heart rate (HR) and an estimated cardiac
output (CO), were obtained by the Peñáz method (Peñáz 1973) from the right middle
finger (Nexfin, BMEYE B.V., Amsterdam, The Netherlands).

Left common carotid artery diameter waveforms were obtained using a 7.5 MHz vascu-
lar ultrasound scanner (MyLab70, Esaote Europe, Maastricht, the Netherlands) operated
at high frame rate as previously described (Hermeling et al. 2012b). Diastolic diameter
and distension values over 6 consecutive heartbeats and a real-time distension wave-
form display were used to judge quality of the recordings (RFQAS utility, Esaote Europe).
Subsequently, left common carotid and right femoral artery tonometric pressure wave-
forms were obtained to assess carotid-femoral transit time (SphygmoCor, AtCor Medical,
Sydney, NSW, Australia). For the calculation of aortic PWV (vao, defined as ([carotid-
femoral distance])/(transit time)), carotid-femoral distance was determined as sternal
notch-to-femoral distance (distance as the crow flies, not over body surface) minus sternal
notch-to-carotid distance as obtained by tape measure. Baseline distance was assumed at
repeat to assess changes in vao after three months. Raw carotid artery tonometry wave-
forms were used to obtain calibrated local left common carotid artery BP waveforms (Van
Bortel et al. 2001). Further processing was performed using proprietary MATLAB code
(MATLAB R2013b, The MathWorks Inc, Natick, Massachusetts, USA). Carotid ultrasound
and arterial tonometry measurements were obtained in triplicate by a single experienced
operator (JOR).

8.A1.3 Waveform analysis and data processing

To enable quantitative assessment of the curvilinearity of the carotid artery pressure-area
relation at individual subject level, we followed procedures similar to those described
in (Hermeling et al. 2010). Briefly, systolic (peak), dicrotic notch and diastolic (min-
imum) points were identified in the diameter (by manual cursor reading, using RFQAS)
and pressure (automatic) waveforms. For diameter typically 9–12 and for pressure 18–30
heartbeats were included for each subject in each session.

Diastolic diameter was averaged over beats as recording mean and over recordings
as session mean. Relative cyclic diameter variations (i.e., ([systolic-diastolic])/diastolic)
were averaged, rather than systolic diameters to avoid common noise. Accordingly, the re-
lative amplitude of the dicrotic notch point (i.e., ([notch-diastolic])/([systolic-diastolic]))
was averaged for further analysis, rather than absolute dicrotic notch values. For carotid
systolic, notch and diastolic BP values the exact same scheme was applied. Median aver-
aging was used throughout.
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8.A1.4 Carotid linear stiffness and compliance calculations

Carotid cross-sectional area (A) values were calculated assuming circular cross-section,

using A = π
�

diameter
2

�2
, resulting in diastolic (Ad), notch (An) and systolic (As) cross-

sectional areas. Local, linear carotid PWVs (vcar) were calculated using the Bramwell-Hill
relationship (Bramwell and Hill 1922a):

vcar =

√

√ 1
ρb

Ps − Pd

As − Ad
Ad , (8.A1)

with ρb = 1.050kg/L the blood mass density, and Ps and Pd the calibrated local systolic
and diastolic carotid blood pressures. Accordingly, compliance coefficients (C) were cal-
culated as

C =
As − Ad

Ps − Pd
. (8.A2)

Pressure-area curve description

In each individual and session, the three (diastolic, notch and systolic) P-A points obtained
were used to fit an established mathematical description of the P-A relation, i.e., a single-
exponential (SE) curve (Meinders and Hoeks 2004):

P(A) = Pde
γ
�

A
Ad
−1
�

. (8.A3)

γ is obtained by minimising the sum-of-squares of differences between measured and
curve notch and systolic pressures. As a line with one free parameter (γ) is fitted through
two points, the line will, in general, not pass exactly through these two points.

8.A1.5 Intima-media thickness processing

Carotid ultrasound recordings were used to estimate intima-media thickness (IMT) as de-
scribed previously (Hoeks et al. 1997; Van Bortel et al. 2001; Willekes et al. 1999). IMTs
at diastolic blood pressure for all 19 ultrasound lines were averaged by taking the arith-
metic mean for each acquisition. Subsequently, the median IMT of all acquisitions was
calculated, resulting in one measured subject IMT. A group-averaged IMT was calculated
by averaging (arithmetic mean) the IMTs of all subjects in one group.

8.A2 Appendix: Constitutive modelling

8.A2.1 Model assumptions

The influence of various material parameters on the pressure-area relation reconstructed
by the model can give more insight into the influence of those parameters on the me-
chanical characteristics of the arterial wall. Throughout this study, it was assumed that
the load-bearing components of an artery are elastin, collagen and VSM.
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The human carotid artery was considered to be an incompressible, anisotropic thick-
walled cylindrical tube (Holzapfel and Ogden 2010a). The elastic mechanical properties
of separate elastic components of the arterial wall are expressed in terms of strain en-
ergy functions (SEFs), based on deformation gradients (Holzapfel and Ogden 2010a).
Additionally, a pseudo-SEF is used to describe VSM mechanics (Zulliger et al. 2004b).

8.A2.2 Strain energy functions

We based our analysis on SEFs, expressed in a cylindrical coordinate system (er , eθ , ez),
describing the passive and active mechanical behaviour of the arterial wall. Zulliger et
al. propose SEFs that distinguish isotropic and orthotropic contributions representing re-
spectively elastin and collagen (Zulliger et al. 2004a; Zulliger et al. 2004b).

Elastin

Elastin has been observed as a non-linear elastic material resulting in a convex SEF for
increasing elastin fibre stretch (Milnor 1989; Zulliger et al. 2004a):

Welast = celast (I1 − 3)
3
2 , (8.A4)

in which celast is the elastin elastic modulus, I1 = 2Er +2Eθ +2Ez + 3 is the first invariant
of the Green-Lagrange strain tensor, which, via Ei =

1
2

�

λ2
i
− 1

�

,i ∈ {r,θ , z} is coupled to
the three principal stretch ratios λi .

Collagen

Collagen was assumed to be oriented in two symmetrical helices with angle ±β0 with
respect to the circumferential direction. At low stretch values, collagen fibres appear to
be in a wavy or coiled configuration in which case these fibres do not participate in load
bearing (Clark and Glagov 1985). It is assumed that the engagement of collagen fibres
when stretched is distributed in some statistical manner (Zulliger et al. 2004b). Zulliger
et al. propose a log-logistic distribution (ρfibre) to describe the statistical distribution of
the circumferential strain Eθ at which collagen starts bearing load. Following the method
proposed by Zulliger et al., we have chosen the log-logistic probability density function
to describe the engagement of collagen.

The engagement stretch probability density function (PDF) of collagen ρfibre is a piece-
wise function dependent on the Green-Lagrange strain in fibre direction (Efibre):

ρfibre =

(

0, Efibre ≤ E0
bk ·k·(Efibre−E0)

k−1

[bk+(Efibre−E0)
k]

2 , Efibre > E0
, (8.A5)

where b > 0 is a scaling parameter which, for increasing values, shifts the PDF to the right,
causing collagen to engage at higher strains (Tsamis and Stergiopulos 2007). At the same
time, PDF height decreases and variance increases. Parameter k>0 is a shape parameter
which, for increasing values, results in a higher maximum and a narrower distribution,
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thus causing collagen to engage more abruptly (Tsamis and Stergiopulos 2007). Efibre can
be obtained from λfibre via

Efibre =
1
2

�

λ2
fibre − 1

�

, with (8.A6)

λ2
fibre = cos2 β0λ

2
θ + sin2 β0λ

2
z

. (8.A7)

Note that due to symmetry, Efibre is equal for both collagen fibre families. The log-logistic
PDF has a lower bound at value E0, the Green-Lagrange strain at which collagen starts
to change from a wavy configuration towards a straightened load-bearing configuration.
Under the assumption that collagen is unable to withstand compressive forces, we set
E0 = 0.

In order to model collagen, we distinguish between the mechanical behaviour of a
single collagen fibre and the mechanical behaviour of the ensemble of fibres. For a single
collagen fibre, an SEF is proposed (Zulliger et al. 2004b):

Wfibre =

�

0, Efibre ≤ 0
1
2 ccollE

2
fibre, Efibre > 0

, (8.A8)

where ccoll is the collagen fibre elastic modulus and Eθ is the Green-Lagrange strain tensor
in the fibre direction.

The collagen ensemble SEF for one fibre family (at either +β0 or −β0) is now obtained
by convolving ρfibre and Wfibre:

Wcoll(Efibre) =

∫ +∞

−∞
Wfibre(x) ·ρfibre(Efibre − x) · dx . (8.A9)

Vascular smooth muscle

In this study, we assumed that VSM is orientated in circumferential direction (Hahn and
Schwartz 2009; Matsumoto and Hayashi 1996). Zulliger et al. propose an SEF for VSM
in which for fully contracted VSM a stress-strain relationship with Cauchy stress linear
in stretch ratio λVSM

θ
results. The SEF describing the mechanical behaviour of VSM is

proposed as follows:

WVSM = cVSM

�

λVSM
θ − log(λVSM

θ )− 1
�

, (8.A10)

where cVSM is the VSM elastic modulus and λVSM
θ

is the stretch ratio of VSM. Following
Zulliger et al.,

λVSM
θ = λθλpre , (8.A11)

with λpre =
Lr
Lc
> 1, accounting for the assumption that the length Lc of fully contrac-

ted VSM in the unpressurised state is shorter than the passive arterial components Lr.
Following Zulliger et al., λpre is set to 1.83.

The contribution of VSM to wall mechanics is scaled by two functions, S1 and S2. S1
implements strain-induced contractile behaviour by varying VSM tone with deformation
of the arterial wall (Baek and Kim 2011; Zulliger et al. 2004b):

S1 = Sbasal + (1− Sbasal)
1
2

�

1+ Erf
Q−µp

2σ

�

, (8.A12)

125



Chapter 8

where Erf is the error function and Sbasal ∈ [0,1] is the basal muscle tone. Q is a deforma-
tion which, following Zulliger et al., is set to Q = I1, implying that VSM tone is isotropically
dependent on stretching of the arterial wall (Seow 2000; Zulliger et al. 2002). σ is the
half-width of the VSM tone distribution and µ is the mean VSM engagement deformation
threshold. In case the artery is not deformed (Q = 0), basal tone (Sbasal) remains (Bevan
and Laher 1991; Zulliger et al. 2004b). In this study, Sbasal was set to 0.052.

S2 assures that the modelled VSM only exerts force between certain stretch limits (Zul-
liger et al. 2004b). Outside these bounds, VSM does not participate in load bearing:

S2 =

¨

1, 0.680<
λVSM
θ

λpre
< 1.505

0, otherwise
. (8.A13)

Overall constitutive relationship

The three aforementioned SEFs are combined into a relation describing the local Cauchy
stress for all three (i ∈ {r,θ , z} principal directions:

σi = −Pl + felastλ
2
i

∂Welast

∂ Ei

+ fcollλ
2
i

1
2

2
∑

if=1

∂Wcoll,if

∂ Ei

+ S1S2 fVSM

�

λVSM
i

�2 ∂WVSM

∂ EVSM
i

, (8.A14)

with Pl the local hydrostatic pressure within the wall and Wcoll,if the collagen SEF of fibre
family if, with if ∈ {1, 2}. Note that each component is multiplied by its respective volume
fraction felast, fcoll and fVSM. This leads to the following expressions for σr , σθ , and σz:

σr =− Pl + 3 felastλ
2
r
celast

p

I1 − 3 , (8.A15)

σθ =− Pl + 3 felastλ
2
θ celast

p

I1 − 3+ fcoll

λ2
θ

λ2
fibre

cos2 β0τfibre

+ fVSMcVSMS1S2

�

λVSM
θ − 1

�

, (8.A16)

σz =− Pl + 3 felastλ
2
z
celast

p

I1 − 3+ fcoll

λ2
z

λ2
fibre

sin2 β0τfibre , (8.A17)

with

τfibre = λ
2
fibre

dWcoll

dEfibre
. (8.A18)

Implementation

We distinguish four configurations of an artery (Fig. 8.A1): Ω0 is the unstressed, opened,
stress-free configuration. Ω1 is the closed configuration, Ω2 is the closed, pre-stretched
configuration and Ω is the closed, pre-stretched and pressurised configuration.

Taking into account the incompressibility of the tissue, relations between deformed
coordinates (r, θ , z) in Ω and reference coordinates (R,Θ,Z) in Ω0 are given by:

r =

√

√

√

r2
o −

R2
o − R2

λzkα
, θ = kαΘ , z =

l

L
Z , (8.A19)
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Figure 8.A1: Definitions of configurations. Ω0: unstressed, opened, stress-free configuration with
opening angle α, collagen fibre angle β0, and inner and outer radii Ri and Ro, respec-
tively. Ω1: closed configuration. Ω: closed, prestretched and pressurised situation
with cross-sectional wall Aw, luminal pressure P, and inner and outer radii ri and
ro, respectively. Axial prestretch λz is defined as the quotient of unstretched (L) and
stretched (l) lengths. Ω2 (not depicted) can be obtained fromΩ for P = 0. Note that in
this study, α is defined from the center of the stress-free vessel, and that Aw is defined
in Ω.

where Ro and ro are the outer radii in Ω0 and Ω, respectively, kα is a parameter relating
to the opening angle (α) via kα =

2π
2π−α , and L and l are the lengths of the vessel in Ω0

and Ω, respectively. Note the definitions of α and Aw in our study (Fig. 8.A1), which
may differ from other papers. The principal stretch ratios (λr ,λθ ,λz) with respect to the
opened configuration are

λr =
R

rkαλz

, λθ =
kαr

R
, λz =

l

L
. (8.A20)

For the internal (ri) and external artery radius (ro) in Ω, we can write:

ri =
λθRi

kα
, ro =

√

√Aw

π
+ r2

i , (8.A21)

where Aw is the cross-sectional area of the arterial wall and Ri is the zero-stress inner
radius in Ω0. The pressure within the lumen of the artery is finally obtained by solving
the balance equation:

P =

∫ ro

ri

σθ −σr

r
dr . (8.A22)

Reduced axial force is found by solving

F = π

∫ ro

ri

(2σz −σr −σθ ) rdr . (8.A23)
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Fixed model parameters

Fitted model parameters are described in the Methods section. Fixed model parame-
ters are described here. Collagen stiffness, ccoll, was prescribed at all simulations to be
200MPa, which is in the range of values found in literature (Langewouters 1982; Silver
et al. 2003).

Area fractions felast, fcoll, fVSM were taken as published by Fridez et al. (2003) for rat
aorta and were respectively 0.306, 0.203 and 0.491 (Zulliger et al. 2004a).
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Non-invasive biaxial characterisation of

carotid artery wall mechanics

The contents of this chapter are based on:

Maarten H.G. Heusinkveld,1 Sjeng Quicken,1 Robert J. Holtackers,1,2 Wouter Huberts,1

Koen D. Reesink,1 Tammo Delhaas,1 and Bart Spronck1 (2016).
Non-invasive estimation of carotid artery constitutive properties in human subjects using
distensibility measurements acquired at two levels of axial stretch [in preparation].

1 Department of Biomedical Engineering, CARIM School for Cardiovascular Diseases, Maastricht University,
Maastricht, The Netherlands.

2 Department of Radiology, CARIM School for Cardiovascular Diseases, Maastricht University Medical Centre,
Maastricht, The Netherlands.



Chapter 9

Abstract

Models describing arterial mechanics at the microstructural level (i.e., the elastin-collagen
matrix), could be important in understanding and predicting the effects of drugs targeting
specific wall structures when treating hypertension. Behaviour of wall constituents can
be estimated in vivo by fitting a constitutive model to carotid artery pressure and diameter
data. Although potentially valuable, non-invasive estimation of constitutive parameters
remains cumbersome given the scarcity of clinically-measurable data available for model
fitting. In this study, we aimed to investigate whether we could improve constitutive
parameter estimation by increasing the amount of measurable mechanical information.
We used a clinically feasible method to acquire distensibility data at two levels of axial
stretch. Using MRI, the increase in axial stretch was estimated. Measurement noise was
added to group-averaged distensibility data, creating a large virtual data set, used for
parameter estimation. We found spread of the parameter representing collagen stiffness
to be reduced by 43% in case the model was fitted to the full distensibility data set con-
taining data from both levels of axial stretch, instead of one. Uncertainty in the parameter
representing elastin stiffness remained equal when adding more distensibility data. Sens-
itivity analysis revealed that in further reducing the uncertainty of estimated constitutive
parameters, it is most beneficial to increase the precision of ultrasound-based measure-
ments of arterial diameter, distension and wall thickness. We conclude that distensibility
measurements acquired at two levels of carotid artery stretch could be valuable for more
accurate estimation of carotid artery wall properties.

9.1 Introduction

A RTERIAL stiffening is a major complication in hypertension and vice versa
(Humphrey et al. 2016). Treatment options for arterial stiffening can roughly be
divided into two categories (Townsend et al. 2015): 1) drugs that lower blood

pressure, and thereby reverse the arterial remodelling that occurred due to hypertension,
and 2) drugs that directly target one of the arterial wall components. The latter category
includes cross-link breaking drugs that target the arterial collagen (Kass et al. 2001;
Wolffenbuttel et al. 1998), but also matrix metalloproteinase (MMP) inhibitors that are
thought to inhibit elastin fragmentation (Sun 2015; Wang et al. 2012).

In vivo assessment of the performance of these drugs is limited. Arterial stiffness is typ-
ically assessed by measuring carotid-femoral pulse wave velocity, or by local assessment
of distensibility. However, such arterial stiffness measurement does not yield insight into
the effect of a drug on the individual wall components.

A potential solution to this problem lies in the use of constitutive computer models of
the artery wall (Holzapfel and Ogden 2010a). Such models explicitly incorporate elastin
and collagen mechanical behaviour. If these models could be parameterised using non-
invasive measurement data obtained through stiffness measurements, they could be used
to obtain stiffness information of the individual wall components.
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Several studies have attempted to use in vivo data to parameterise constitutive mod-
els of the arterial wall. An overview of these studies is given in Spronck et al. 2015a.
Typically, pressure and diameter measurements at the carotid artery are used to fit such
models. A major drawback is that the amount of measurement information that is avail-
able through in vivo measurements is limited. This hampers the unique identification of
model parameters (Ogden et al. 2004). Therefore, any method to “extract” more me-
chanical information from the arterial wall would significantly benefit the non-invasive
characterisation of arterial mechanics.

In in vitro testing set-ups found in the laboratory, arteries are commonly examined at
multiple axial stretch states, improving model fitting and uniqueness of model parameters
(Hayashi et al. 1980; Takamizawa and Hayashi 1987; Zulliger et al. 2004a; Zulliger et al.
2004b). If such a methodology would be applicable to in vivo measurements without
harming the patient, it could well improve the in vivo characterisation of arterial mechan-
ics.

In the present study, we propose a method to assess in vivo carotid artery mechanics
at two distinct states of axial stretch. This was accomplished by performing supine mea-
surements while subjects held their head 1: 1) in a normal orientation, facing forwards;
and 2) in a rotated orientation, facing sidewards and upwards. In both positions, carotid
artery diameter and distension were recorded; blood pressure was monitored throughout
the experiment. Intima-media thickness (IMT) was recorded in the normal orientation.
Additionally, the change in carotid artery length due to the change in orientation was
estimated using magnetic resonance imaging (MRI). Measurement results were reported
previously by Holtackers et al. (2016). A constitutive model was fitted to these results,
directly incorporating information from the two states of axial stretch, yielding a method
for in vivo biaxial assessment of the carotid artery.

To assess the robustness of our approach, we performed uncertainty quantification.
This technique gives insight into how the uncertainty (noise) in measured variables af-
fects the fitted constitutive model parameters. In addition, a sensitivity analysis was per-
formed. This sensitivity analysis reveals how noise in the individual measured variables
propagates into uncertainty in the constitutive model parameters. Sensitivity analysis thus
yields a discrimination between variables that negligibly influence variance in estimated
constitutive parameters, and variables that do influence this variance. In improving an
overall measurement protocol, reducing measurement error of the influential measure-
ments will benefit constitutive parameter quantification most (Saltelli et al. 2004).

9.2 Methods

9.2.1 Outline of approach

The approach outlined in this section is structured as follows (see also Fig. 9.1):

• Measurements. Carotid artery diameter, distension, intima-media thickness, blood
pressure and rotation-induced extra axial stretch were measured in 12 subjects with
their head in 1) a normal and 2) a rotated orientation (Holtackers et al. 2016).
• Generation of data set for constitutive modelling. By averaging among subjects,

group-averaged measured variables were obtained for each orientation. Group-
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Figure 9.1: Outline of the current study (see text for details). Dd, diastolic diameter; ∆D, disten-
sion; Pd and Pp, diastolic and pulse pressure, respectively; ∆λz,meas, extra axial stretch;
IMT, intima-media thickness; celast, elastin stiffness modulus; k1 and k2, collagen stress-
scaling and stress-curve shape parameters, respectively. Subscripts N and R refer to the
normal and rotated orientations in which measurements were performed, respectively.
Ri refers to the unstressed vessel inner radius and is an auxiliary model parameter (see
Appendix 9.A1).
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averaged variables were subsequently perturbed based on their measurement un-
certainty, yielding a data set composed of 825 samples containing measured vari-
ables for both orientations. Next, for each sample, we used diastolic diameter and
distension measurements in combination with associated blood pressure measure-
ments to quantify an expected, exponential diameter-pressure relation (Meinders
and Hoeks 2004). These exponential relationships will subsequently be used to fit
the constitutive model to.
• Constitutive modelling of carotid artery wall mechanics. For each sample, we

fitted the constitutive model to both the normal and rotated diameter-pressure rela-
tion simultaneously. As a result, each input sample finally results in one realisation
of the constitutive parameters.
• Uncertainty quantification and sensitivity analysis. All constitutive model real-

isations together yield insight in the distribution of the constitutive parameters that
results from the presence of measurement uncertainty. This distribution of con-
stitutive parameters was therefore used to quantify the uncertainty in the differ-
ent constitutive parameters. Subsequently, sensitivity analysis was performed to
determine how measurement uncertainty in the different variables (diameter, dis-
tension, intima-media thickness, blood pressure and rotation-induced extra axial
stretch) propagates to uncertainty in the different constitutive parameters. This
is potentially useful for improving a future measurement protocol (Saltelli et al.
2004).
• Presentation of results. Finally, results were presented in the form of representa-

tive examples of model fits, plots of the distributions of the individual constitutive
parameters, and tables that apportion constitutive model parameter uncertainty to
measurement uncertainty.

9.2.2 Measurements

The measurement protocol and data used in the present study are elaborately described
in Holtackers et al. 2016.

Study population

Twelve apparently healthy volunteers (22± 3 yrs, 6 male, 6 female) were recruited. The
study was approved by the medical ethics committee of Maastricht University Medical
Centre (Maastricht, The Netherlands) and written consent was obtained from all parti-
cipants prior to enrolment.

Magnetic resonance imaging measurements

MRI measurements were performed while the subject’s head was in two different orienta-
tions. Prior to acquisition, the subjects rested in supine position on the MRI examination
table for 10 minutes. First, the subjects were instructed to rotate their head to the left
and tilt their chin backwards, defined as the rotated (R) orientation. The imposed rota-
tion was approximately 50◦ (Holtackers et al. 2016). Then, subjects were measured in a
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supine position, with their head in a natural orientation (nose pointing upwards and no
tilting backwards), defined as the normal (N) orientation.

For the MRI measurements, a standard multi-slice coronal phase-contrast angiography
scan (three-dimensional (3D) T1 fast field echo technique) was used (Achieva TX; Philips
Healthcare, Best, The Netherlands). Data were visualised and carotid artery length was
determined by three observers by marking the path between the flow divider of the bra-
chiocephalic artery bifurcation and the flow divider of the right carotid artery bifurcation.
From the centerline segment length, carotid artery lengths for the N orientation (defined
LN) and the R orientation (defined LR) were obtained (Osirix; Pixmeo, Bernex, Switzer-
land).

Ultrasound measurements

Ultrasound (US) measurements were acquired at the same orientations as the MRI mea-
surements. US acquisition was performed at the right common carotid artery (CCA) in the
anterolateral plane for both orientations. Measurements were repeated three times for
both the N and R orientations. Diastolic blood pressure and pulse pressure were measured
three times within the US imaging protocol using an oscillometric device (Omron 705IT;
Omron Healthcare Europe, Hoofddorp, The Netherlands). For a complete overview of the
US protocol, the reader is referred to the work of Holtackers et al. (2016).

The acquired US measurements were analysed to determine the right CCA vessel disten-
sion for measurements at both orientations. Because the echo tracking tool used (RFQAS;
Esaote, Maastricht, The Netherlands) utilises the media-adventitia echoes of near and
far walls, we assumed the measured diameter signal over time to reflect the CCA outer

diameter (Spronck et al. 2015b).
The work by Holtackers et al. (2016) contains a complete overview of the signal pro-

cessing steps. For both N and R orientations, we obtained pairs of the following variables:
diastolic vessel diameter (Dd), vessel wall distension (∆D), diastolic blood pressure (Pd)
and pulse pressure (Pp). Furthermore, we obtained IMT in the N orientation at Pd using
an automated software tool (Hoeks et al. 1999).

MRI and US measurements were performed after one another and within one hour.

9.2.3 Generation of data set for constitutive modelling

From the performed measurements, we obtained an initial data set consisting of averaged
values for Dd and ∆D for each orientation of the measured subjects. We assumed Pd and
Pp to be equal for both orientations. IMT was determined for the N orientation. ∆λz was,
as a first-order approximation, estimated by the relative change in carotid artery length
between the N and R orientation, as measured by MRI.

In this study, uncertainties in the measured variables were accounted for by generating
multiple samples within the uncertainty ranges of each measured metric. Each sample
consisted of a vector ~M containing the following variables: ~M = [Dd,N, ∆DN, Dd,R, ∆DR,
Pd, Pp, IMTN, ∆λz,meas]. As the distributions of the parameter uncertainties were not
known exactly, uniform distributions were assumed for all parameters, representing a
“worst-case scenario” (Huberts et al. 2014). Within these distributions, quasi-random
samples were drawn using Sobol’s low discrepancy series (Sobol 1967). Based on the
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Table 9.1: Overview of average values and intra-subject SDs per measured variable for each orien-
tation (normal and rotated)

Parameter Unit Mean (n= 12) Intra-subject SD (n= 12)

Normal Rotated Normal Rotated

Pd mmHg 72 72 3.0 3.0
Pp mmHg 58 58 3.1 3.1
Dd mm 6.37 6.32 0.22 0.28
∆D mm 0.789 0.735 0.035 0.047

IMT µm 539 - 40 -
∆λz,meas - 1.017 0.012

Data from Holtackers et al. (2016). Diastolic diameter (Dd) and distension (∆D) intra-subject
standard deviations (SDs) were obtained for both orientations. Means and intra-subject SDs for
diastolic blood pressure (Pd) and pulse pressure (Pp) were assumed to be equal for both orientations.
Intima-media thickness (IMT) was only obtained for the normal orientation. ∆λz,meas represents
the increase in axial stretch as a result of head rotation.

number of measured variables and the polynomial order of the meta-model, it was cal-
culated that at least 330 samples were required for performing sensitivity analysis (see
Section 9.2.5). Because of our enforced physiological constraint (Eq. 9.2), not all samples
were eligible for model fitting. Therefore, a total of 825 samples were drawn.

The uncertainty domains for each measured variable Mi in ~M were defined as

Mi = M̄i ± 1.96
SDintra,Mi
p

Nrep
, (9.1)

where M̄i represents the average measured value of parameter Mi and SDintra,Mi
represents

the corresponding intra-subject standard deviation as given in Table 9.1.
The error in the estimation of a sample mean scales inversely with the square-root of

the number of repeated measurements (Bland and Altman 1996). Therefore, SDintra,p was
divided by

p

Nrep, with Nrep the number of repeated measurements. In our case, Nrep = 3
(Holtackers et al. 2016). Systolic blood pressure (Ps) was calculated as Ps = Pd + Pp;
systolic diameter (Ds) was calculated as Ds = Dd+∆D. All samples of D and P are shown
in Fig. 9.2. Note the greater amount of scattering of systolic D and P data points compared
to diastolic data points. This is caused by the fact that systolic pressure is defined as the
sum of diastolic and pulse pressure. As diastolic and pulse pressure are assumed to be
independent, their sum (systolic blood pressure) will have a larger spread than diastolic
blood pressure. The larger spread in systolic diameter than in diastolic diameter has the
same origin, as systolic diameter is defined as the sum of diastolic diameter and distension.

Given the overlap in uncertainty intervals for N and R diameters, it could occur that
despite an increase in λz , a lower diameter was sampled for the N orientation compared to
the R orientation (Fig. 9.2). It has been shown in many studies that for the physiological
pressure range, arterial diameter decreases with increasing λz (Matsumoto and Hayashi
1996; Takamizawa and Hayashi 1987). Therefore, after sampling, the following condition
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Figure 9.2: Overview of a total of 825 computer-generated samples for diastolic and systolic pres-
sure and diameter for the normal and rotated orientations (left), rotation-induced ex-
tra axial stretch (∆λz,meas, middle), and intima-media thickness (right). Note that for
visualisation purposes, the ∆λz,meas and IMTN samples were randomly perturbed in ho-
rizontal direction.

was enforced for a sample to be included for model fitting:

Dd,N > Dd,R and Ds,N > Ds,R . (9.2)

Inability of a sample to meet this condition resulted in removal of the sample from the
data set.

For each sample in the data set, the following single-exponential function was used to
obtain continuous D-P relations for the N and R orientations:

P(D) = Pd exp

�

γ

�

D2

D2
d

− 1

��

. (9.3)

This single-exponential function is considered an established function to describe the re-
lation between pressure and diameters of the carotid artery within a large pressure range
(i.e. 60 to 160 mmHg) (Hayashi et al. 1980; Meinders and Hoeks 2004). D is a con-
tinuous variable describing vessel diameter and γ is a dimensionless nonlinearity factor,
which is calculated from systolic and diastolic pressures and diameters as:

γ=
log

�

Ps
Pd

�

D2
s

D2
d
− 1

. (9.4)
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9.2.4 Constitutive modelling of carotid artery wall mechanics

Model description

To identify material properties of the carotid artery wall, we used a constitutive model
describing passive carotid artery wall mechanics. Appendix 9.A1 gives a detailed descrip-
tion of this model. Our model follows the material laws proposed by Holzapfel and Og-
den (2010a) and is implemented in the constitutive framework as previously described
by Holzapfel et al. (2000) and Humphrey (2002). In the model, the carotid artery is
considered a mono-layered thick-walled tubular structure composed of a mixture of two
components: 1) elastin, assumed mechanically isotropic, and 2) collagen fibres, assumed
mechanically orthotropic and arranged helically (Holzapfel and Ogden 2010a). Mechan-
ical properties of the arterial wall components are expressed in terms of strain energy
functions.

The strain energy function used for elastin (Welast) was

Welast = celast(I1 − 3) , (9.5)

where I1 = λ
2
r
+λ2

θ
+λ2

z
, with r the radial direction, θ the circumferential direction, and

z the axial direction, expressed in a cylindrical coordinate system. celast is the constitutive
parameter for elastin (see Appendix 9.A1 for a detailed overview).

The strain energy function used for collagen (Wcoll) was

Wcoll =
k1

k2

�

exp
�

k2

�

λ2
fibre − 1

�2�− 1
�

, (9.6)

where k1 and k2 are constitutive parameters and λfibre denotes fibre stretch (Appendix
9.A1).

In Welast and Wcoll, the following parameters characterise constitutive behaviour of
elastin and collagen:

• celast: stiffness modulus of elastin, units of Pa.
• k1: stress-scaling parameter of collagen, units of Pa.
• k2: collagen stress-curve shape parameter, dimensionless.

Following appropriate parameterisations of celast, k1, and k2, elastin acts as the predom-
inant load bearer for low pressure loads. Collagen, which is modelled as an unstressed
fibrous material for low pressure, starts bearing load at higher pressures (Holzapfel and
Ogden 2010a; O’Rourke and Hashimoto 2007; Watton et al. 2009).

Based on literature reports on excised human and animal carotid arteries, we assumed
that in the N orientation, the artery is subjected to an initial pre-stretch (λz,N) of 1.20
(Spronck et al. 2015b). Furthermore, an extra axial stretch (∆λz) resulting from head
rotation was estimated from MRI measurements:

∆λz =
LR

LN
, (9.7)

where LN and LR are MRI-estimates of carotid artery length for respectively the N and
R orientations. Pre-stretch of the carotid artery at the R orientation (λz,R) can now be
defined as:

λz,R =∆λzλz,N . (9.8)
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Two methods of determining ∆λz were evaluated: 1) using ∆λz as measured from MRI
measurements (“∆λz,meas”), or 2) including ∆λz in the constitutive model fitting routine
(“∆λz,fitted”).

The angle between the two families of collagen fibres in our model (β0) was assumed
to be 35.3◦ in the unstressed configuration. This angle was chosen from an analytical
solution resulting in a constant reduced axial force (Fz) over the cardiac cycle (dFz/dP =

0, Humphrey 2002; Takamizawa and Hayashi 1987; Van Loon 1976; Weizsäcker et al.
1983) for a thin-walled, fibre-reinforced tube (Badel et al. 2012). Fz is defined as the
force applied in the axial direction additional to that generated by the pressure on the
closed ends of the vessel (Holzapfel and Ogden 2010a). In an earlier study, we have
shown that for constitutive models describing thick-walled tubes, physiologically realistic
behaviour of Fz exists for fibres helix angles ranging from 35◦ to 40◦ (Spronck et al.
2015b).

Three additional parameters define the constitutive model, and are used for mapping
from a stress-free cut configuration of an artery, to an unloaded intact configuration,
to a loaded configuration (Appendix Fig. 9.A1, Holzapfel et al. 2002; Humphrey 2002;
Spronck et al. 2015b). These include an opening angle (α), unstressed inner vessel radius
(Ri), and pressurised wall cross-sectional area (Aw). The value for α was taken from
literature (100◦, Spronck et al. 2015b). Ri was fitted using constitutive model fitting
routine (see below). Aw was calculated for the normal orientation (Aw,N) from Dd,N and
IMTN:

Aw,N = π

�

1
4

D2
d,N −

�

1
2

Dd,N − IMTN

�2
�

. (9.9)

For the rotated orientation, Aw,R was calculated using the value for Aw,N, while assuming

incompressibility: Aw,R =
Aw,N

∆λz
.

D-P and Fz-P relations were obtained by applying the constitutive framework and by
integration of strain energy functions (Appendix 9.A1).

Fitting procedure

The constitutive model was fitted to each data set by variation of constitutive parameters
celast, k1, k2, and Ri. In addition, we evaluated whether fitting ∆λz (∆λz,fitted, Fig. 9.1)
would improve the quality of the fit of the constitutive model to the data set. Lower and
upper bounds of all fitted parameters are given in Appendix Table 9.A7.

For each sample in the data set, we assumed the single-exponential function to be valid
within the range P ∈ {Pd,sample − 15mmHg, Ps,sample + 15mmHg}. In Fig. 9.2, Pd,sample is
represented by the blue circles (N orientation) and red circles (R orientation), and Ps,sample
is represented by blue (N orientation) and red asterisks (R orientation), respectively. This
pressure range defines the fitting range.

Fitting was performed using the trust-region reflective algorithm (Moré and Sorensen
1983), implemented in the MATLAB Optimization Toolbox function LSQNONLIN (MAT-
LAB R2015a; The MathWorks Natick, MA, USA) and was initiated from 10 random start
points in the parameter space using the MATLAB Global Optimization Toolbox function
MULTISTART. The same 10 start points were used for fitting all samples. Throughout
model fitting, we aimed to minimise the sum of squares difference between measured
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pressure from the single-exponential curve Pj and modelled Pmod, j for both the N and R
orientations:

SSP
=

∑

i∈{N,R}

 

1
nP,i

1
P2

p

nP∑

j=1

(Pi, j − Pmod,i, j)
2

!

, (9.10)

where, for each sample, nP is the number of fitting points and Pp is the pulse pressure.
As a physiological constraint, Fz was forced to remain constant with varying pressure, at

a target value defined Fz,target,i . This was enforced by minimising the following expression:

SSFz
=

∑

i∈{N,R}

 

1
nP,i

1

F2
z,target,i

nP∑

j=1

(Fz,i, j − Fz,target,i)
2

!

, (9.11)

where Fz,target,N is assumed to be equal to 0.5 N (Spronck et al. 2015b). For the R orien-
tation, Fz was forced to remain equal at a non-fixed value over the fitting pressure range
(i.e., recalculating Fz,target,R for each model evaluation).

SSP
and SSFz

are combined into the weighted total sum of squares (SS,T):

SST
= wPSSP

+ wFz
SSFz

, (9.12)

where wP and wFz
are non-dimensional weighting factors. Here, we chose wP = 10 and

wFz
= 1. The SSP

term was given a higher importance than the SSFz
term, because of

absence of Fz measurements in our study and uncertainty in the assumed target value for
Fz .

The fitting error describing goodness-of-fit is expressed as a normalised root mean
square error (ERMS,P and ERMS,Fz

):

ERMS,P = 100% ·ÆSSP
, and (9.13)

ERMS,Fz
= 100% ·

q

SSFz
. (9.14)

9.2.5 Uncertainty quantification and sensitivity analysis

All constitutive model realisations together yield insight in the distribution of the con-
stitutive parameters that results from the presence of measurement uncertainty. This
distribution of constitutive parameters was therefore used to quantify the uncertainty in
the different constitutive parameters (uncertainty quantification, UQ).

Sensitivity analysis (SA) was subsequently used to apportion uncertainty in the model-
predicted constitutive properties to uncertainty in specific measured variables (Huberts et
al. 2014). A variance-based global SA was performed using regression-based generalised
polynomial chaos expansion (gPCE), as detailed in Huberts et al. 2014.

The gPCE method captures the relation between constitutive parameters (X i) and mea-
sured variables (Mi) by means of an infinite polynomial expansion. For practical reasons,
an approximation of this relation, by means of a finite expansion of orthogonal polyno-
mials (denoted fgPCE) was used:

X i = f X i ( ~M)≈ f
X i

gPCE(
~M) , (9.15)
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with ~X = [celast, k1, k2] and ~M = [M1, M2, ..., MNvars
] = [Dd,N,∆DN, Dd,R,∆DR, Pd, Pp, IMTN,

∆λz,meas], and with Nvars the number of measured variables (Fig. 9.1).
Such a polynomial expansion acts as a meta-model of the constitutive parameter esti-

mation method. After constructing the meta-model, the value of the leave-one-out cross-
validation coefficient (Q2) is computed. Q2 is a quality measure of the meta-model, in-
dicating its predictive properties (Sudret 2015). A Q2-value close to one indicates an
accurate meta-model. Throughout this study we assumed Q2 > 0.90 to indicate an ap-
propriate meta-model.

From the meta-model, the variance of a fitted constitutive parameter (a measure of its
uncertainty) can be computed. The following sensitivity metrics were computed:

• Main sensitivity indices. The main sensitivity index of measured variable Mi rep-
resents the expected reduction in uncertainty of the constitutive parameter if Mi

were known exactly. A graphical interpretation of main sensitivity indices is given
in Fig. 9.1, right pane. Here, each portion of the disc represents the contribution
of a specific measured variable (or interaction between more than one measured
variable) to the total uncertainty of a constitutive parameter.
• Total sensitivity indices. The total sensitivity index of Mi representing the expec-

ted uncertainty in constitutive parameter that would remain if all other measured
variables except Mi were known exactly.

The main sensitivity indices are used to determine which measured variables are most re-
warding to be obtained more accurately, in order to reduce the uncertainty of estimated
constitutive parameters. The total sensitivity indices are used to determine which mea-
sured variables could potentially be fixed within their uncertainty domain. We refer to
Appendix 9.A2 for a detailed breakdown on calculating main and total sensitivity indices.

9.2.6 Presentation of results

Results are presented as follows. First, a representative example of fitting the constitutive
model to a single sample from the generated data set is presented. Second, the results of
the uncertainty quantification are presented. We use kernel density estimation (KDE) to
visualise the distributions of estimated constitutive parameters. KDE estimates the prob-
ability density function, which in this context implies the probability density of finding
a certain value of a constitutive parameter (Silverman 1986). Finally, results from the
sensitivity analysis are reported, explaining the influence of measurement uncertainty on
the obtained variance in estimated constitutive parameters.

9.3 Results

9.3.1 Measurements

Table 9.1 shows the MRI and US parameters, reported as group averages among subjects
for both orientations, as also reported in the study by Holtackers et al. (2016). They
found a 7% decrease in ∆D with head rotation, whereas only a 1% decrease in Dd was
measured. Furthermore,∆λz,meas resulting from head rotation was found to be 1.017. Pd
and Pp (assumed equal for both orientations) were 72 and 58mmHg, respectively.
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Figure 9.3: Model-predicted D-P curves and Fz-P curves (dashed lines). Solid lines indicate the
data fitted upon. The difference between measured and model-predicted pressure was
minimised over the pressure fitting range (i.e., Pd−15mmHg to Ps+15mmHg), whereas
reduced axial force was fitted to a target value (Fz,target,N and Fz,target,R respectively). Note
that Fz,target,N is a fixed value (0.5N) and Fz,target,R is the average reduced axial force over
the pressure range. This results in reduced axial force in the N orientation being forced
to remain constant at 0.5 N over the pressure fitting range. Reduced axial force in the
R orientation is also forced to remain constant over the pressure fitting range, but at
an arbitrary value. Fitted parameters were celast = 49.6kPa, k1 = 1.80 kPa, k2 = 7.97,
and∆λz,fitted = 1.10. Fit errors, describing the goodness-of-fit were ERMS,P = 0.06% and
ERMS,Fz

= 21.4%.

9.3.2 Representative example of a fitted constitutive model

A representative example of a model-based D-P relationship assessed by model fitting
on data from both orientations is depicted in Fig. 9.3. The slope of the plotted curves
(dD/dP) scales with vessel compliance. Low vascular compliance corresponds to high
vascular stiffness and vice versa. Model fits (dashed lines, Fig. 9.3) show sigmoidal D-
P behaviour over a 40–160mmHg pressure range, suggesting low compliance for the
lower part of pressure range followed by higher compliance in the physiological pressure
range and again lower compliance for the upper part of the pressure range. Sigmoidal
behaviour is also observed in ex vivo studies performing inflation tests on intact human
aortic segments and rat carotid arteries (Fridez et al. 2003; Langewouters et al. 1986). For
the example presented, the inflection point lies at a relatively high pressure as compared
to data shown by Fridez et al. (2003) and Langewouters et al. (1986).

The best-fit constitutive parameters for this representative sample were celast = 49.6 kPa,
k1 = 1.80 kPa, k2 = 7.97, and ∆λz,fitted = 1.10. When ∆λz was not fitted but kept fixed
at its measured value, an inferior fit was obtained corresponding to increases in ERMS,P
and ERMS,Fz

of respectively +65% and +22%.
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Figure 9.4: Kernel density estimates (KDE) of fitted constitutive parameters (celast, k1, and k2). Black
line: KDE for model fitted to measurements acquired at both the normal (N) and rotated
(R) orientations. Red line: KDE for model fitted to measurements acquired at the N
orientation only.

9.3.3 Uncertainty quantification

Uncertainty quantification quantifies the uncertainty in constitutive parameters due to
measurement uncertainty. In order to meet the physiological constraint as formulated in
Eq. 9.2, when fitting both the N and R orientations, a total of 437 samples were removed
from the initial data set of 825 samples, leaving 388 samples for uncertainty quantifica-
tion.

In Fig. 9.4, the KDEs of constitutive parameters are shown for the model fitted to both
the N and R orientation data of the generated data set (black lines), and for the model
fitted to only the N orientation data (red lines).

An overview of medians and interquartile ranges (IQRs) resulting from fitting the
samples is given in Table 9.2. For celast and k2, IQRs were between 10–30% of their
respective medians for parameters, regardless of whether the model was fitted to data
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Table 9.2: Parameter values for celast, k1, k2, and ∆λz,fitted

Orientation celast [kPa] k1 [kPa] k2 [-] ∆λz,fitted

Median IQR Median IQR Median IQR Median IQR No. of fits

N and R 47.1 5.5 3.2 6.0 7.4 2.5 1.083 0.12 388
N 45.4 7.9 7.2 10.6 7.2 2.2 - 825

Results from fitting both normal (N) and rotated (R) orientations simultaneously and from fitting
only the N orientation are shown.

obtained at the two orientations or only at the N orientation (Table 9.2). Collagen para-
meter k1 showed a high degree of variation (IQR 190% for N and R and 150% for N of
its corresponding median value respectively, Table 9.2). However, the absolute variance
of k1 was found to be much smaller when fitting the model to data acquired at both
orientations (IQRs of 6.0 kPa for N and R and 10.6 kPa for N, Table 9.2).

The median value for ∆λz,fitted, (1.083), exceeded the MRI-based value for ∆λz,meas
(1.017, Table 9.2). Furthermore, the spread in ∆λz,fitted exceeded the intra-subject SD
measured in our study (Tables 9.1 and 9.2).

9.3.4 Sensitivity analysis

Sensitivity analysis was performed to apportion uncertainty in measured variables to un-
certainty in fitted constitutive parameters. A full overview of main and total sensitivity
indices can be found in Tables 9.A1 to 9.A6. Table 9.A1 shows that distension and IMT
are the variables for which it is most rewarding for the estimation of celast to be measured
more accurately. Main sensitivity indices for distension are 0.12 for ∆DR and 0.26 for
∆DN, respectively. The main sensitivity index for IMT was 0.23 (Table 9.A1). For k1,
distension is the most important measured variable with main sensitivity indices of 0.18
and 0.19 for ∆DN and ∆DR respectively (Table 9.A2).

Considering our enforced threshold for Q2 of 0.90, no appropriate meta-model was
obtained for k2 (Q2=0.87, Table 9.A3). Therefore, no conclusions can be made regarding
sensitivities of k2 to measured variables.

Reducing uncertainty of blood pressure measurements seems of negligible importance
in reducing uncertainty for any given constitutive parameter compared to ultrasound-
based measurements of diameter and distension (Tables 9.A1 to 9.A3).

A large discrepancy between main and total sensitivity indices for a certain measured
variable indicates there is a contribution of interaction between measured variables caus-
ing uncertainty in a constitutive parameter (Sudret 2008). We found that the uncertainty
in estimating k1 and k2 was significantly dependent on interaction between distension
(∆DN, ∆DR) and diastolic diameter (Dd,N, Dd,R) as measured in both orientations (sepa-
rate interaction indices are not reported in Tables 9.A1 to 9.A3).

We also performed a sensitivity analysis considering only measurements acquired at
the N orientation. In this case, distension (∆DN) was the measured variable contributing
the most to uncertainty in constitutive parameters (main sensitivity index between 0.79
and 0.94, Tables 9.A4 to 9.A6). Interaction between meta-model terms was negligible,
as illustrated by the minor difference between main and total sensitivity indices (Tables
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9.A4 to 9.A6). Meta-models for these data were significantly more accurate reporting
Q2-values between 0.97 and 0.99 (Tables 9.A4 to 9.A6).

9.4 Discussion

To our knowledge, this is the first study to use in vivo carotid artery distensibility data mea-

sured under controlled manipulation of axial stretch, for constitutive parameter estimation.
Our aim was to investigate whether this approach, effectively doubling the amount of me-
chanical measurement data a model is fitted to, would reduce the variability in estimated
constitutive parameters.

9.4.1 Key findings

Although we found a high variation in k1, adding distensibility data of the R orientation
reduced its variation (as quantified by the IQR) by almost a factor of two. An in vitro study
by Sommer and Holzapfel (2012) also reported a large spread in this parameter, finding a
k1-value of 28.4±30.8 kPa (mean ± SD). They performed model fitting on data obtained
from inflation-deflation experiments (measuring pressure, radius and axial force) on 11
intact carotid arteries from a total of 8 human donors. Measurements were performed
at λz-values ranging from 1.0 to 1.3 with 0.05 increments. The reduction of variation in
estimating k1 in the present study suggests, however, that uncertainty in this parameter,
when assessed in vivo, can be reduced by using our method.

Results indicate that overall, estimations of celast and k2 were not influenced signifi-
cantly by adding distensibility data at the R orientation. This can be appreciated by the
overlapping distributions (KDEs) of these parameters (Fig. 9.4).

9.4.2 Sensitivity analysis

Sensitivity analysis showed that the most important contributors to uncertainty in celast are
variables measured by ultrasound (i.e., carotid artery diameter, distension and IMT). Un-
certainty of collagen parameter k1 was primarily caused by measurement uncertainty of
carotid artery diameter and distension. Although our model-based approach still requires
blood pressure to be measured, improving the precision of measurements of arterial di-
ameter and wall thickness clearly appears to be most rewarding. Whereas the potential
for improving the precision of a single ultrasound measure is practically limited, effective
precision of ultrasound measurements could be improved by increasing the number of
repeated measurements (Nrep, see Eq. 9.1).

9.4.3 Uniqueness of estimated parameters

In an earlier study, Ogden et al. (2004) carried out a detailed analysis of fitting strain en-
ergy functions to experimental data on mechanical testing of rubber-like materials. They
compared the uniqueness of estimated parameters for multiple constitutive models with
different numbers of parameters. Model parameters were estimated for several testing
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protocols, including biaxial testing. Fitting a model containing only three material pa-
rameters on biaxial data sets did not result in multiplicity in fitted parameters, implying
convergence to one unique solution (Gent 1996; Ogden et al. 2004). When fitting a more
complex model to the same data (effectively estimating six parameters), Ogden et al.
(2004) observed non-uniqueness of the fitted parameters.

In the present study we used a least squares-based parameter estimation method similar
to the method used by Ogden et al. (2004). As detailed in Appendix 9.A4, our model
fitting routine converged to a unique, global minimum, even if 10 randomly selected
start points were used.

9.4.4 Limitations and future perspectives

The amount of extra axial stretch induced by head rotation (∆λz) is small when measured
by MRI ∆λz,meas. Our model approach predicts a much larger effect of head rotation on
∆λz than the estimations obtained from MRI measurements. In our study, ∆λz was used
as an “aggregate” measure of extra axial stretch. This measure was based on the change
in length of the centerline of the carotid artery segment between both orientations. This
is a simplification, given the actual 3D geometry of the carotid artery segment. There
could, however, be spatial inhomogeneity in the distribution of extra axial stretch along
the axis of the carotid artery segment, caused by inhomogeneity in carotid artery wall
stiffness along the segment, but also by inhomogeneity in the tethering of the artery by
its surrounding tissue.

The observed difference in D-P relations between both orientations could be due to tor-
sion of the carotid artery segment as well. Hence, the inferior model fits yielded by fixing
∆λz,meas to the MRI value could be explained by the fact that torsion was not accounted
for in our model.

In future studies, it should be investigated whether head rotation results in a significant
amount of torsion of the carotid artery. Subsequently, the extent to which torsion and axial
stretch influence carotid artery distensibility should be evaluated. In this context, given
the 3D structure and tethering of the carotid artery wall by surrounding tissue, a 3D finite
element analysis would be a suitable method to evaluate the effects of head rotation on
local variation in torsion and axial stretch. Such elaborate analysis could elucidate the
magnitude of tethering and axial stretch on the fitted constitutive parameters, and could
yield useful insight for improving the in vivo characterisation method proposed in the
present study.

9.4.5 Conclusions

We conclude that our model-based approach, taking into account distensibility data from
two levels of axial stretch, could reduce uncertainty in estimated constitutive parameters
and, therefore, may improve the assessment of the effect of vascular drugs on wall com-
ponents. Sensitivity analysis revealed that increasing the precision of ultrasound-based
measurements of arterial diameter, distension, and wall thickness, would further benefit
constitutive parameter estimation.
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9.A1 Appendix: Constitutive modelling

We considered the carotid artery wall to be an incompressible thick-walled cylindrical
structure composed of hyperelastic material. Elastic mechanical properties of separate
components of the arterial wall can be expressed in terms of strain energy functions, based
on deformation gradients (Holzapfel and Ogden 2010a; Ogden 1972). We assumed that
there is only deformation along the principal axes, i.e., we assumed no shear. Therefore,
the relevant stretch components of deformation, expressed using cylindrical coordinates
(Fig. 9.A1), are λr , λθ and λz , with r the radial direction, θ the circumferential direction,
and z the axial direction.

On the structural level of the arterial wall, we distinguish between two types of mater-
ial: elastin and collagen. For simplicity, we assume that there is no influence of vascular
smooth muscle cells on wall mechanics.

9.A1.1 Elastin

Elastin was modelled as an isotropic material. Following the work by Watton et al. (2009)
and Holzapfel and Ogden (2010a), the corresponding strain energy function for elastin
under the assumption of neo-Hookean material behaviour was formulated as:

Welast = celast(I1 − 3) , (9.A1)

where I1 = λ
2
r
+λ2

θ
+λ2

z
and celast is the constitutive parameter for elastin.

9.A1.2 Collagen

Collagen was assumed to be orientated in two equal fractions of fibres with a given helix
angle ±β0 with respect to the circumferential direction (Holzapfel and Ogden 2010a, Fig.
9.A1). An expression for the two fibre families added reads:

Wcoll =
k1

k2

�

exp
�

k2

�

λ2
fibre − 1

�2�− 1
�

, (9.A2)

where k1 and k2 are constitutive parameters. λfibre denotes fibre stretch, which was cal-
culated according to λ2

fibre = cos2(β0)λ
2
θ
+ sin2(β0)λ

2
z
.

9.A1.3 Constitutive relations

Under the assumption that both elastin and collagen act in parallel in terms of mechan-
ical load bearing, the constituent-specific strain energy functions were combined into a
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relation describing local Cauchy stress:

σi = −Ph,i +λi

∂Welast

∂ λi

+λi

∂Wcoll

∂ λi

, (9.A3)

where Ph,i denotes the local hydrostatic pressure within the wall. This results in the
following expressions for σr , σθ and σz:

σr = −Ph,i + 2λ2
r
celast , (9.A4)

σθ = −Ph,i + 2λ2
θ celast + 4k1λ

2
θ (λ

2
fibre − 1) cos2(β0)

�

exp
�

k2

�

λ2
fibre − 1

�2��

, and (9.A5)

σz = −Ph,i + 2λ2
z
celast + 4k1λ

2
z
(λ2

fibre − 1) sin2(β0)
�

exp
�

k2

�

λ2
fibre − 1

�2��

. (9.A6)

9.A1.4 Constitutive framework

We distinguished between the unstressed and stressed states of an artery (Fig. 9.A1). Un-
der the assumption of an incompressible wall tissue, a mapping of coordinates (r,θ , z) of
the deformed, stressed configuration to coordinates (R,Θ, Z) of the unstressed configur-
ation is given by:

r(R) =

√

√

√

r2
o −

R2
o − R2

λzkα
, θ = kαΘ , and z =

l

L
Z , (9.A7)

where Ro and ro are the outer radii of respectively the unstressed and stressed configura-
tion (Fig. 9.A1). kα is defined as kα =

2π
2π−α , with α the opening angle (Fig. 9.A1). L and

l are vessel length of the unstressed and stressed configuration defining an initial pre-
stretch of an artery λz (Fig. 9.A1). The principal stretch ratios (λr ,λθ ,λz) with respect
to the opened configuration are:

λr =
R

rkαλz

, λθ =
kαr

R
, and λz =

l

L
. (9.A8)

Inner and outer radii (ri and ro, respectively) in the stressed configuration can be written
as follows:

ri =
λθRi

kα
and ro =

√

√Aw

π
+ r2

i , (9.A9)

where Aw is the cross-sectional wall area in the stressed configuration (Fig. 9.A1). In prac-
tice, Aw can be determined by measuring IMT and vessel diameter using ultrasonography
(Hoeks et al. 1999). We furthermore assumed λz = 1.20, α= 100◦, and β0 = 35.3◦.

9.A1.5 Balance equations

We obtained lumen pressure (P) by solving the balance equation:

P =

∫ ro

ri

σθ −σr

r
dr . (9.A10)
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Figure 9.A1: Overview of two configurations of an artery. Top: R, unstressed radius; Ri, unstressed
inner radius; Ro, unstressed outer radius; α, opening angle; L, unstressed vessel
length. In the unstressed configuration, we consider two families of helically orien-
tated collagen fibres, with an angle ±β0 with respect to the circumferential direction.
Bottom: r, stressed radius; ri, stressed inner radius; ro, stressed outer radius; Aw,
cross-sectional wall area in the stressed configuration; l, stressed vessel length. A
pre-stretch of λz was imposed.

148



9

Non-invasive biaxial characterisation of carotid artery wall mechanics

As a boundary condition, it was assumed that σr(ri) = −P and σr(ro) = 0.
Reduced axial force was found by solving the following balance equation:

Fz =

∫ ro

ri

(2σz −σr −σθ )rdr . (9.A11)

9.A2 Appendix: Uncertainty quantification and

sensitivity analysis

In this appendix, a detailed mathematical overview of the derivation of main and total
sensitivity indices is provided.

9.A2.1 Sobol decomposition

The fitting procedure that was used in the current study for obtaining estimates of the
constitutive parameters is considered as an arbitrary function: X = f ( ~M). This func-
tion yields an uncertain constitutive parameter, X , as a function of its Nvars-number of
uncertain input variables ~M = [M1, M2, · · · , MNvars

].
For the purpose of uncertainty quantification and sensitivity analysis, a Sobol variance

decomposition of X = f ( ~M) can be constructed. First, the function f ( ~M) is decomposed
into summands of increasing dimensionality (Saltelli et al. 2008):

X = f ( ~M) = f0 +

Nvars∑

i1=1

fi1
(Mi1
)

+

Nmeas−1
∑

i1=1

Nvars∑

i2>i1

fi1,i2(Mi1
, Mi2
) + · · ·+ fi1,i2,··· ,iNvars

(Mi1
, Mi2

, · · · , MiNvars
) . (9.A12)

Here, f0 represents the expected value of X : E(X ). All other terms have zero mean and
are orthogonal.

It can be shown that the total variance of X , V (X ) is then equal to the sum of the
variances of all the summands (Saltelli et al. 2008):

V (X ) =

Nvars∑

i1=1

V ( fi1
(Mi1
))

+

Nvars−1
∑

i1=1

Nvars∑

i2>i1

V ( fi1,i2(Mi1
, Mi2
) + · · ·+ V ( fi1,i2,··· ,iNvars

(Mi1
, Mi2

, · · · , MiNvars
)) (9.A13)

=

Nvars∑

i1=1

Vi1
+

Nvars−1
∑

i1=1

Nvars∑

i2>i1

Vi1,i2 + · · ·+ Vi1,i2,··· ,iNvars
. (9.A14)
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Sobol’s sensitivity indices are obtained from this formulation after normalising with re-
spect to the total variance, V (X ) (Saltelli et al. 2008):

Nvars∑

i1=1

Si1
+

Nvars−1
∑

i1=1

Nvars∑

i2>i1

Si1,i2 + · · ·+ Si1,i2,··· ,iNvars
= 1 . (9.A15)

In this formulation, Si1
represents the main sensitivity index of parameter Mi1

. The higher
order sensitivity indices represent interaction terms. The total sensitivity index ST,i1 of a
parameter Mi1

is obtained by adding all Sobol indices in which parameter Mi1
is involved.

In the context of parameter fixing and prioritisation, the main sensitivity index, Si ,
represents the expected reduction in V (X ) if Mi were known exactly. As such, the main
sensitivity indices are used to determine which variables are most rewarding to measure
more accurately (i.e., parameters with a high main sensitivity index), in order to reduce
the variance of X (Huberts et al. 2014). The total sensitivity index, ST,i , represents the
residual variance in X if all parameters except Mi were known exactly. Therefore the total
sensitivity indices are used to determine which parameters have negligible impact on the
variance of X (i.e., parameters with a low total sensitivity index).

9.A2.2 Generalised polynomial chaos expansion

The generalised polynomial chaos expansion (gPCE) can be used to compute the Sobol
sensitivity indices. For this purpose, the gPCE was used to construct a meta-model of
the function response of X = f ( ~M) by expanding it into an infinite sum of orthogonal
polynomials:

X = f ( ~M) = fgPCE( ~M) =
∑

α∈A∞
c
α
Φ
α
( ~M) . (9.A16)

Here, Φ
α
( ~M) are orthogonal polynomials and c

α
are the expansion coefficients. The poly-

nomials Φ
α
( ~M) are defined as the product of univariate polynomials, φαi

(Mi) that are
of polynomial degree αi ∈ N0. The polynomial degree of each univariate polynomial is
defined in the multi-index α= [α1,α2, · · · ,αNvars

]. The definition of Φ
α
( ~M) given by:

Φ
α
=

Nvars∏

i=1

φαi
(Mi) . (9.A17)

The set A∞ contains all possible α. The total polynomial degree of Φ
α

is defined as:

degree(α) = |α|=
Nvars∑

i=1

αi . (9.A18)

The formulation of the gPCE in Eq. 9.A16 is unique and equivalent to the decomposition
in Eq. 9.A12 (Sudret 2008).

The variance of the gPCE can be calculated analytically according to:

V (X ) = V ( fgPCE( ~M)) =
∑

α∈A∞
c2
α

H
α

, (9.A19)
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where H
α

is a normalisation factor dependent on the used type of polynomial. In this
study we used Legendre polynomials for the polynomial expansion, because it was shown
that this type of polynomial gives the best convergence for uniformly distributed input
parameters (Sudret 2008). H

α
is given by:

H
α
=

Nvars∏

i=1

1
2αi + 1

. (9.A20)

Dividing the right hand side of Eq. 9.A19 by V ( fgPCE( ~M)) yields Sobol’s sensitivity indices.
The main sensitivity index of X i is obtained by:

Si =
1

V ( fgPCE( ~M))

∑

α∈Ai

c2
α

H
α

, (9.A21)

where Ai is the set of multi-indices where αi is positive and all other indices of α are zero.
The total sensitivity index of X i is calculated according to:

ST,i =
1

V ( fgPCE( ~M))

∑

α∈AT,i

c2
α

H
α

, (9.A22)

where AT,i is the set that contains any multi-index in which αi is positive.

In practice the infinite polynomial chaos expansion is truncated. This results in the
fact that equations 9.A19, 9.A21, and 9.A22 represent estimates of the total variance,
main sensitivity index, and total sensitivity index, respectively. In this study, only these
polynomials were included in the meta-model that could be described by a multi-index
with degree(α)≤ 3.

9.A3 Appendix: Sensitivity indices for all variables and

parameters

In this appendix, an overview of main and total sensitivity indices is presented for each
measured variable. Sensitivity indices were determined by fitting data from the normal
(N) and rotated (R) orientations simultaneously and by fitting only data from the N ori-
entation.
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9.A3.1 Fitting the normal and rotated subsets of the data set

Table 9.A1: Main and total sensitivity indices for celast

Parameter: celast, Q2 = 0.93
Measured variable Symbol Main sensitivity index Total sensitivity index

Diastolic blood pressure Pd 0.013 0.024
Pulse pressure Pp 0.0014 0.016
Diastolic diameter, normal Dd,N 0.016 0.12

Distension, normal ∆DN 0.26 0.37

Intima-media thickness, normal IMTN 0.23 0.26

Diastolic diameter, rotated Dd,N 0.09 0.26

Distension, rotated ∆DR 0.12 0.27

Sensitivity indices larger than 0.10 are indicated in bold. Q2 indicates the accuracy of the meta-
model.

Table 9.A2: Main and total sensitivity indices for k1

Parameter: k1, Q2 = 0.95
Measured variable Symbol Main sensitivity index Total sensitivity index

Diastolic blood pressure Pd 0.0012 0.010
Pulse pressure Pp 0.037 0.062
Diastolic diameter, normal Dd,N 0.051 0.18

Distension, normal ∆DN 0.18 0.49

Intima-media-thickness, normal IMTN 0.0030 0.029
Diastolic diameter, rotated Dd,N 0.019 0.22

Distension, rotated ∆DR 0.19 0.62

Sensitivity indices larger than 0.10 are indicated in bold. Q2 indicates the accuracy of the meta-
model.

Table 9.A3: Main and total sensitivity indices for k2

Parameter: k2, Q2 = 0.87
Measured variable Symbol Main sensitivity index Total sensitivity index

Diastolic blood pressure Pd 0.0024 0.013
Pulse pressure Pp 0.0051 0.019
Diastolic diameter, normal Dd,N 0.014 0.16

Distension, normal ∆DN 0.29 0.48

Intima-media thickness, normal IMTN 0.0091 0.033
Diastolic diameter, rotated Dd,N 0.18 0.42

Distension, rotated ∆DR 0.19 0.27

Sensitivity indices larger than 0.10 are indicated in bold. Q2 indicates the accuracy of the meta-
model.
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9.A3.2 Fitting the normal subset of the data set

Table 9.A4: Main and total sensitivity indices for celast

Parameter: celast, Q2 = 0.99
Measured variable Symbol Main sensitivity index Total sensitivity index

Diastolic blood pressure Pd 0.012 0.013
Pulse pressure Pp 0.0072 0.019
Diastolic diameter, normal Dd,N 0.0077 0.021
Distension, normal ∆DN 0.83 0.86

Intima-media thickness, normal IMTN 0.12 0.12

Sensitivity indices larger than 0.10 are indicated in bold. Q2 indicates the accuracy of the meta-
model.

Table 9.A5: Main and total sensitivity indices for k1

Parameter: k1, Q2 = 0.99
Measured variable Symbol Main sensitivity index Total sensitivity index

Diastolic blood pressure Pd 0.0011 0.0016
Pulse pressure Pp 0.030 0.041
Diastolic diameter, normal Dd,N 0.022 0.030
Distension, normal ∆DN 0.91 0.94

Intima-media thickness, normal IMTN 0.0085 0.013

Sensitivity indices larger than 0.10 are indicated in bold. Q2 indicates the accuracy of the meta-
model.

Table 9.A6: Main and total sensitivity indices for k2

Parameter: k2, Q2 = 0.97
Measured variable Symbol Main sensitivity index Total sensitivity index

Diastolic blood pressure Pd 0.0064 0.015
Pulse pressure Pp 0.089 0.10
Diastolic diameter, normal Dd,N 0.11 0.12

Distension, normal ∆DN 0.77 0.79

Intima-media thickness, normal IMTN 0.0016 0.0095

Sensitivity indices larger than 0.10 are indicated in bold. Q2 indicates the accuracy of the meta-
model.

9.A4 Appendix: Uniqueness of best-fit model parameters

In this appendix, we propose a method to define the uniqueness of fitted parameters. As
described in the Methods section, our constitutive model was fitted to each sample in
the data set, departing from 10 random start points. To quantify the uniqueness of the
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Table 9.A7: Complete overview of lower and upper bounds used in fitting of parameters celast, k1,
k2, Ri, and ∆λz,fitted

Parameter Unit Lower bound Upper bound

celast kPa 1 400
k1 kPa 0.1 · 10−3 400
k2 - 0 100
Ri m 0.5 · 10−3 10 · 10−3

∆λz,fitted - 0.7 1.3

estimated parameters, we calculated the range (minimum-maximum difference) of the
series of parameter values found for all start points. Let the uniqueness (Ui) of a fitted
parameter (X i, j,k) be expressed as:

Ui = 100% · 1
X i,scale

�

1
N

N
∑

j=1

max
�

X i, j,1, X i, j,2, . . . , X i, j,ns

�

−min
�

X i, j,1, X i, j,2, . . . , X i, j,ns

�

�

, (9.A23)

where ns denotes the number of start points, k denotes a start point index, j denotes a
sample from the data set, i denotes the index of the fitted parameter within ~X , and Nsamp
denotes the number of fitted samples. X i,scale is a scaling factor, defined for each fitted
parameter as the absolute difference between its lower and upper bound (Table 9.A7).

On average, 6 of the 10 start points converged to a stable solution. Only those solu-
tions that were considered to be converged to an optimal solution were included in this
analysis. An optimal solution was defined as a solution for which SS,T, j < 10 (Eq. 9.12).
By enforcing this criterion, 140 out of 2269 solutions were omitted.

Using this method, we found Ucelast
= 2%, Uk1

= 0.3%, Uk2
= 1%, URi

= 3%, and
U∆λz,fitted

= 19%. Note that Ui = 0% would indicate that for parameter i, for all 10 start
points, identical best-fit parameter values would be found.
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Abstract

In ureter peristalsis, the orientation of the contracting smooth muscle cells is essential, yet
current descriptions of orientation and composition of the smooth muscle layer in human
as well as in rat ureter are inconsistent. The present study aims to improve quantification
of smooth muscle orientation in rat ureters as a basis for mechanistic understanding of
peristalsis. A crucial step in our approach is to use two-photon laser scanning microscopy
and image analysis providing objective, quantitative data on smooth muscle cell orienta-
tion in intact ureters, avoiding the usual sectioning artifacts. In 36 rat ureter segments,
originating from a proximal, middle or distal site and from a left or right ureter, we found
close to the adventitia a well-defined longitudinal smooth muscle orientation. Towards
the lamina propria, the orientation gradually became slightly more disperse, yet the main
orientation remained longitudinal. We conclude that smooth muscle cell orientation in
rat ureter is predominantly longitudinal, though the orientation gradually becomes more
disperse towards the proprial side. These findings do not support identification of sepa-
rate layers. The observed longitudinal orientation suggests that smooth muscle contrac-
tion would rather cause local shortening of the ureter, than cause luminal constriction.
However, the net-like connective tissue of the ureter wall may translate local longitudi-
nal shortening into co-local luminal constriction, facilitating peristalsis. Our quantitative,
minimally invasive approach is a crucial step towards more mechanistic insight into ureter
peristalsis, and may also be used to study smooth muscle cell orientation in other tube-like
structures like gut and blood vessels.

10.1 Introduction

C ONTRACTION and relaxation of smooth muscle cells (SMCs) of the ureter are re-
sponsible for active propulsion of urine from the kidneys to the bladder by peri-
stalsis. Although it is accepted that orientation of SMCs plays an important role in

peristalsis (Brasseur et al. 2007), morphological reports on the lamina muscularis (LM)
are inconsistent. Findings with respect to the number of layers that are distinguishable by
orientation and with respect to the specific orientation of SMCs within the layers (circum-
ferential, longitudinal, helical, disperse) differ between studies. For example, a number
of investigators reported different layers in the LM of human ureters based on distinct
SMC orientation patterns (Bouvin 1869; Ebner 1902; Henle 1866; Köllilker 1859; Maier
1881; Obersteiner 1871; Stevens and Lowe 1992; Toldt 1877), whereas others did not
find a well-defined layering in SMC orientations (Disse 1896; Disselhorst 1894; Floyd et
al. 2008; Gosling et al. 1983; Murnaghan 1957; Protopopow 1897; Sappey 1873; Satani
1919; von Möllendorff and Schröder 1930; Woodburne 1965). Moreover, some of the
investigators found longitudinal and/or circumferential orientations (Bouvin 1869; Eb-
ner 1902; Henle 1866; Köllilker 1859; Maier 1881; Obersteiner 1871; Protopopow 1897;
Toldt 1877), while others observed helical/interwoven SMC orientations (Sappey 1873;
Satani 1919; Schneider 1938; Stevens and Lowe 1992). In rat ureter, similar discrepan-

156



1
0

2D method to quantify smooth muscle orientation in tubular structures

cies are found, i.e., some authors describe the rat ureter’s LM as being layered with an
outer longitudinal and an inner circular layer (Aragona et al. 1988; Hoyes et al. 1976;
Lang et al. 2001), whereas other groups describe no clear layering (Disselhorst 1894; Wolf
et al. 1996), or an inner longitudinal and outer circular layer (Hicks 1965). It is important
to note that methodological aspects may play a role in these discrepancies. Most studies
evaluated the LM’s structure by histological sectioning methods, which may affect tissue
morphology and provides limited capabilities for quantifying SMC orientation across the
thickness of the LM.

The aim of the present study was to develop a quantitative approach to study SMC
orientation 1) in intact ureters at approximate in vivo geometry, 2) throughout the entire
thickness of the LM, 3) with sufficient (depth) resolution, and 4) with consideration of
potential differences along the length of the ureter or between left and right ureters.
Given that in rat ureter similar discrepancies in terms of SMC stratification and within-
layer orientation as in human were found, we used whole ureters from wild type rats
as a model. In order to avoid artifacts due to histological fixation and sectioning, we
used two-photon laser scanning microscopy (TPLSM) to image intact ureters that were
mounted between glass pipettes at approximate in vivo length and diameter. The adequate
penetration depth of TPLSM allowed us to transverse the entire LM from out- to inside.

10.2 Concise methods

10.2.1 Ethics statement

Experiments and procedures were approved by the Maastricht University animal experi-
ments committee.

10.2.2 Experimental procedures

Left and right ureters were excised from six Wistar rats, euthanised with CO2. After re-
moval of excessive fat, ureters were mounted between glass micropipettes and stained
both intra- and extraluminally using 2µM SYTO 13 (staining cell nuclei) in Hanks’ Bal-
anced Salt Solution (HBSS) for 30 minutes (Fig. 10.1A). Mounted ureters were imaged
using a two-photon laser scanning microscope, acquiring a 3D stack of images traversing
the ureter wall from out- to inside at an equal lateral and axial (i.e., in depth or z direc-
tion) resolution of 0.5 mm. Image stacks were acquired at proximal, middle and distal
locations along each ureter, yielding a total of 36 stacks.

10.2.3 Processing and analysis

In summary, after assessment of ureter diameter, smooth muscle cell nuclei and their
orientations were automatically identified in the acquired image stack. For each stack, a
depth-dependent region of interest (ROI; see Fig. 10.1B) was calculated. This ROI was
applied after delineation of SMC nuclei. SMC orientation was only calculated for nuclei
within the ROI.
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Figure 10.1: Image acquisition and processing workflow. A: Image stacks of the muscle layer (of
the mounted, submerged ureter) were acquired at increasing depth (z) from the ad-
ventitial to the proprial side, at proximal, middle and distal locations (i.e., three seg-
ments per ureter). B: Given the curvature of the vessel, the region of interest (ROI)
for quantitative analysis was adjusted to ensure reliable cell density estimation and
to limit crosstalk of cells resident at other depths within the wall. C: A stack of raw
images, showing smooth muscle cell (SMC) nuclei stained with SYTO 13. D: Raw im-
ages (panel C) were filtered using cellness filtering (step 1) to identify SMC nuclei.
Subsequently, a ROI was applied and individual SMC angles (α) were determined. α
was defined with reference to the longitudinal axis of the vessel (x-direction). E: SMC
angles were plotted as a function of depth to evaluate transmural changes in orienta-
tion, taking circularity of the data into account. F: A kernel density estimation (KDE)
plot was used to estimate the orientation distribution. On this KDE, octile lines were
plotted to clarify changes in orientation dispersion with depth.
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Cellness filtering and smooth muscle cell identification

Stack images were filtered using cellness filtering, in analogy to vesselness filtering
(Frangi et al. 1998). Cellness filtering enhances elongated structures, e.g., SMC nu-
clei, in an image, and suppresses background noise, thereby resulting in a high-contrast
image with clearly delineated cell nuclei. Cellness-filtered images were converted to bin-
ary images by means of thresholding. Pixels of value 1 were clustered and subsequently
filtered based on their surface area, removing dye particles (area too small) or adjacent
cells that are erroneously clustered as one (area too large). Each cluster now represents
a nucleus and signifies an SMC.

Region of interest application

As flat image slices were acquired of a curved object, structures (clusters) at various depths
of the wall could end up in one image slice, cf. Fig. 10.1B. This crosstalk among slices is
reduced by narrowing the region of interest (ROI) used for quantification of SMC ori-
entation (Fig. 10.1B). With increasing imaging depth, and with a decreasing radius of
curvature of the ureter wall, the ROI is narrowed. Furthermore, for the outermost slices,
the imaging field of view is not fully filled with the lamina muscularis (Fig. 10.1B). By
assuming a cylindrically shaped ureter with a measured radius, the ROI can be chosen
such that it is always completely filled with lamina muscularis, allowing cell densities to
be calculated.

Angle calculation

Nuclear shape was assessed based on the eigenvalues of the structure tensor that was cal-
culated for each identified cluster (Jähne 1993). The ratio of its eigenvalues is required
to be larger than 1.5 to exclude cells with round-shaped nuclei. Principle cluster orienta-
tion for the included nuclei is represented by the eigenvector corresponding to the largest
eigenvalue. SMC nuclear orientation is expressed by the angle a of this eigenvector with
respect to the longitudinal ureter axis (Fig. 10.1C–E).

Probability density estimation

For each stack, imaging depth was normalised from 0 to 1, after which a two-dimensional
kernel density estimate (KDE) (Silverman 1986) was calculated (Fig. 10.1F). Kernel den-
sity estimation allows for estimation and visualisation of the probability density from a
set of data points. In our case, the KDE shows how often a certain SMC orientation is en-
countered at a certain imaging depth. In addition to the KDEs per stack, an overall KDE
was calculated of all 36 imaged stacks. For each depth, eight quantiles (octiles) were
calculated and displayed as lines on the KDE (Fig. 10.1F).

Cell density estimation

Cell density (having the unit “cells per cross-sectional area”) is calculated by dividing the
number of detected nuclei in a slice by the area of the region of interest for that slice.
The key difference between cell densities and the aforementioned probability densities is
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Figure 10.2: Example image slices from a single image stack. A: Image slice towards the adventitial
side, showing predominantly longitudinally oriented smooth muscle cells (SMCs). B:
Image slice towards the proprial side, showing a more disperse orientation. Scale bar:
50µm. Arrows indicate relatively round cells which are excluded from further analysis.

that cell densities are corrected for the ROI and, thus, give a measure of the physical cell
density.

For details on imaging and image analysis procedures and calculations, including para-
meter values, please see Appendix 10.A1.

10.3 Results

By visual inspection, the acquired TPLSM image stacks typically showed an outer, lon-
gitudinal layer of SMCs (Fig. 10.2A). With increasing imaging depth, SMC orientation
generally dispersed but remained longitudinal (e.g., Fig. 10.2B). In the analysis of SMC
orientation, we considered a normalised imaging depth to be able to compare LMs of
different thicknesses. The unnormalised median (25th—75th percentile) thickness of the
36 SMC layers was 53 (41–70)µm.

Based on our image analysis methodology (Concise methods), we quantified SMC ori-
entation, and indeed found a predominantly longitudinal orientation in the 36 rat ureter
segments we studied (Fig. 10.3). From the adventitial side toward the proprial side we
found a clear, but gradual transition from a narrowly longitudinal to a more dispersely
longitudinal distribution (Fig. 10.3A and 10.3C). The broadening of the orientation dis-
tribution is also evident from its increasing standard deviation with depth (Fig. 10.3B).
Average SMC density was between 8 cells per 104 mm2 (adventitial and proprial sides)
and 25 cells per 104 mm2 (middle of the LM, Fig. 10.3A).

Whereas the main SMC orientation was uniformly longitudinal, individual ureter seg-
ments showed slight variability with respect to their dispersion (Fig. 10.4). The 50th
percentile of the orientation standard deviation (SD) increased from 25◦ (adventitially)
to 32◦ (proprially) (Table 10.1). Towards the proprial side (normalised depth 0.8), the SD
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Figure 10.3: Smooth muscle cell (SMC) orientation in intact rat ureter is predominantly longitu-
dinal. Panel A shows the orientation distribution (3D plot) and the cell density (2D
graph) as function of depth, averaged over 36 rat ureter segments. Normalised depth
0 corresponds to the adventitial side of the muscle layer and 1 to the proprial side.
At the adventitial side (normalised depth 0 to 0.5) there is a high probability that the
angle of the SMCs with respect to the longitudinal axis of the ureter is about 0u. To-
wards the proprial side the SMC orientation gradually disperses but remains centred
around 0◦, as further illustrated in panel B by the distributions at four distinct nor-
malised depths (zn) as indicated. At these depths, standard deviations (σ) are given.
In the distribution plot (A) and its top view (C) the curves delimit the octiles of the
orientation distribution.
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Figure 10.4: Example orientation patterns of two ureter segments. Panels A and B (view as defined
in Fig. 10.3C) show two examples of orientation patterns acquired in different ureter
segments. The pattern in A remains longitudinal from adventitial to proprial side,
whereas the pattern in B disperses towards the proprial side.

showed a doubled variation among stacks (inter-quartile range (IQR) of 41◦−25◦ = 16◦)
than at the adventitial side (normalised depth 0.2, IQR of 29◦ − 21◦ = 8◦) (Table 10.1).

10.4 Discussion

The present results, derived from our intact ureter high-resolution imaging technique,
show that the LM of the ureter in rat is a single layer with predominantly longitudinally
oriented SMCs. Although the dispersion of orientation did vary among individual seg-
ments, we found no particular differences between left and right ureters, nor between
proximal, middle and distal sites. Since image analysis was fully automated, the quanti-
tative differences among the ureter segments we studied are observer-independent.

The disparity among previous reports on LM structure with regard to SMC orientation
and layering may have arisen because of insufficient sampling in the depth direction, apart
from the potentially deleterious effects of sectioning. Unlike conventional histological
approaches, our high-resolution data was obtained in intact ureters by using TPLSM, an
imaging technique similar to confocal laser scanning microscopy (CLSM, Shotton 1989).
In both techniques, a microscopic sample is scanned point-to-point by a focused laser
beam. However, whereas in CLSM, a pinhole is used to accomplish optical sectioning, in
TPLSM, optical sectioning is accomplished by the two-photon effect (Denk et al. 1990;
Göppert-Mayer 1931; Helmchen and Denk 2005). As this effect only occurs in at very
high light intensities, it only occurs at the laser’s focus, and therefore intrinsically leads
to optical sectioning (Denk and Svoboda 1997). The fact that no pinhole is required
greatly increases detection sensitivity. Another advantage of TPLSM when compared to
CLSM is the use of long-wavelength laser light, increasing penetration depth (Oheim et
al. 2001) and limiting out-of-focus photo-bleaching. TPLSM has been applied to a wide
variety of biological samples (Helmchen and Denk 2005). With our co-workers, we have
used TPLSM to study the structure of large arteries in mice (Megens et al. 2007; Van
Zandvoort et al. 2004). Because a rat ureter has approximately the same dimensions as
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Table 10.1: Variability in dispersion among different stacks

Normalised depth Percentile of segmental SDs
at a given normalised depth

25th 50th 75th

0.2 21◦ 25◦ 29◦

0.4 24◦ 29◦ 37◦

0.6 25◦ 32◦ 48◦

0.8 25◦ 32◦ 41◦

To assess variability in dispersion between stacks, we calculated for each stack the orientation stan-
dard deviation (SD) at normalised depths 0.2, 0.4, 0.6 and 0.8, as we already did for the entire
distribution in Fig. 10.3B. The 25th, 50th and 75th percentile of the SD values at each of these
normalised depths are shown. Towards the proprial side (normalised depth 0.8), the SD showed a
doubled variation among stacks (inter-quartile range (IQR) of 41◦−25◦ = 16◦) than at the adventi-
tial side (normalised depth 0.2, IQR of 29◦ − 21◦ = 8◦). Overall, observations between samples
consistently show a longitudinal orientation.

these arteries, TPLSM is an ideal imaging modality to study the ultrastructure of these
vessels.

By using TPLSM, we could show that SMC orientation dispersion changes gradually
from the adventitial to proprial side. If we would have assessed SMC orientation at
a limited number of depths across the LM, we could have (erroneously) identified the
LM as a layered structure of a highly longitudinal outer layer and dispersely longitu-
dinal inner layer. Unfortunately, most (older) studies on ureter wall and LM structure
are rather narrative, lacking quantitative description, and as such may suffer from this
pitfall (Aragona et al. 1988; Bouvin 1869; Disse 1896; Disselhorst 1894; Ebner 1902;
Floyd et al. 2008; Henle 1866; Hicks 1965; Hoyes et al. 1976; Köllilker 1859; Lang et
al. 2001; Maier 1881; Murnaghan 1957; Obersteiner 1871; Protopopow 1897; Sappey
1873; Satani 1919; Schneider 1938; Toldt 1877; von Möllendorff and Schröder 1930;
Wolf et al. 1996; Woodburne 1965).

The predominant longitudinal orientation of SMCs in the LM requires some discussion
when peristaltic function is considered. Because shortening of SMCs occurs along their
long axis (Fay and Delise 1973), our results suggest that SMC contraction would rather
locally shorten the ureter than cause luminal constriction. However, the role of the ureter
wall matrix cannot be neglected. If the latter has a netlike structure throughout the wall,
then shortening along the longitudinal axis in one segment will cause luminal constriction
in a neighbouring segment, in analogy to e.g., a Chinese finger trap (Hayes et al. 1999).
This concept of peristaltic bolus propulsion driven by longitudinally oriented SMCs is cor-
roborated by a study of bolus propulsion in cat esophagus (Dodds et al. 1973), showing
that bolus propulsion may be driven by the (coordinated) contraction of SMCs in a neigh-
bouring esophageal wall segment. Further support for an active contribution to peristaltic
function of longitudinally oriented SMC in the LM of the ureter is provided by the mod-
elling study by Brasseur et al. (2007) who studied quantitatively the augmenting effect
of longitudinal shortening on luminal constriction of the esophagus as caused primarily
by contraction of circumferentially oriented SMCs. Taken together, our findings are not
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Figure 10.5: Control sample: By orientation distinguishable smooth muscle layers in the small in-
testine. In order to verify our image processing method, we applied the exact same
preparation and staining method to a rat small intestine, an organ with clearly delin-
eated longitudinal and circumferential smooth muscle layers (Disselhorst 1894; Maier
1881). Panels A—C show orientation distributions analogous to the panels in Fig.
10.4, at three different sites in the intestine. Panel D shows the average orientation
distribution, calculated from panels A—C. All panels clearly show a transition from a
superficial, longitudinal smooth muscle orientation to a circumferential orientation at
the deep end. The patterns shown are all slightly shifted to the right by∼ 10◦, which is
caused by the fact that the two pipettes used to mount the intestine were not perfectly
aligned (i.e., microscopy images were rotated by ∼ 10◦).

in conflict with the mechanics of peristalsis.
In order to validate our observation of a gradually dispersing SMC orientation across

the ureter LM, in a pilot experiment, we imaged a rat small intestine, an organ known
to possess clearly separated SMC layers (Disselhorst 1894; Maier 1881). In this organ,
we indeed found distinct changes in orientation with depth (Fig. 10.5), confirming that
the more gradual orientation change we observed in the ureters is unlikely caused by our
methodology or by measurement artifacts.

Although our image acquisition and analysis approach provides compelling insight into
SMC orientation in the LM of rat ureter, a number of methodological aspects should be
considered. We assumed the SMC nucleus orientation to be representative of the orien-
tation of its containing cell body, an assumption also made by Walmsley and Canham
(1979) and Holzapfel et al. (2002). In an image, the cell nuclei appear separated in
contrast to than the tightly packed smooth muscle cells and, therefore, are easier to de-
lineate. Though Todd et al. (1983) state that nuclear orientation is not representative
of cell orientation, it should be kept in mind that other studies describe the SMC to be
clearly elongated (Rhodin 1967), whereas Todd et al. found cell shape to be irregular; a
finding that could be indicative of artifacts due to histological sectioning and mechanical
unloading.

A second point of attention is that, using SYTO 13 as a dye, we stained the nuclei
of all cells in the ureter. By including only anisotropic nuclei in our analyses, we as-
sumed to have assessed only SMCs. In order to verify this assumption, we performed an
SMC-specific staining. From previous experiments, we know that staining entire organs
(e.g., an artery) specifically for SMCs is very difficult due to the limited penetration depth
of available dyes. Therefore, we chose to perform SMC-specific staining (alpha smooth
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muscle actin) and bright field microscopy in one histologically fixed and sectioned ureter.
In the acquired images (Fig. 10.A1), the adventitia, LM, lamina propria and urothelium
are clearly visible. As the adventitia contains very few nuclei, possible crosstalk from
non-SMC nuclei in the adventitia is limited. The urothelium, on the other hand, does
contain large numbers of nuclei. Because these nuclei are isotropic, they are filtered out
and therefore do not influence our quantification.

It is known that in the lamina propria, a layer of connective tissue, fibroblasts are
present. Because of the aspecific nuclear dye that we used, also labelling fibroblast nu-
clei, our scans do not allow identification of the transition from LM to lamina propria.
Therefore, with increasing imaging depth, the probability that we are imaging the lam-
ina propria increases, and, hence, we cannot rule out a contribution of fibroblasts to the
orientation distribution at the proprial side. This artifact may be partly responsible for
the increased dispersion we observed towards this side. However, our data clearly shows
that, despite this limitation, the predominant orientation is longitudinal.

Fig. 10.A1 shows that the LM also contains small blood vessels with SMCs. These SMCs
could potentially influence our quantification of orientation. Therefore, we took care to
acquire TPLSM stacks at such sites that all blood vessels were out of view.

Another methodological aspect to consider is that in our quantitative analysis of each
image slice, when calculating the region of interest (ROI), we assumed the ureter wall
to be perfectly round. However, because the ureters were not pressurised, their cross-
section may have been slightly oval instead of circular. If this were the case, effective
radius of curvature would have been larger and potential crosstalk among layers would
have been less. Furthermore, the filling-corrected ROI function used is too conservative
in case of oval ureters. This potentially removes nuclei of interest and, hence, decreases
the signal-to-noise ratio.

Although our method provides quantitative data on (depth-dependent differences in)
SMC orientation within the LM, application of our 2D imaging approach to a 3D cylindrical
structure has its limitations. First, absolute SMC density is not quantifiable while cell nu-
clei appear in images at multiple depths (slice interspacing,nucleus dimensions). Second,
transverse orientation (i.e., an SMC orientation not fully parallel to the ureter wall) is not
measurable while transversely aligned nuclei appear foreshortened (i.e., round shaped)
in the image, which may lead to elimination in the cellness filtering process (based on
lack of anisotropy). In the future, 3D processing of the image stack could address these
issues. For further mechanistic studies on ureter wall structure and peristaltic function,
matrix composition and orientation should be further quantified and intra-vital imaging
of actual ureter peristalsis should be performed.

In the present study, we imaged ureters of rats. It should be mentioned that although
rat ureter structure and function cannot be directly translated to the human situation, our
technique does offer an unprecedented view of the intact ureter ultrastructure. Presently,
no techniques are available to accomplish this level of detail in larger (i.e., human) intact
ureters.

From this study, we conclude that smooth muscle cell orientation in rat ureter is pre-
dominantly longitudinal. The observed gradual dispersion towards the proprial side does
not support identification of separate layers. Our minimally invasive and quantitative
image acquisition and analysis approach is a crucial step towards more quantitative in-
sight into ureter peristaltic function, and can also be used to study smooth muscle cell
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Figure 10.A1: Alpha smooth muscle actin staining in histological ureter sections. Panels A and
B show cross-sectional and longitudinal sections of a rat ureter, stained for alpha
smooth muscle actin (brown) and nuclei (purple). Scale bar: 50µm. L, lumen; V,
blood vessel. Histology was performed on a ureter fixed in 4% buffered paraformal-
dehyde, routinely processed, embedded in paraffin, and sectioned at 4µm. Sections
were labelled with monoclonal anti-alpha smooth muscle actin-fluorescein isothiocy-
anate (FITC) antibodies (Sigma-Aldrich, St. Louis, MO) and successively stained with
anti-FITC horseradish peroxidase (HRP). Nuclei were stained using haematoxylin.
Imaging was performed using a Nikon Eclipse 800 microscope (Nikon Instruments
Inc., Melville, NY) equipped with a Nikon S Fluor 40x/1.30 oil immersion object-
ive. Images were acquired using a Media Cybernetics Evolution VF camera (Media
Cybernetics Inc., Rockville, MD).

orientation in other tube-like structures, e.g., in gut and in blood vessels.
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10.A1 Appendix: Detailed methods

10.A1.1 Experimental procedures

Experiments and procedures were approved by the local ethics committee on use of lab-
oratory animals. Our experimental animal group consisted of six Wistar rats, from the
experimental animal center of Maastricht University. Animals were euthanised with CO2.
Within 5 minutes after euthanasia, the ureters were approached via a median incision,
opening the abdominal cavity. Proximal and distal ends of the ureter were cut 1 mm from
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the renal pelvis and 5 mm from the bladder, respectively. Identification of the proximal
end was achieved by applying surgical wire to the proximal end. Distinction between left
and right ureter samples was achieved by tying one wire on the proximal end of left-sided
and two wires on the proximal end of right-sided ureters. Excessive fat surrounding the
ureters was manually removed under a stereomicroscope. Next, the excised rat ureters
were mounted between glass micropipettes in a custom-built ureter mounting chamber
(Fig. 10.1A), containing Hanks’ Balanced Salt Solution (HBSS; Life Technologies Europe
BV, Bleiswijk, the Netherlands) in which the ureter remained immersed during the whole
staining and imaging process. The HBSS we used had a pH of 7.4 and contained NaCl
(137 mM), HEPES (15 mM), glucose (5.5 mM), KCl (5.3 mM), CaCl2 (2.5 mM), Na2HPO4
(0.34 mM), KH2PO4 (0.44 mM) and MgSO4 (1.1 mM). Specimens were stained with the
DNA/RNA fluorescent dye SYTO 13 (λmax,emission = 520 nm; Life Technologies), diluted
with HBSS to a final concentration of 2µM. HBSS in the mounting chamber was re-
placed with the diluted SYTO 13, as was the intraluminal HBSS. To avoid bleaching of
the staining solution by ambient light, the setup was covered with aluminum foil during
staining. After 30 minutes, the staining solution was again replaced with pure HBSS.
Imaging was performed with a two-photon laser scanning microscopy (TPLSM) system
(Leica TCS SP5 MP, Leica Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) equipped with
an HCX APO L 20x/1.00W water dipping objective and a Hamamatsu R9624 (Hamamatsu
Photonics, Hamamatsu city, Japan) photomultiplier tube (PMT). Two-photon excitation
was achieved using a pulsed Ti-Sapphire laser (Chameleon Ultra II, Coherent Inc., Santa
Clara, USA) at a wavelength of 800 nm. Laser power was kept as low as possible to
avoid tissue damage. Scanning frequency was set to 600 lines per second. Resolution
(1480×1480 pixels) and field of view size (738×738µm2) were kept constant through-
out the imaging process, resulting in a pixel size of 0.5 × 0.5µm2. Image stacks were
acquired at 12 bits and with an inter-slice distance of 0.5µm, traversing the ureter wall
from out- to inside. Three image stacks were acquired along the length of the ureter at
proximal, middle and distal positions. After acquisition, lateral field of view was reduced
by cropping the images to a resolution of 512× 512pixels to ease further processing and
limit computation time.

10.A1.2 Processing and analysis

Cropping and diameter assessment

In each acquired stack, ureter diameter was assessed by showing a transversal section
through the stack and drawing a circle on screen using ImageJ 1.47v (National Institutes
of Health, Bethesda, Maryland, USA). After diameter assessment, the lateral field of view
was reduced by cropping the images to a resolution of 512×512 pixels to ease further pro-
cessing and limit computation time. All further processing was performed using MATLAB
R2013b (The MathWorks Inc, Natick, Massachusetts, USA).

Cellness filtering

Stack images were filtered using cellness filtering, in analogy to vesselness filtering
(Frangi et al. 1998). This filtering is a technique originally developed to enhance blood
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vessels in 2D or 3D image stacks (Frangi et al. 1998). Cellness filtering enhances elon-
gated structures (in this case, SMC nuclei) in an image and suppresses background noise,
thereby resulting in a high-contrast image with clearly delineated cell nuclei. First, for
each pixel, a Hessian matrix H is computed:

H (x , y) =
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with I(x , y) being the image intensity at a given point. Hessian terms are calculated by
convolution of the image with the respective second-order derivatives of a 2D Gaussian
kernel G:

G(x , y) =
e−

x2+y2

2σ2

2πσ2
, (10.A2)

in which σ is the kernel standard deviation (Table 10.A1). Second, for each pixel, the
eigenvalues (
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S =
Ç
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For pixels in an isotropic structure, in which the eigenvalues are approximately equal,
RB = 1; whereas for pixels in an anisotropic structure, RB → 0. Cell pixels can be dis-
tinguished from background pixels by S, because the magnitude of the derivatives (and
thus of the eigenvalues) in background pixels is small (Frangi et al. 1998). RB and S are
combined into cellness (0≤ C ≤ 0) using
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with β and γ being parameters weighing blobness and structureness, respectively (Table
10.A1).

Smooth muscle cell identification

Cellness-filtered images were thresholded at θC (Table 10.A1), yielding binary images. In
these images, pixels of value 1 were clustered based on their 8-adjacency (Gonzalez and
Woods 2008), each cluster signifying an SMC. Clusters were subsequently filtered based
on the their surface area using lower and upper thresholds of θA,↓ and θA,↑, respectively
(Table 10.A1).

168



1
0

2D method to quantify smooth muscle orientation in tubular structures

Table 10.A1: Parameter values used in image analysis

Parameter Unit Value Description

σ µm 1.9 Cellness filtering kernel width (equals 4 pixels).
β - 0.5 Cellness filtering parameter weighing blobness, which is used to

distinguish blob-like from line-like structures.
γ - 100 Cellness filtering parameter weighing image intensity.
θc - 0.01 Threshold used to convert cellness images to binary images.
θA,↓ µm2 23 Lower cross-sectional area threshold (equals 100 pixels).

Clusters with a smaller cross-sectional area than θA,↓ are filtered
out.

θA,↑ µm2 230 Upper cross-sectional area threshold (equals 1000 pixels).
Clusters with a larger cross-sectional area than θA,↑ are filtered
out.

∆rmax µm 6 Effective slice thickness, i.e., the maximum crosstalk depth.

θλM - 1.5 Lower threshold for the ratio of eigenvalues (
λM,2
λM,1

; i.e., aniso-
tropy) of a cluster. Clusters with a ratio below this value are
filtered out.

σz - 0.02 Probability density estimation kernel size in depth-direction.
κ - 100 Probability density estimation kernel concentration parameter in

angular direction.

Parameters were chosen to obtain optimal results. σ represents the standard deviation and there-
fore approximately half the width of the Gaussian derivative kernel used in cellness filtering. In
order to optimally detect the SMC nuclei, the kernel width should be approximately equal to the
width of the SMCs, which, in our case, was about 3–4µm. β = 0.5 was known to give good results
in other studies (Frangi et al. 1998). γ = 100 was determined empirically. It should be noted
that the choice of γ depends on the intensity of the acquired images. The value of θc was not crit-
ical (cellness rapidly decreases to very low values outside nuclei). θA,↓ and θA,↑ were determined
empirically, however, an estimate of the SMC cross-sectional area can be calculated from the SMC
nucleus’ mean short axis (mean± SD, l1 = 3.1± 0.8µm for an aortic SMC, O’Connell et al. 2008)
and long axis (l2 = 19.0± 3.3µm for an aortic SMC, O’Connell et al. 2008) lengths, assuming an
elliptically shaped cross-section: Aellipse =

πl1 l2
4 = 46± 15µm2. Therefore, θA,↓ and θA,↑ do include

SMC nuclei of normal sizes. The choice of ∆rmax was a tradeoff between minimisation of crosstalk
(small ∆rmax) and number of included nuclei (large ∆rmax). θλM was safely set to 1.5 (actual SMC

anisotropy (e.g., l2
l1
= 6.1 ± 1.2, O’Connell et al. 2008) is much larger). σz and κ were chosen

by assessing probability density estimates calculated using various combinations of σz and κ and
choosing those values that gave the optimal trade-off between noise and detail.
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Region of interest application

As flat image slices were acquired of a curved object, structures (clusters) at various depths
of the wall could end up in one image slice. This crosstalk among slices can be reduced by
narrowing the ROI used for quantification of SMC orientation (Fig. 10.1B). With increas-
ing imaging depth (z), and thus with a decreasing radius of curvature of the ureter wall,
the ROI should narrow. For a certain effective slice thickness (∆rmax = r2 − r1 = 6µm,
Fig. 10.1B and Table 10.A1), it can be shown that for the crosstalk-limiting ROI (RI,cl(z)),
it holds that:

RI,cl(z) = 2
q

(r0 − z +∆rmax)
2 − (r0 − z)2 , (10.A6)

with r0 being the outer ureter radius, i.e., the distance from the ureter axis to the outer-
most muscle layer.

For the outermost slices, the crosstalk-limiting ROI is not fully filled with the lamina
muscularis (Fig. 10.1B). In order to correctly estimate SMC density, which will be calcu-
lated by dividing the number of detected cells within a slice’s ROI by the surface area of
this ROI, a filling-corrected ROI (RI,fc(z)) was defined:

RI,fc(z) = 2
Ç

r2
0 − (r0 − z)2 . (10.A7)

For z =∆rmax, RI,cl(z) = RI,fc(z). From this depth (z =∆rmax), RI,cl(z) is again used as the
normalising function. In summary, the overall ROI function (RI(z)) can be formulated as

RI(z) =

(

2
q

r2
0 − (r0 − z)2, z ≤∆rmax

2
Æ

(r0 − z +∆rmax)
2 − (r0 − z)2, z >∆rmax

. (10.A8)

Orientation calculation

In order to obtain the principal axes of the clusters of interest (i.e., clusters that satisfy
the area criteria θA,↓ and θA,↑, and that are within the ROI), for each of these clusters, a
structure tensor (M) was calculated (Jähne 1993; Vader et al. 2009):

M =

� ∑

(x − xc)
2 ∑

(x − xc) (y − yc)
∑

(x − xc) (y − yc)
∑

(y − yc)
2

�

, (10.A9)

with (xc,yc) the cluster’s center of mass. Nuclear shape can now be assessed based on the
eigenvalues (λM,1 ≤ λM,2) ofM. Only clearly elongated clusters (

λM,2

λM,1
≥ θλM , Table 10.A1)

were considered in the analysis to include SMC nuclei but to exclude e.g., fibroblasts. For
the included nuclei, the eigenvector corresponding to the largest eigenvalue (λM,2) ofM
represents the principal cluster orientation. Nuclear orientation is expressed by the angle
α of this eigenvector with the longitudinal ureter axis (Fig. 10.1C–E).

Probability density estimation

For each stack, z was normalised to a range of [0,1], yielding zn. Subsequently, a two-
dimensional (α, zn) kernel density estimate (KDE, Silverman 1986) was calculated1 (Fig.
1 Kernel density estimation is comparable to the calculation of a histogram, but, has an important advantage,

since the mandatory choice of origin of the histogram (and, therefore, of the cutoff values for each bin,
potentially influencing results) is avoided.
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10.1F, Fisher 1989). Kernel density estimation allows for estimation and visualisation of
the probability density from a set of data points, which, in our case, shows how often a
certain SMC orientation is observed at a certain imaging depth. Briefly, the contribution
of each data point (αc, zn,c) is spread out over a (relatively small) area (Fisher 1989;
Fisher 1995); the KDE at a given depth (zn) in a given direction (α) is then the sum of the
contributions of the smeared-out points at this (α,zn), and equals 1 when integrated over
the full (α,zn)-plane. The contributions are described by a two-dimensional function, the
so-called “kernel”. In depth direction, this kernel was normally shaped, whereas in the
angular direction, a Von-Mises shape is used:

K(α, zn) =
1
N

e
−(zn−zn,c)

2

2σ2
zp

2πσz

eκ cos(2(α−αc))

2πI0(κ)
, (10.A10)

where N is the total number of data points per ureter segment, (αc, zn,c) is the kernel
center, σz is the kernel width in z-direction, κ is a measure of concentration in angular
direction, and I0 is a modified Bessel function of order 0. The at first sight unusual choice
of a Von-Mises distribution is required since α describes a direction (ranging from, e.g.,
−90 to 90◦) (Fisher 1995). A kernel in α-direction, therefore, must be π-periodic. σz

and κ were set to 0.02 and 100, respectively (Table 10.A1).
In addition to the KDEs per ureter segment, an overall KDE was calculated of all 36

imaged ureters by essentially adding all 36 separate KDEs and dividing by 36. For each
depth, eight quantiles (octiles) were calculated and displayed as lines on the KDE.1

Cell density estimation

Cell density at a given slice (z), having the unit “cells per cross-sectional area”, is calcu-
lated by dividing the number of detected nuclei in this slice by the surface area of the
region of interest RI(z) for that slice. The key difference between cell densities and the
aforementioned probability densities is that cell densities are corrected for the ROI and,
thus, give a measure of the physical cell density.

1 Because of data circularity, the middle octile line does not represent the median angle.
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Abstract

When studying in vivo arterial mechanical behaviour using constitutive models, smooth
muscle cells (SMCs) should be considered, while they play an important role in regu-
lating arterial vessel tone. Current constitutive models assume a strictly circumferential
SMC orientation, without any dispersion. We hypothesised that SMC orientation would
show considerable dispersion in three dimensions and that helical dispersion would be
greater than transversal dispersion. To test these hypotheses, we developed a method to
quantify the 3D orientation of arterial SMCs. Fluorescently labelled SMC nuclei of left
and right carotid arteries of ten mice were imaged using two-photon laser scanning mi-
croscopy. Arteries were imaged at a range of luminal pressures. 3D image processing was
used to identify individual nuclei and their orientations. SMCs showed to be arranged in
two distinct layers. Orientations were quantified by fitting a Bingham distribution to the
observed orientations. As hypothesised, orientation dispersion was much larger helically
than transversally. With increasing luminal pressure, transversal dispersion decreased sig-
nificantly, whereas helical dispersion remained unaltered. Additionally, SMC orientations
showed a statistically significant (p < 0.05) mean right-handed helix angle in both left
and right arteries and in both layers, which is a relevant finding from a developmental
biology perspective. In conclusion, vascular SMC orientation 1) can be quantified in 3D;
2) shows considerable dispersion, predominantly in the helical direction; and 3) has a
distinct right-handed helical component in both left and right carotid arteries. The ob-
tained quantitative distribution data are instrumental for constitutive modelling of the
artery wall and illustrate the merit of our method.

11.1 Introduction

S MOOTH muscle cells (SMCs) play a crucial role in regulating arterial vessel tone.
When an SMC contracts, it exerts a force along its long axis. Therefore, the ori-
entation of SMCs within the artery wall is mechanically of importance. Several

mechanical models of the artery wall include a smooth muscle component, e.g., (Masson
et al. 2011; Spronck et al. 2015a; Zulliger et al. 2004b). To our knowledge, all currently
available constitutive models assume SMC orientation to be strictly circumferential and
ignore any dispersion in SMC orientation. In order to develop constitutive models that
describe SMC orientation more realistically, knowledge on SMC orientation and its dis-
persion is essential.

The assumption in current constitutive models of strictly circumferentially oriented
SMCs may have arisen from experimental studies (Peters et al. 1983; Walmsley 1983),
stating that SMC orientation is circumferential. Other studies have shown a more disperse
SMC orientation with two main orientations (Holzapfel et al. 2002), and have shown that
SMCs are enveloped by collagen bundles, leading to a parallel orientation of collagen and
SMCs in the media of rat aortas (O’Connell et al. 2008). In the aforementioned studies
on SMC orientation, arteries were first fixed and subsequently histologically sectioned,
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potentially causing artefacts. To overcome this problem, a method using intact arteries is
required.

Previously, we developed a two-dimensional (2D) method to quantify SMC orientation
in vessels using two-photon laser scanning microscopy (TPLSM) (Spronck et al. 2014b).
This method, which was used in rat ureters, had the advantage over previous methods
that it did not require sectioning. However, it only yielded 2D orientations, neglecting
out-of-plane orientation. Clearly, using such a method, it is impossible to quantify trans-
verse angles. In addition, due to the curvature of the wall, only a very limited part of the
wall could be analysed, leading to inclusion of only a few SMCs per acquisition. To para-
meterise a constitutive model, ideally, three-dimensional (3D) orientation and dispersion
information are available.

We hypothesised that SMC orientation would show considerable dispersion, based on
recent published work assessing porcine aortic SMC orientation in 2D (Tonar et al. 2015).
As we expected SMCs to be mainly oriented in the plane of the arterial wall (Peters et
al. 1983), we further hypothesised SMC orientation dispersion in the helical direction
to be greater than in the transversal direction. To test these hypotheses, we developed
a method for quantification of 3D SMC orientation, applicable to viable, intact murine
carotid arteries. This 3D method does allow for quantification of transverse angles and is
suited for analysis of a much larger part of the acquired vessel wall than the previous 2D
method (Spronck et al. 2014a; Spronck et al. 2014b). In the present study we used this
3D method to assess orientation and dispersion differences between left and right carotid
arteries (potentially relevant from a developmental biology point of view). Additionally,
we investigated the effect of increasing luminal pressure on 3D SMC orientation.

11.2 Methods

11.2.1 Animals and staining

Mice were sacrificed with an overdose of isoflurane (Forane, Baxter, Deerfield, IL). Left
and right common carotid arteries of ten male C57BL/6JRj mice were excised, labelled at
the proximal end, and carefully mounted between micropipettes (Fig. 11.1A) to maintain
viability for a prolonged period of time (> 2 hrs) as described previously (Megens et al.
2007). Carotid artery sections of 5 mm were mounted, yielding a length of 3 mm of artery
usable for imaging (i.e., without imaging one of the pipettes). Calcium-free HEPES buffer
was used as submersion medium. SMC nuclei were stained using 2.7µM SYTO 13 (Life
Technologies, Gaithersburg, MD) for 30 minutes. Arteries were maximally vasodilated
by addition of nitroprusside (Sigma-Aldrich, St. Louis, MO) to a concentration of 10µM,
and were imaged at room temperature. Animals were checked for situs inversus totalis
(SIT) by inspection of the location of the visceral organs; none of the animals showed
SIT. All animal experiments were approved by the local authority and were performed in
accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and
its later amendments.
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Figure 11.1: Data acquisition. A: Measurement set-up. The common carotid artery is mounted
between glass micropipettes and imaged with an upright microscope. 1 and 2 indicate
example x-y image slices in B, 3 and 4 indicate examples of reconstructed x-z image
slices in C. B: Example x-y image slices acquired at increasing imaging depth, i.e.,
at decreasing z-coordinate (1: z = 93µm, 2: z = 81µm). Scale bar: 200µm. C:
Examples of reconstructed x-z image slices. Figure scale equal to scale in B.

11.2.2 Image acquisition

Viable mounted arteries were imaged using an upright TPLSM system (Leica TCS SP5II
MP, Leica Microsystems, Mannheim, Germany) equipped with a Leica HCX APO L
20x/1.00W water dipping objective (Fig. 11.1A). Two-photon excitation was achieved
using a pulsed Ti-Sapphire laser (Spectra Physics Mai Tai DeepSee, Newport, USA)
tuned at 825 nm. Signal detection was performed using a descanned hybrid diode
detector (GaAsP) between wavelengths of 510 and 555 nm. Image slices of 1480× 1480
pixels were acquired with a pixel size of 0.5 × 0.5µm2, resulting in a field of view of
0.74 × 0.74 mm2. Pixel dwell time was 1.1µs, acquisition was performed at 12bit
precision. Acquisition of one slice took 2.6 s. Slice spacing was 0.5µm, resulting in an
effective voxel size of 0.5×0.5×0.5µm3. All subsequent image processing (see following
section) was performed at this resolution; no downsampling was performed. Images
slices formed stacks of 334 ± 30 slices (mean ± SD). Left carotid arteries were imaged
at luminal pressures of 40, 80, and 100mmHg, respectively. Right carotid arteries were
imaged at 40 mmHg. At each luminal pressure, one image stack was acquired for each
animal. Representative image slices are shown in Fig. 11.1B,C. All subsequent image
processing was performed at full resolution, i.e., no downsampling was performed. All
arteries were imaged directly after excision. A maximum of two hours were required to
complete the imaging of the left and right arteries of one mouse. Previously, we have
shown that in this time span, mounted arteries remain viable (Megens et al. 2007).
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Figure 11.2: Isosurface plot showing detected SMC nuclei. Nuclei are randomly coloured for clarity.
SMC, smooth muscle cell.

11.2.3 Image processing

Deconvolution and vesselness filtering

Raw image stacks were deconvolved using 10-pass adaptive blind 3D deconvolution
(AutoQuant X2, MediaCybernetics, Bethesda, MD). Deconvolution of one stack took ap-
proximately 35 min on a modern computer (Intel i7-2670QM quad-core central processing
unit (CPU) at 2.20 GHz and 16 GB of random access memory (RAM)). Further data pro-
cessing and analysis were performed using MATLAB R2014b (MathWorks, Natick, MA).
After deconvolution, the deconvolved data stack was 3D vesselness-filtered (Frangi et al.
1998) to enhance elongated structures. Note that in contrast to the approach described in
our previous paper (Spronck et al. 2014b), filtering is performed in 3D on the image stack
as a whole. A 3× 3 Hessian matrix was calculated for each voxel using a Gaussian width
of σx = σy = σz = 1µm. Hessian components were calculated by convolving the image
stack with discretised Gaussian derivative kernels. The eigenvalues of the Hessian matrix
(λ1 ≤ λ2 ≤ λ3) were used for performing the vesselness filtering. Vesselness parameters
were α= β = 0.5 (Frangi et al. 1998). c was determined for each image stack as half the
value of the maximum Hessian norm, as suggested by Frangi et al. (1998). Vesselness
filtering of one stack took approximately 65 min on a modern computer (see above). All
further image processing steps were completed in < 1 min per stack.

Clustering and cell orientation calculation

To separate cell nuclei from background, the vesselness stack was thresholded at a cut-off
value of 0.01. Voxels were then clustered based on their 3D 6-connected neighbourhood
(Gonzalez and Woods 2008). Clusters were included based on their volume using upper
(320.1µm3) and lower (38.5µm3) thresholds calculated as mean±2SD from aortic SMC
nucleus sizes (O’Connell et al. 2008). An example of a stack of clustered nuclei is given
in Fig. 11.2. For each cluster, an inertia matrix was calculated (Jähne 1993; Vader et al.
2009). The eigenvector corresponding to the largest eigenvalue of this matrix represents
the principal SMC orientation.
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Coordinate transformation

To assess SMC orientations with respect to the vessel wall, a cylinder was least-squares
fitted through the detected centroids as follows: First, a rough fit was obtained by fitting a
cylinder through all centroids. Using the axis of this cylinder, the inner layer of centroids
was detected by selecting the centroids closest to the axis in a moving 3D search window
of 50µm in axial and 10◦ in angular directions. Second, a cylinder was fitted through
the detected inner layer of centroids. The axis of this cylinder was used as a reference to
convert all centroid locations to cylindrical coordinates (ρ,θ , zc, Fig. 11.3A). Subscript c
in zc is used to distinguish the axial cylindrical coordinate (zc, Fig. 11.3A) from the vertical
cartesian coordinate (z, Fig. 11.1 and 11.2). The orientations of the SMCs were expressed
locally with respect to the vessel wall (Fig. 11.3B) and are represented as a point on a unit
hemisphere (Fig. 11.3C). Orientations were quantified by a helix angle (−90◦ ≤ θh < 90◦)
and a transverse angle (−90◦ ≤ θt < 90◦, Fig. 11.3C and D). Visual inspection of the
detected cell nuclei (as exemplified in Fig. 11.2) shows that, from a certain imaging depth,
the number of detected nuclei decreased. In order to assure that we imaged a region of
sufficient image quality, centroids were selected from an angular region of interest of
−22.5◦ ≤ θ ≤ 22.5◦. In order to prevent border effects, an axial window slightly smaller
than the zc-range was manually selected (704 ± 23µm, mean ± SD). In 6 stacks, using
this large axial window led to SMC layers getting merged during SMC layer detection (see
following section) due to inhomogeneities in vessel diameter along the axial coordinate.
In these cases, a smaller window of 379± 74µm (mean± SD) was used.

Smooth muscle layer separation

Cell density as a function of the radial coordinate (ρ) was calculated using kernel smooth-
ing density estimation (KDE) (Silverman 1986). KDE allows for estimation and visualisa-
tion of the probability density from a set of data points. In our case, the KDE shows the
density of SMCs at a certain radial coordinate (ρ). A Gaussian kernel with σ = 1µm was
used on the list of radial coordinates (ρ) of all included nuclei of one stack, yielding the
initial kernel density estimate f (ρ) [µm−1]. This estimate was converted to an absolute
density d(ρ) in cells per µm3 via

d(ρ) = f (ρ)
N

rθ rzc
ρ

, (11.1)

with N the total number of detected nuclei, rθ the angular region of interest in radians,
and rzc

the axial region of interest in µm. An example density plot is shown in Fig. 11.4A.
SMCs showed to be concentrated in two distinct layers, as visible in the example. We
analysed SMC orientation separately for these (inner and outer) layers. To separate the
layers, we detected the two density maxima, the distance between which we defined as
2∆. Each layer is taken to be centred around its maximum, with boundaries of ±∆ on
each side (Fig. 11.4A). The artery diameter (as reported in the Results section) is taken
to be the middle between the inner and outer layer density maxima.
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Figure 11.3: Coordinate and orientation definitions. A: Definition of cylindrical coordinate system
using radial (ρ), angular (θ), and axial (zc) coordinates. B, C: Orientations of SMCs
can be visualised as points on a unit hemisphere. Panel B shows the orientation of such
a hemisphere with respect to the vessel. Panel C shows the two spherical coordinates
that are used to quantify SMC orientation. θh and θt are an SMC’s helix and transverse
angles, respectively. D: Exact definitions of θh and θt. θh is the angle that the orien-
tation’s projection on the axial-circumferential plane makes with the circumferential
direction. θt is the angle that the orientation makes with the axial-circumferential
plane. SMC, smooth muscle cell.
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Figure 11.4: Representative example of SMC density as a function of the radial coordinate (ρ, Fig.
11.3A). Inner and outer layers of SMCs are clearly visible. Layers were detected by
finding the two largest density maxima. The distance between those maxima was
defined as 2∆. SMCs are assumed to be part of the inner/outer layer if they are within
a distance of ∆ from their respective maximum. SMC, smooth muscle cell.

Orientations of SMC nuclei in detected layers

After smooth muscle layer separation, SMC orientations can be depicted on a projected
hemisphere, as defined in Fig. 11.3C. A representative example of such a visualisation
is given in Fig. 11.5A–C. The need for using a projection is elaborated on in Appendix
11.A1.

11.2.4 Orientation statistics

As our method yields orientations in 3D; appropriate, spherical statistics are required to
accurately quantify our results (Fisher et al. 1993). In particular, the obtained orientations
are undirected (i.e., axial data), requiring a 3D probability distribution that is antipodally
symmetric (Mardia and Jupp 2000). One of the simplest distributions of this kind would
be a (rotationally symmetric) Watson distribution (Mardia and Jupp 2000). However, this
distribution requires data to be rotationally symmetric around the main direction. In the
vessel wall, the largest spread in SMC direction will be in the axial-circumferential plane,
whereas the spread in the radial-circumferential plane will be much smaller. The prob-
ability distribution used should be able to accommodate this non-rotationally-symmetric
geometry. The Bingham distribution fulfills this requirement, while still being antipodally
symmetric (Bingham 1964; Bingham 1974). The Bingham density function has the form
(Bingham 1964):

ρ(µ1
✿✿

,µ2
✿✿

,κ1,κ2, x
✿
) =

exp
�

κ1(µ1
✿✿

T x
✿
)2 + κ2(µ2

✿✿

T x
✿
)2
�

K(κ1,κ2)
, (11.2)

where κ1 and κ2 are two concentration parameters, µ1
✿✿

and µ2
✿✿

are two orthogonal unit

vectors indicating the two spread directions of the distribution (corresponding to κ1 and

180



1
1

3D quantification of smooth muscle orientation in murine carotid arteries

Figure 11.5: Representative examples of orientations of SMC nuclei in the artery wall. A, B, C:
Orientations of detected nuclei, visualised using Lambert equal-area projection: A be-
fore layer separation, B for the inner layer, and C for the outer layer. The Lambert
equal-area projection is elaborated on in Appendix 11.A1. D, E, F: Corresponding fit-
ted Bingham distributions to orientations in panels A, B, C. The obtained Bingham
distributions provide a quantification of the distribution of the individual orientations.
The distribution parameters are explained in Fig. 11.6. SMC, smooth muscle cell; a,
axial; r, radial.

κ2), and x
✿

the current local (Cartesian) coordinate on the unit sphere. The normalisation

function K(κ1,κ2) was evaluated by numerically solving the integral (Bingham 1964;
Onstott 1980)

K(κ1,κ2) =

2π
∫

0

π
∫

0

exp
��

κ1 cos2φ + κ2 sin2φ
�

sin2θ
�

sinθdθdφ . (11.3)

Fitting the Bingham distribution to our data was performed in two steps by using the
moment method (Bingham 1964; Onstott 1980; Tanaka 1999). First, the local centroid
orientations were converted to Cartesian coordinates

x
✿
=





cosθt cosθh
cosθt sinθh

sinθt



 , (11.4)
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and the following matrix was computed:

X =

�

x1
✿✿

. . . xN
✿✿

�

, (11.5)

with N the number of detected centroids. µ1
✿✿

and µ2
✿✿

can now be obtained as the eigen-

vectors of X X T corresponding to the smallest and middle eigenvalues, respectively. µ3
✿✿

,

corresponding to the largest eigenvalue, represents the distribution’s centre. It is conver-
ted back to spherical coordinates (Θh,Θt, Fig. 11.6A) using

Θh = arctan
µ3,y

µ3,x
, and (11.6)

Θt = arctan
µ3,z

q

µ2
3,x +µ

2
3,y

, (11.7)

where µ3,x , µ3,y and µ3,z represent the x , y , and z components of µ3
✿✿

. Note the use of

capital thetas, representing the orientation’s centre. Θi is defined as the angle that µ2
✿✿

makes with the x y-plane (Fig. 11.6B). The second step in fitting the Bingham distribu-
tion is finding κ1 and κ2. This is performed through maximisation of the log-likelihood
function (Bingham 1964; Onstott 1980; Tanaka 1999)

F = −N ln4π− N ln d(κ1,κ2) + κ1τ1 + κ2τ2 , (11.8)

where τ1 and τ2 are the smallest and middle eigenvalues of X X T . Maximisation was per-
formed by minimisation of−F using the MATLAB Optimization Toolbox FMINCON function
and the interior-point algorithm, while constraining κ1 and κ2 to the interval (−∞, 0).
Bingham distributions of the representative examples in Fig. 11.5A–C are shown in Fig.
11.5D–F.

11.3 Results

11.3.1 Qualitative results

Orientation plots for all arteries studied show a cloud of points that is approximately
centred around the circumferential direction, as also visible in the representative ex-
ample (Fig. 11.5A–C). Although these plots provide a good qualitative overview of the
orientations of the SMC nuclei, it is hard to derive quantitative conclusions from them.
Therefore, Bingham distributions were fitted to the acquired orientations, as exemplified
in Fig. 11.5D–F, providing quantitative orientation data. These quantitative (Bingham
parameter) results are discussed below.

11.3.2 Left versus right carotid arteries

Fig. 11.7 shows Bingham parameters and diameters for left (n = 10) and right (n = 10)
carotid arteries at a luminal pressure of 40 mmHg. Left and right artery diameters are
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Figure 11.6: Definitions of Bingham distribution parameters. A: Parameters describing the distri-
bution’s centre. Θh and Θt are the centre’s helix and transverse angles. B: Parame-
ters describing the distribution’s dispersion. κ1 and κ2 describe the distribution’s con-
centration along two orthogonal directions. The more negative a κ is, the narrower
the distribution is in the respective direction (Onstott 1980). Θi is the angle that the
principal spread direction (corresponding to κ2) makes with the axial-circumferential
plane. In this example, Θh = 30◦, Θt = 10◦, κ1 = −30, κ2 = −10, and Θi = −25◦. a,
axial.

nearly equal. As Θi is relatively close to zero, κ1 represents dispersion in transversal di-
rection and κ2 represents dispersion in helical direction. The fact that κ1 is more negative
than κ2 indicates that dispersion in helical direction is larger than in transversal direction.
This holds for left as well as right arteries. Θh is positively different from zero in the right
as well as the left arteries, in both the inner and outer layers (all p < 0.05), which is
indicative of a right-handed helical pattern. No statistically significant differences were
found between left and right arteries, except that only in the right arteries, Θh was signif-
icantly larger in the outer layer than in the inner layer. Θt shows the same pattern, being
significantly different from zero in all cases. Please refer to the Discussion section for an
interpretation of the latter finding.

11.3.3 Dependence of smooth muscle orientation on luminal

pressure

As expected, artery diameter increased significantly with increasing luminal pressure, il-
lustrating vessel deformation at macro-level (Fig. 11.8). Fig. 11.8 further shows Bingham
parameters for the left carotid arteries (n = 10) at three luminal pressures (40, 80, and
100mmHg). Θh and Θt are both again significantly different from zero in all cases. κ1
shows a very consistent pattern in the inner layer, becoming more negative with increas-
ing pressure, thereby indicating a decrease in SMC orientation dispersion. As mentioned
above, becauseΘi is relatively close to zero, this decrease is approximately along the trans-
versal direction. κ2 increases with increasing luminal pressure from 40 to 100mmHg in
the inner layer, reflecting an increase in dispersion in helical direction. κ1 and κ2 show
the same pattern with increasing luminal pressure in the outer layer, although it is not
statistically significant here.
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Figure 11.7: SMC orientations and diameters in left and right carotid arteries at 40 mmHg
(circular mean± circular SD for Θh, Θt, and Θi; arithmeticmean± SD for κ1, κ2, and
diameter). ∗p < 0.05 vs. angle zero (Rayleigh test). #p < 0.05 inner vs. outer layer
(Rayleigh or paired Student t-test). Θh, Θt, Θi, κ1, and κ2 are defined in Fig. 11.6. SD,
standard deviation; SMC, smooth muscle cell.

11.3.4 Reproducibility

Reproducibility of our findings was assessed and is described in Appendix 11.A2.

11.4 Discussion

In this study, we quantified SMC orientation and dispersion in viable murine carotid ar-
teries in full 3D. We found that SMCs are arranged in two layers, and we quantified SMC
orientation and dispersion for each layer separately. Orientation dispersion in the helical
direction was larger than in the transversal direction. We found a statistically significant
right-handed helix in both left and right arteries, in both layers. With an increase in
luminal pressure, the dispersion in transversal orientation was found to decrease.

The quantification method we developed in this study has three key advantages over
previous methods: 1) arteries are mounted in their in vivo geometry and are kept viable
(Megens et al. 2007); 2) by using TPLSM, 3D microscopic image stacks at large ima-
ging depths (as compared to e.g., confocal laser scanning microscopy) can be acquired
(Oheim et al. 2001); and 3) the present processing method analyses the full 3D image
stack as a whole, instead of analysing data on a slice-by-slice basis as most other meth-
ods do (including our previous method (Spronck et al. 2014b)). As arteries are mounted
in their in vivo geometry (point 1), artefacts that could potentially arise due to fixation
(e.g., shrinking) and/or sectioning are absent. It has been shown that the present vessel
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Figure 11.8: SMC orientations and arterial diameters in left carotid arteries at luminal pres-
sures of 40, 80, and 100mmHg (circularmean ± circularSD for Θh, Θt, and Θi;
arithmetic mean ± SD for κ1, κ2, and diameter). ∗p < 0.05 vs. angle zero (Rayleigh
test). #p < 0.05 inner vs. outer layer (Rayleigh or paired Student t-test). +p < 0.05 for
parameter difference between pressures (Rayleigh or paired Student t-test). Θh, Θt,
Θi, κ1, and κ2 are defined in Fig. 11.6. SD, standard deviation; SMC, smooth muscle
cell.

mounting and TPLSM imaging setup (points 1,2) can be used to visualise both structural
and functional properties of intact viable murine arteries. Its physiological relevance is
demonstrated in various studies. Examples include the study of the endothelial glycoca-
lyx (Reitsma et al. 2011; Slaaf and Van Zandvoort 2011), endothelial junctional adhesion
molecule A (JAM-A) and its effect on monocyte or platelet recruitment (Karshovska et
al. 2015; Schmitt et al. 2014), or the presence of smooth muscle progenitor cells (Sub-
ramanian et al. 2010) and proliferating endothelial cells (Schober et al. 2014) in healthy
and atherosclerosis-prone arteries. Consequently, we believe that the results obtained in
our study are relevant and well-translatable to an in vivo situation, albeit that we studied
mouse and not human arteries. In a slice-by-slice analysis, flat image slices are acquired
of a curved object, causing cells at various depths of the wall to end up in one image slice
(Spronck et al. 2014b). This limitation is overcome in our present approach by analysing
the acquired image stacks as a whole and using a curved (cylindrical) coordinate system
(point 3), omitting the need for a small region of interest (Spronck et al. 2014b). Hence
our 3D method allows a larger number of nuclei to be analysed and thus provides more
robust results. Furthermore, transverse angles and dispersion therein can be analysed,
whereas in a slice-by-slice analysis, out-of-plane information is lost.

Our results display statistically significant mean transverse and helix angles (Θt and
Θh, Fig. 11.7 and 11.8). SMC orientation shows considerable dispersion in both helical
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and transversal directions. To critically evaluate our findings, we performed the following
two additional experiments for five left arteries at a luminal pressure of 40 mmHg: 1) we
digitally rotated our image stack (after deconvolution) by 180◦ around the z-axis; and
2) we physically rotated the mounting chamber by 180◦ around the z-axis (i.e., around the
objective axis). As compared to the non-rotated situation, both experiments should lead to
a negation ofΘt andΘi. Experiment 1 indeed led to these negations (data not shown) and
did not affectΘh, κ1, and κ2. Experiment 2, on the contrary, still yielded positiveΘt values
(Fig. 11.A1). The observed significant average transverse angle (Θt) therefore seems to be
a methodological artefact and not a true anatomical feature. We believe that this artefact
results from inhomogeneities in image field brightness, slightly shifting the fitted cylinder
axis and causing an artificially significant Θt value. The mean helix angle (Θh) observed
in these two experiments remained positive, as would be theoretically expected. For the
physically rotated acquisitions, we used the same imaging region as used in these arteries
for the non-rotated acquisitions. We achieved this by measuring the distance between
the non-rotated imaging region and the proximal pipette (measuring the movement of
the calibrated microscope table). After rotation of the mounting chamber, imaging was
performed at the same distance from the proximal pipette.

We further verified our helix angle findings by a third experiment, digitally flipping

image stacks (after deconvolution) along the x-axis. Results were as expected: A negation
of Θh and Θt, and Θi and both κ parameters remaining unaltered. Therefore, it is unlikely
that our statistically significant average helix angle findings are artefactual.

Historically, SMC orientation has been studied in a variety of different species and ar-
teries. Some authors described a spiralling orientation of medial smooth muscle (Ben-
ninghoff 1927; Pflieger and Goerttler 1970; Schultze-Jena 1939; Strong 1938), whereas
others described smooth muscle orientation as circumferential (Pichler et al. 1953; Ushi-
wata and Ushiki 1990). Benninghoff described already in 1927 a spiralling smooth muscle
orientation with a helix angle increase towards the periphery (Benninghoff 1927). In
1939, Schultze-Jena assessed the muscle spiral in a variety of arteries and found opposing-
handed helices in left and right arm arteries (Schultze-Jena 1939). A subsequent work by
Pichler et al. (1953) assessed the potential mechanical consequences of a helical orienta-
tion. Pichler concludes, based on measurements in helically-cut strips of carotid artery, cut
at helix angles of+30◦ and−30◦, that a single-helical structure is unlikely. Although these
historical studies provide excellent qualitative anatomical insight, only limited quantita-
tive conclusions can be drawn.

The results we obtained, indicating a significant right-handed helix, contradict the con-
clusion of most quantitative studies that SMC orientation is strictly circumferential. In hu-
man cerebral arteries, Walmsley (1983) found a statistically non-significant mean helix
angle of −0.2± 2.4◦, in contrast to our angles of 2.4± 2.2◦ (inner layer) and 5.0± 5.0◦

(outer layer; mean ± SD; left carotid arteries at 40 mmHg). Peters et al. reported a
“truly circumferential” smooth muscle orientation and an “inconsequential” left- or right-
handedness of the helix (Peters et al. 1983) in human cerebral arteries, whereas we found
a consistent, significant helix, however in viable carotid arteries of mice.

Some studies take a slightly different approach and consider the arterial (aortic) smooth
muscle orientation to be a mixture of two or more distributions. Holzapfel et al., in their
modelling paper in 2002, analysed SMC orientation in human aortas (Holzapfel et al.
2002). They implemented a method similar to our previous 2D method (Spronck et al.
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2014b), but used histologically fixed instead of fresh tissue. Interestingly, Holzapfel et
al. assumed the SMC orientation distribution to be centred around the circumferential
direction, with two equally-weighted helical parts. Using this assumption, they argued
for two helices with angles of ±8.4◦. Tonar et al. (2015) assessed potential segmental
differences in SMC orientation in porcine aortas, using a mixture of one to five Von Mises
distributions. Their paper concludes that “The orientation of vascular smooth muscle was
successfully fitted using two von Mises distributions in most of the samples. . . ” and that
“Only a minor fraction of samples required a tertiary von Mises component to describe
the orientation. . . ”. We carefully studied Supplemental Material 1 of their paper. When
assessing the Nc = 2 columns (i.e., the columns that correspond to two Von Mises distribu-
tions), one can count that in 55 out of 82 samples, one of the two Von Mises components
was weak and/or redundant. Tonar et al. (2015) state this in Section 4.2 as “From a
mathematical modelling point of view, this indicates that a structural model with a single
vascular SMC system would be sufficient for most of our data”. Another finding of Tonar
et al. is a segmental difference in SMC orientation dispersion (not in main orientation)
along the aortic tree. This may also be the case along the carotid artery, potentially ex-
plaining the spread in κ1 and κ2 parameters we measured (whiskers in Fig. 11.7 and
11.8), since we may not have imaged the exact same part of the common carotid artery
in all mice.

In our study we analysed both left and right arteries and found a right-handed helix at
both sites, violating left-right symmetry. Although very speculative, this may be explained
by the intrinsic asymmetry of molecules, especially the proteins actin and myosin (Delhaas
et al. 2008). As both molecules are arranged in a right-handed helix, when stretched,
they will exhibit torsional motion. If a larger structure is built from such smaller helical
components, an overall helicity may result. A more detailed discussion of this hypothesis
can be found in (Delhaas et al. 2008) In our case, when this hypothesis would hold, one
would expect left and right arteries to show the same helical handedness, as we observed.
It may also be the case that this molecular asymmetry effect acts through the extracellular
matrix. As smooth muscle cells have been shown to align with the extracellular matrix
collagen (O’Connell et al. 2008), asymmetry of the extracellular matrix will presumably
translate to asymmetry in SMC orientations as well.

Our study population of ten male C57BL/6JRj mice consisted of five young (age
8 weeks) and five older (age 23 weeks) individuals. We assessed whether age had an
influence on orientations by comparing the results for the two age groups for left arteries
at 40 mmHg (Fig. 11.A2) and found no statistically significant orientation parameter dif-
ference. We therefore decided to pool data from both age groups, yielding one group of
n= 10.

Our study involved the use of lower and upper volume thresholds to exclude clusters
that were too large or too small. The effect of this thresholding was analysed in a sub-
set (n = 5) of samples at 40 mmHg (Fig. 11.A3). Thresholding excluded 26.8 ± 3.9 %
(mean ± SD) of the clusters. The locations of these clusters are shown in Fig. 11.A3.
The combination of vesselness filtering and subsequent cluster volume thresholding were
aimed at excluding non-SMCs. It should be noted that the number of nuclei excluded
by vesselness filtering is not visible in Fig. 11.A3. Calculating this number would require
running the image analysis without vesselness filtering. However, vesselness filtering ad-
ditionally functions as a means to convert the images from 12-bit grayscale ([0,4095])
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values to continuous ([0, 1]) values. Running the analysis without vesselness filtering,
therefore, would require the definition of a new image threshold in the 12-bit domain,
making comparison of the vesselness-filtered and -unfiltered results problematic.

Our finding of an arterial helix could have implications for the constitutive modelling
of the artery wall. SMCs oriented in a slight net helix will create a slight torsion in the
artery wall, which changes with SMC contraction. Such effects can and should be inves-
tigated using a constitutive modelling approach. Additionally, the fact that SMC orien-
tation shows dispersion may have mechanical implications. An excellent example of the
mechanical consequence of the inclusion of structural dispersion in constitutive models
is given by the collagen modelling performed by Gasser et al. (2006). They found that,
due to the dispersion of collagen, the recruitment of collagen fibres occurs at much lower
stretches. In addition, when they excluded dispersion, collagen fibres showed larger-
than-physiological rotations before bearing any load. Clearly, such effects also play a role
in the modelling of SMC contraction in the artery wall.

Our study was limited in the sense that we assumed the orientation of the SMC nucleus
to be representative of the orientation of the entire SMC. This assumption was also made
in (Holzapfel et al. 2002; Peters et al. 1983; Walmsley 1983). Staining nuclei instead of
entire cells has the advantage that it leads to more robust clustering results. Canham et al.
(1982) studied the coalignment of the muscle cell and nucleus and found the upper limit
on misalignment in three dimensions to be 2.4◦. We used an aspecific nuclear dye, staining
nuclei of all cells in the artery wall. Therefore, non-SMCs (e.g., fibroblasts) may have been
included in our analyses. However, by applying vesselness filtering, the narrow layer
separation, and nucleus volume thresholds, we assume to have filtered out the majority
of non-SMCs.

11.4.1 Conclusions

We conclude that 1) vascular SMC orientation can be quantified in 3D; 2) SMC orientation
shows considerable dispersion, predominantly in the helical direction, which decreases
transversally with increasing luminal pressure; and 3) 3D quantification of SMC orienta-
tion reveals a distinct right-handed helical component in both left and right carotid arter-
ies. These quantitative distribution data are essential to improve constitutive modelling
of the artery wall.
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Figure 11.A1: SMC orientations and arterial diameters in normal and rotated left carotid arteries
at a luminal pressure of 40 mmHg (circular mean ± circularSD for Θh, Θt, and Θi;
arithmeticmean± SD for κ1, κ2, and diameter). ∗p < 0.05 vs. angle zero (Rayleigh
test). Θh, Θt, Θi, κ1, and κ2 are defined in Fig. 11.6. SD, standard deviation; SMC,
smooth muscle cell.

Figure 11.A2: SMC orientations and arterial diameters in left carotid arteries at a luminal pressure
of 40mmHg in young (age 8weeks) and old (age 23weeks) mice (circularmean ±
circularSD for Θh, Θt, and Θi; arithmeticmean± SD for κ1, κ2, and diameter). ∗p <
0.05 vs. angle zero (Rayleigh test). Θh, Θt, Θi, κ1, and κ2 are defined in Fig. 11.6.
SD, standard deviation; SMC, smooth muscle cell.
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Figure 11.A3: Effect of cluster volume thresholding. Curves show SMC density as a function of the
relative radial coordinate (ρ− r), where ρ is the radial coordinate as defined in Fig.
11.3A and r is half of the detected vessel diameter ( 1

2 D). Pooled data of five samples
at a luminal pressure of 40 mmHg are shown (those (non-rotated) samples that were
also used for assessing reproducibility (Table 11.A1) and the effects of rotation (Fig.
11.A1)). The lower volume threshold (Vthreshold,L, blue, dashed line) removed clusters
mainly at the inner side of the wall, whereas the upper volume threshold (Vthreshold,U,
red, dotted line) removed clusters mainly at the outer side of the wall. Percentages
pertain to the number of clusters in each stack that were excluded/included, respec-
tively (mean± SD). SD, standard deviation; SMC, smooth muscle cell.

11.A1 Appendix: Projecting orientations on a unit

hemisphere

The reader of this paper may wonder why a map projection is used to visualise SMC
orientations. In this section, we will explain why the use of projections is beneficial.

An orientation in 3D can be quantified by two spherical angles: an elevation and an
azimuth. In our study, the elevation corresponds to the transverse angle (θt) and the
azimuth corresponds to the helix angle (θh). One could choose to make a rectangular
plot and plot θh vs. θt. Gasser et al. (2012) have chosen to construct histograms in this
way (Fig. 4 in (Gasser et al. 2012)) and to depict an orientation density (Fig. 8 in (Gasser
et al. 2012)). Although at first sight these representations appear feasible, they provide
a deformed view of reality, for two (related) reasons:

1. Consider the surface element on the unit hemisphere spanning from θh to θh +

dθh and θt to θt + dθt. The area of this element is not dθhdθt, but dθhdθt cosθt.
Consequently, visualising orientations by using a rectangular θh-versus-θt plot over-
emphasises orientations with large θt.

2. A related error occurs when trying to represent an orientation of θt = ±90◦. At
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Figure 11.A4: Considerations for using map projections. A: Typical problem when representing a
three-dimensional orientation without using a projection. Consider four points a, b,
c, and d with indicated spherical coordinates. Points a and b clearly represent a dif-
ferent orientation that is 90◦ apart. Points c and d, however, appear to also represent
a different orientation, whereas in reality, they are equal (they are both at the “top”
of the hemisphere). B: The problem in A can be solved using a map projection. By
representing the orientations using a projection, points c and d coincide. The projec-
tion used is the Lambert azimuthal equal area projection. C: A Lambert azimuthal
equal area projection is created by using a plane tangential to the center point on
the unit hemisphere (point b in this case). All points will be projected on this plane.
From all points on the hemisphere, a circular arc is drawn to the projected plane that
1) ends perpendicular to the projected plane and 2) has point b as its centre.

what θh should this orientation be drawn? Clearly, for θt = ±90◦, θh is undefined.

These problems are illustrated in Fig. 11.A4A. A solution to this problem could be to
display the hemisphere in 3D, as performed by Alastrué et al. (2010). Although correct,
such 3D figures are, to our opinion, hard to interpret from a (2D) document.

The problem of displaying spherical information on a flat surface is not new and occurs
for example when creating a 2D map of the 3D world. The transformation from latitudes
and longitudes of locations on the surface of a sphere into locations of a plane is called a
map projection (Snyder and Voxland 1989). A large number of map projections exist, all
suited for a specific goal. Importantly, there is not one general “best” projection (Snyder
1987). For our application, we require the projection to be equal-area, tackling the afore-
mentioned point 1 (Snyder 1987) and illustrated in Fig. 11.A4B. Many projections possess
this property, but the one that is most often used to plot directional data is the Lambert azi-
muthal equal-area projection (Borradaile 2003). This is the projection used in this paper.
Its geometrical construction is explained in Fig. 11.A4C. Mathematically, it is obtained via
the following equations:

x =

√

√ 2
1+ cosθt cosθh

cosθt sinθh , and (11.A1)

y =

√

√ 2
1+ cosθt cosθh

sinθt . (11.A2)
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11.A2 Appendix: Reproducibility

To evaluate our findings, in five arteries, we acquired a second image stack after physically
rotated the mounting chamber by 180◦ around the z-axis (see Discussion section and Fig.
11.A1). As these rotated stacks were acquired at the same location as the corresponding
non-rotated stacks, these data can be used to analyse the repeatability of our method.

In order to assess repeatability, we calculated three summary values of parameters Pi j ∈
{Θh,i j ,κ1,i j ,κ2,i j , Di j}, with Di j representing diameter. Subscript i ∈ {N,R} denotes non-
rotated (N)/rotated (R) stacks; subscript j ∈ {1,2, 3,4, 5} denotes animal number. The
following summary values were computed:

1. The overall mean (µ):
µ= M[m1, m2, . . . , m5] . (11.A3)

2. The between-animal standard deviation (σµ):

σµ = S[m1, m2, . . . , m5] . (11.A4)

3. The reproducibility standard deviation (σr):

σr = S[PN1−m1, PR1−m1, PN2−m2, PR2−m2, . . . , PN5−m5, PR5−m5] . (11.A5)

In these equations, M and S denote the circular mean and circular standard deviation
operators for Pi j = Θh,i j; and the arithmetic mean and standard deviation operators for
Pi j ∈ {κ1,i j ,κ2,i j , Di j}, respectively. m j is used as a short-hand notation of M(PN j , PRj).

Results are shown in Table 11.A1. In all cases, the reproducibility standard deviations
were smaller than the between-animal standard deviations. Reproducibility of the helix
angle (σr) was good at 0.76◦ (inner layer) and 1.37◦ (outer layer), respectively.

Table 11.A1: Reproducibility statistics

Parameter Unit µ σµ σr

I O I O I O

Θh
◦ 1.85 3.85 2.32 2.83 0.76 1.37

κ1 - −25.80 −31.04 7.75 8.44 2.37 6.33
κ2 - −9.83 −9.66 3.42 4.68 2.56 1.90
D µm 487 62 22

µ, overall mean; σµ, between-animal standard deviation; σr, reproducibility standard deviation.
See Appendix 11.A2 for details on computing these values. Θh, κ1, and κ2 are defined in Fig. 11.6.
D, diameter; I and O, inner and outer layer, respectively.
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Abstract

Arterial biomechanical behaviour under dynamic (pulsatile, in vivo) conditions may dif-
fer substantially from its behaviour under static conditions. Therefore, we propose that
the arterial structure-function relationship should be characterised under dynamic condi-
tions, reflecting in vivo mechanical behaviour as much as possible. In the present study, we
aim to develop an integrated system for biomechanical assessment of murine arteries un-
der pulsatile conditions. A custom-built set-up prototype was made to generate pulsatile
pressure (pulse frequency 2–10Hz) and to apply these pressure pulses to murine carotid
arteries mounted between glass micropipettes. Pressure (P) was acquired both at the
proximal and distal pipettes. Arterial diameter (D) was recorded using high-frequency
ultrasound wall tracking; axial force was measured by means of a load cell. Pilot experi-
ments using a single 22-week old C57BL/6JRj mouse carotid artery were performed under
no-flow conditions. First, the artery was exposed to static pressure from 0 to 200 mmHg
while recording diameter. Second, the artery was exposed to pressure pulses at 2, 5,
and 10 Hz and to three different pressure ranges. Synchronisation of pressure and cross-
sectional area (A= 1

4πD2) signals, and the effect of post hoc synchronisation by second
derivative matching were assessed. Proximal pressure matched the A signal well whereas
distal pressure was unexpectedly smoothed and did not show the detail that was present
in the A signal. Without post hoc synchronisation, P-A loops plotted using proximal P ran
clockwise (physically plausible) whereas loops plotted using distal P ran counterclockwise
(physically impossible). This opposition in direction remained after post hoc synchronisa-
tion. Future directions for improving synchronisation and determining true, intraluminal
P are given. We have demonstrated the feasibility of ex vivo mechanical assessment of
murine carotid arteries under pulsatile conditions. In the future, the developed method
could yield novel mechanical insights into physiological arterial wall mechanics in health
and disease.

12.1 Introduction

S TIFFENING of arteries poses a major threat to the present population. Whereas
pulse wave velocity is clinically the gold standard method providing a measure of
arterial stiffness, pulse wave velocity measurements generally do not yield insight

into the mechanisms underlying the stiffening of the arteries.
A few studies have attempted to assess biomechanical arterial behaviour non-invasively

in humans (for a short overview, see Spronck et al. 2015a). Though such studies provide
a crucial, structural view on the biomechanics of the artery wall, they are limited in the
sense that an artery can only be assessed at the human working pressure range. Further-
more, pressure (by applanation tonometry) and diameter (by echo-tracking) waveforms
cannot be simultaneously acquired.

These limitations can be overcome by studying biomechanics in excised arteries, moun-
ted between glass (micro)pipettes and pressurised and/or stretched. This approach al-
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lows not only haemodynamical and mechanical measurements, but also structural ima-
ging (Spronck et al. 2015a). Recorded data on pressure, diameter, length, axial force,
and sometimes structure is typically integrated into a constitutive model of the artery
wall to obtain detailed insight into the biomechanical behaviour of the artery. Me-
chanical characterisation of mounted murine arteries has been extensively performed
by Humphrey and co-workers (e.g., Ferruzzi et al. 2013) and by Holzapfel et al. (Holza-
pfel and Ogden 2010a). A limitation of most of the experimental work that has been
performed to date is that measurements are mostly performed under static conditions.

Because arterial biomechanical behaviour under dynamic (pulsatile, in vivo) conditions
may differ substantially from its static behaviour (Holzapfel et al. 2002; Learoyd and
Taylor 1966; Lichtenstein et al. 1998), we propose that the arterial structure-function re-
lationship should be characterised under dynamic conditions, reflecting in vivo mechani-
cal behaviour as much as possible.

Several studies have performed ex vivo dynamic assessment of arteries. An overview is
given in Table 12.1. More than 50 years ago, Bergel (1961) already mounted dog aorta
samples vertically and subjected them to sinusoidal pressure waves. Learoyd and Taylor
(1966) followed roughly the same approach. More recently, Armentano et al. (2007)
also performed pulsatile experiments on excised human common carotid arteries, stating
that “Pressure and pumping rate levels were chosen to be similar to those observed in
normotensive patients.” It is unclear to us what pressure waveforms were actually used
by Armentano et al. (2007) to distend the vessel.

Lichtenstein et al. (1998) did assess static as well as dynamic (pulsatile) mechanics in
rat carotid arteries. The pulse waveforms that Lichtenstein et al. (1998) generated were
sinusoidal and not physiologically shaped. Gleason et al. (2004), to our knowledge, are
the only researchers who subjected murine carotid arteries to pulsatile pressure. Further-
more, their set-up allows for measurement of axial force in the mounted arteries. The
pulsatile pressure waves in the set-up by Gleason et al. (2004) are sinusoidal. Further-
more, the sites of pressure acquisition are far away from the mounting pipettes, inducing a
substantial difference in pressure as measured proximal and distal to the mounted artery.
This complicates estimating pressure inside the artery.

Boutouyrie et al. (1997) assessed rat aortas under pulsatile pressure. Notably, they
mimicked physiologically shaped pressure waveforms, containing a realistic systolic pres-
sure rise time and a dicrotic notch. If a measurement set-up is able to subject the mounted
artery to such pressure waveforms, its in vivo mechanical behaviour can be simulated. The
advantage of performing such an experiment in vitro is that measurements of much higher
precision than in the in vivo situation can be obtained. Furthermore, pressure, diameter,
and axial force can be measured simultaneously.

In the present study, we aim to develop a measurement set-up for biomechanical
characterisation of murine arteries under pulsatile conditions. The set-up will consist of
a high-speed valve, allowing generation of pressure pulses at > 600bpm (10 Hz, a typical
mouse heart rate (Ho et al. 2011)), and a closed-loop artificial circulation. Axial force and
pipette pressure will be measured using miniature pressure sensors at both pipettes and a
load cell, respectively. Artery diameter will be tracked using high-frequency ultrasound.
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Table 12.1: Previous studies investigating pulsatile behaviour of mounted vessels

Study Species Vessel Wave shape Base frequency

Bergel 1961 dog thoracic and
abdominal aorta,
femoral and carotid
arteries

sinusoidal 0–18 Hz

Learoyd and Taylor
1966

human thoracic and
abdominal aorta,
iliac, femoral and
carotid arteries

sinusoidal 0–10 Hz

Bauer et al. 1982 rat abdominal aorta,
carotid artery, and
tail artery

sinusoidal 0–20 Hz

Boutouyrie et al.
1997

rat aorta physiological *

Lichtenstein et al.
1998

rat carotid artery sinusoidal 5 Hz

Zanchi et al. 1998 rat carotid artery (nearly) sinusoidal 1–4 Hz
Gleason et al. 2004 mouse carotid artery sinusoidal 0–10 Hz
Bia et al. 2005 sheep femoral artery,

jugular vein
(nearly) sinusoidal** 110 bpm

Armentano et al.
2007

human carotid artery not specified 70 bpm

Zocalo et al. 2008 sheep anterior vena cava,
jugular and femoral
veins

(nearly) sinusoidal 1.8 Hz

Valdez-Jasso et al.
2011

sheep thoracic descending
aorta, carotid artery

(nearly) sinusoidal 110 bpm

In Boutouyrie et al. 1997 and Armentano et al. 2007, axial mounting length was not specified. In
all other studies, vessels were mounted at in vivo length. *After in vivo examination, the arterial
segments were isolated, mounted, and subjected to resynthesised pressure waves identical to those
recorded in vivo (Boutouyrie et al. 1997). **Bia et al. (2005) state that “. . . the device allows ad-
justments of heart rate, length of systolic and diastolic period for each cycle, pressure values, . . . ”.
However, visually (Fig. 4 in Bia et al. 2005), the generated waveforms seem to (nearly) resemble
sinusoids.
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12.2 Methods

12.2.1 Set-up

A custom-built set-up prototype (Fig. 12.1) was made to generate pulsatile pressure that
can be applied to murine carotid arteries (diameter ≈ 0.5 mm, length ≈ 1 cm) and other
arteries of similar dimensions. The set-up is a closed-loop system, which enables it to run
for a prolonged period of time while re-using fluid to repetitively distend the mounted
artery. Below, a brief description is given of the main elements and functions of the set-up.

Fluid circuit

The majority of the system’s fluid is contained in 1) the fluid reservoir, and 2) the vessel
bath. Both containers are temperature-controlled. Fluid in the reservoir is pressurised
using the laboratory air supply, the pressure of which is downregulated using a pressure
regulator. Reservoir pressure is measured using a pressure sensor (P0, Fig. 12.1). Fluid
in the vessel bath is open to the air and hence unpressurised. From the reservoir, a short
pipe leads to a high speed valve, consisting of a compliant tube and an indenter driven
by a loudspeaker. If no electrical current is passed through the loudspeaker, the indenter
presses on this tubing using a spring, closing the tube (state drawn in Fig. 12.1). If elec-
trical current is passed through the loudspeaker, it will lift the indenter from the compliant
tube (downwards in Fig. 12.1). This (partially) opens the tube, allowing pressurised fluid
from the reservoir to pass generating a pulsed flow into the rest of the circuit. The fluid
then flows into a hydraulic resistance-compliance (RC) circuit. The fluid resistance of this
circuit (Fig. 12.1) is implemented by using a small valve that is nearly shut. Through this
resistance, fluid flows into the vessel bath. Compliance essentially arises from the use
of silicone tubing throughout the system. Extra compliance (Fig. 12.1) can be added by
means of a 1 mL syringe in which a small air bubble is kept. The RC circuit is connected to
the proximal pipette (indicated with a “p” in Fig. 12.1) via a flow-through pressure sensor
(P1, Fig. 12.1). The distal pipette (“d”, Fig. 12.1) is connected to a flow-through pressure
sensor (P2), of which the outflow end is typically closed. If the fluid level in the reservoir
drops below approximately 2/3, this will be detected by an optical level sensor, switching
on the return pump. The return pump takes fluid from the vessel bath and returns it to
the reservoir.

Vessel bath and ultrasound

Two glass micropipettes between which an artery can be mounted are submerged in the
vessel bath. The proximal pipette (“p” in Fig. 12.1) is attached to a motorised slide,
allowing automated setting of artery axial stretch using a stepper motor. The distal pipette
(“d” in Fig. 12.1) is attached to a load cell, allowing measurement of axial force. The
vessel bath is dimensioned such that a mounted artery can be imaged from the top using
either

1. A high-frequency ultrasound transducer, or
2. A water-dipping microscope objective.
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In the present study, a high-frequency ultrasound probe (MS700, FujiFilm VisualSonics
Inc., Toronto, ON, Canada) connected to a VEVO 2100 system (FujiFilm VisualSonics Inc.)
was used to image the artery under static and pulsatile conditions.

Control of indenter and motorised slide

The pulse generator and the stepper motor moving the proximal pipette are controlled by
an Arduino UNO microcontroller board. The microcontroller also generates a synchroni-
sation signal that will be used to synchronise the ultrasound image acquisition with the
acquisition of the other signals (particularly pressure signals P1 and P2).

Signal acquisition and control

The following analog signals are acquired on a USB-6001 A/D-D/A converter (National
Instruments Corporation, Austin, TX, USA) at a sampling rate of 2500 Hz: pressures P0,
P1, and P2; temperatures of reservoir and vessel bath; axial force; and the synchronisation
signal. The level sensor is connected to a digital input. The heating circuits of the reservoir
and vessel bath, and the pump are connected to three digital outputs. Signal acquisition
and control are performed using LabVIEW 2013 (National Instruments Corporation). The
synchronisation signal is also fed to the ECG input of the VEVO 2100 ultrasound system.

Ultrasound acquisition was performed in B-mode at maximal frame rate, which was
564Hz. For each pulsatile experiment, 1000 frames were acquired.

12.2.2 Pilot experiments

Preparations

Before starting the experiments, in an empty set-up, all three pressure transducers (P0,
P1, and P2) were calibrated using a mercury column at pressures 0 and 100mmHg. Sub-
sequently, calcium-free HEPES buffer was added to the vessel bath, while the return pump
(Fig. 12.1) was used to pump this fluid into the fluid reservoir. The indenter was tem-
porarily opened, and the entire system was fluid filled. The dead end tubing of P2 (Fig.
12.1) was also temporarily connected to the circulation to also fill the P2 sensor.

Artery mounting

In the present study, we used an artery of a single 22-week old C57BL/6JRj mouse to
perform our pilot experiments. The mouse was sacrificed with an overdose of carbon
dioxide, after which the left common carotid artery was excised and labelled at the prox-
imal end. The proximal and distal ends of the artery were carefully mounted between the
proximal and distal micropipettes of the set-up (“p” and “d” in Fig. 12.1). When mounted
in this way, arteries remain viable for a prolonged period of time (> 2 hrs, Megens et al.
2007). A carotid artery section of ≈ 5 mm was mounted, yielding a length of approxi-
mately 3 mm of artery accessible for imaging. The artery was maximally vasodilated by
addition of nitroprusside (Sigma-Aldrich, St. Louis, MO) to a concentration of 10µM and
was examined at 37◦C. The experiment was approved by the local authority. No extra
compliance (see Fig. 12.1) was used.
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Adjusting axial stretch and pre-conditioning

Physiologically, it is known that if an artery is stretched to its in vivo length, distension
due to pressure changes has only minimal effects on the axial force of the vessel (Avril
et al. 2013; Brossollet and Vito 1995; Fung 1990; Humphrey 2002; Weizsäcker et al.
1983). If the artery is stretched to a lesser or greater extent than to this in vivo length,
axial force fluctuations with pressure will increase. This physiological knowledge was
used to determine the in vivo length of the artery: axial stretch was adjusted to have
minimal changes in axial force with vessel distension over the cardiac cycle. This stretch
is termed the in vivo axial stretch ratio. The in vivo axial stretch ratio for the mounted
artery was determined by measuring axial force at luminal pressures of 0 and 100 mmHg
and minimising the difference between those two force measurements. Subsequently, the
artery was pre-conditioned to eliminate the excessive hysteresis found on first inflation
(Bergel 1960; Learoyd and Taylor 1966; Remington 1955) by a set of 5 inflation-deflation
cycles from 0 to 100mmHg with a cycle time of approximately 5 s.

Static measurements

First, the artery was assessed statically by measuring diameter at small pressure incre-
ments. Pressure was increased from 0 to 200 mmHg in steps of 5 mmHg and then de-
creased back to 0 in steps of 5 mmHg. Time between steps taken was ≥ 10 s. This
inflation-deflation experiment was repeated twice.

Dynamic measurements

Dynamic (pulsatile) measurements were performed using two protocols as illustrated in
Fig. 12.2. Both protocols consist of nine combinations of pressures/frequencies. The
protocols are started in the centre of the figure panels (Fig. 12.2).

Protocol A Protocol A is illustrated in Fig. 12.2A. Pulse frequency ( f ) is set to 5 Hz, and
reservoir pressure P0 and fluid resistance (R) are tuned such that systolic (maximum) and
diastolic (minimum) pressures as recorded by P2 read 100 and 60mmHg, respectively.
This is the “reference state” (REF). Subsequently, frequency is changed to 10 Hz and 2 Hz
(vertical steps in Fig. 12.2A), keeping all other settings (notably, P0 and R) constant. Due
to haemodynamics, therefore, in general, pressures will not exactly equal 100/60 any-
more. This completes the middle column in Fig. 12.2A. Subsequently, only P0 is changed
such that systolic pressure equals 60 mmHg (middle left block, Fig. 12.2A). Note that di-
astolic pressure was not adjusted (R was kept constant). Again, vertical steps were made
from here by changing only frequency. Finally, f is set to 5 Hz and P0 is changed such that
systolic pressure equals 140 mmHg (middle right block, Fig. 12.2A). From here, again f

is changed, keeping all other settings constant.

Protocol B Protocol A is illustrated in Fig. 12.2B. Again, f = 5 Hz and pressures are
set to 100/60 mmHg. Protocol B differs from protocol A as follows: when f is adjusted
(vertical steps in Fig. 12.2B), systolic pressure is adjusted as well, by means of varying P0.
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Figure 12.2: Experimental protocols used for assessment of murine arteries under pulsatile pres-
sure. Both protocols consist of nine combinations of pressures/frequencies. Panels A

and B correspond to protocols A and B, respectively. All pressures (P) are denoted
as systolic/diastolic pressure, in mmHg; frequencies ( f ) are given in Hz. Underlined
quantities are actually set, gray values are a resultant of system dynamics. REF, refer-
ence state; P0, reservoir pressure. For details, see text.

This implies that in protocol B, systolic pressure is adjusted for all nine states. R is again
only set at REF and remains unaltered.

Data processing

B-mode ultrasound images were processed using B-mode edge tracking as described by
Steinbuch et al. (2016). Dynamic pressure and cross-sectional area signals were resam-
pled off-line at 1000 Hz. Data were filtered using a 51-point Savitzky-Golay filter of order
8 (N = 8, M = 25), having a −3 dB cut-off frequency of 60 Hz (Schafer 2011). At a
pulse frequency of 10 Hz, this leads to inclusion of the first six harmonics of the signals,
yielding a reasonable representation of the actual signals (Moxham 2003; Nichols et al.
2011). Pressure and cross-sectional area signals were synchronised using the synchro-
nisation signal that was acquired on both the ultrasound system and the A/D converter.
We also used a further fine tuning of synchronisation, which was based on the acquired
pressure and diameter signals. This post hoc synchronisation method involved calculat-
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Figure 12.3: Static pressure-area relationships.

ing the second derivative of the pressure and diameter signals and detecting the maxima
in these signals. Subsequently, the pressure signal was time-shifted such that the second
derivative maxima of the pressure signal matched those of the diameter signal.

12.3 Results

The in vivo stretch ratio of our sample was determined to be λz = 1.75. All further
experiments were performed at this stretch ratio.

12.3.1 Static measurements

Results of static inflation and deflation are shown in Fig. 12.3.

12.3.2 Dynamic (pulsatile) measurements

All dynamic experiments were performed in duplicate. Results shown in this section per-
tain to the first set of experiments performed.

Raw signals

Raw pressure and cross-sectional area signals of dynamic experiments are shown in Fig.
12.4. Signals for f = 2 Hz and f = 5 Hz are shown in appendix Fig. 12.A1 and Fig. 12.A2.
Note the much smoother and lower-frequency shape of the distal pressure signal (P2) as
compared to the proximal pressure signal (P1), at all three blood pressure conditions.

Influence of pressure acquisition site and of post hoc synchronisation on P-A curves

Fig. 12.5 shows representative P-A curves, generated using proximal (left column) as
well as distal (right column) pressures for f = 10 Hz. Curves for f = 2 Hz and f = 5 Hz
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Figure 12.4: Raw acquired cross-sectional area and proximal (P1) and distal (P2) pressure signals,
acquired at 10Hz (protocol A, Fig. 12.2A) and systolic reference pressures (defined
at 5 Hz, see protocol) of 60, 100, and 140 mmHg (left, middle, and right columns,
respectively).
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are shown in appendix Fig. 12.A3 and Fig. 12.A4. Note that P-A curves drawn using
proximal pressures turn clockwise, indicating physically feasible dissipation of energy in
the vessel wall. P-A curves drawn using distal pressures turn counter-clockwise, which
is physically impossible when no signal distortion or misalignment are present (Hoeks
et al. 2000). Signals used to generate the top row P-A curves were only synchronised
based on the electrical synchronisation signals (see Methods section). Synchronisation of
bottom-row signals was obtained by the post hoc synchronisation method. Notably, even
after this synchronisation, the distal pressure-based P-A curves ran counter-clockwise. All
following P-A curves are drawn using the proximal pressure signals and using post hoc
synchronisation.

P-A curves at varying heart rates

We generated P-A curves for all three heart rates and blood pressure profiles as specified
in our protocol (Fig. 12.2). Results are shown in Fig. 12.6. For both protocols, increased
heart rate led to smaller P-A loop areas. However, note that in both protocols, with
increasing heart rate, pulse pressures decreased (see Discussion section).

12.4 Discussion

In this study, we aimed to develop a measurement set-up for biomechanical characteri-
sation of murine arteries under pulsatile conditions. We constructed a prototype set-up,
and performed pilot measurements at different pulse rates and pressure profiles. Indi-
vidual aspects of our development and future directions are outlined below.

12.4.1 Pilot measurement protocol

For our pilot measurements, we used two protocols as illustrated in Fig. 12.2. The pres-
sures referred to in the protocol correspond to distal pressures. We made this choice,
as we expected the distally measured pressure to be more reflective of the intravascular
pressure than the proximally measured pressure. This assumption was based on the fact
that the distal pressure transducer is at a “dead end” and is connected rigidly to the distal
pipette. Theoretically, this would result in no flow across the distal pipette and therefore
in no pressure drop across this pipette. Therefore, in our current set-up (Fig. 12.1), in
theory, distal pipette pressure should follow intravascular pressure perfectly. However,
a close look at the acquired raw signals in Fig. 12.4 reveals that in most cases, ripples
that are present in the A-signal, are absent in the distal pressure signal. These ripples
are present in the proximal pressure signal. This suggests that the ripples in the A-signal
are a result of these proximal pressure ripples, and therefore, that intravascular pressure
also shows these ripples. This implies that considering waveform shape, in our pilot data
set, the proximal pressure signal better represents intravascular pressure than the distal
pressure signal does.

The “smoothed” distal pressure signal that we recorded was unexpected. Additional
experiments are required to reveal the source of this “oversmoothing”. A possible cause
of this finding may be an air bubble trapped near the distal pipette pressure transducer.
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Figure 12.5: Effects of proximal (left column) versus distal (right column) pressure measurements
and of post hoc pressure-area synchronisation (sync.) on resulting P-A relationships
at a pulse rate of 10Hz. Top row: no post hoc synchronisation; Bottom row: P-A
synchronisation based on maximum of second-order derivative. Thick, solid line: av-
erage static P-A relationship. Dashed lines are drawn from (Pmin, Amin) to (Pmax, Amax),
where subscripts min and max denote minimum and maximum, respectively. Signals
acquired during protocol A (Fig. 12.2A).
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Figure 12.6: Dynamic pressure-area relationships acquired at 2Hz (A, B), 5 Hz (C, D), and 10 Hz
(E, F) using protocols A (left column, Fig. 12.2A) and B (right column, Fig. 12.2B). All
loops run in clockwise direction.

The pressure transducer is attached to the set-up via a small silicone ring (not shown in
Fig. 12.1). The edge of this ring could have bulged slightly into the set-up orifice, creating
an irregularity behind which air bubbles could potentially get trapped.

12.4.2 Intravascular pressure

The previous section raises the question of what the actual intravascular pressure is. Al-
though easily asked, this question has been proven hard to answer. One could possibly
just fit a catheter tip pressure sensor through one of the pipettes, but this will inevitably
fully or nearly fully occlude the lumen of this pipette, significantly altering the pressure
drop across it. Another option could be to mount two ends of a carotid artery bifurcation
between the pipettes and use the third end of the bifurcation to insert a catheter into
and to measure pressure. Such an experiment could be performed to quantitatively as-
sess the pressure drop across the pipettes. If this pressure drop is properly quantified in
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terms of phase and magnitude, it can function as a reference for normal, straight artery
experiments.

12.4.3 Shape of the applied pressure pulse

In our set-up, a sharply rising pressure pulse that is reasonably similar to an in vivo pres-
sure wave is generated and applied to the artery, mimicking in vivo conditions. Performing
the experiment in vitro, however, allows us to acquire simultaneous pressure, diameter,
and axial force measurements at higher precision than possible in vivo. Other researchers
have subjected the mounted arteries to sinusoidal pressure waves of various frequencies
(for an overview, see Table 12.1). The advantage of this is that in general, such waves are
more controllable. The obvious disadvantage is that when sinusoidal waves are used, the
arteries are not directly studied under their in vivo conditions.

12.4.4 Application of flow

As this is a pilot study, we have deliberately chosen at this stage not to apply flow to
the mounted vessel. However, this could be easily accomplished in our set-up by slightly
modifying the fluid routing in Fig. 12.1. Note that, in order to simulate the effects of
flow-induced shear stress on the arterial wall, the viscosity of the fluid used in the system
should match the viscosity of blood.

12.4.5 Signal filtering

In our processing, we have chosen to use a Savitzky-Golay with a cut-off frequency of
60 Hz, corresponding to inclusion of the first six harmonics of the pressure and diameter
signals at a pulse frequency of 10 Hz. Studies indicate that ideally, ten harmonics should
be included to optimally reconstruct an arterial pressure signal (Moxham 2003; Nichols et
al. 2011); twenty harmonics should be used to optimally reconstruct the second derivative
of the pressure signal. Nevertheless, we have chosen to stick to six harmonics to limit the
effects of non-physiological measurement noise.

Arterial diameter was tracked on a frame-by-frame basis and is therefore effectively
sampled at the ultrasound frame rate (564Hz). Pressure signals are acquired using me-
chanical transducers with a specified rise time of 1 ms, corresponding to a bandwidth of
approximately 350Hz (Sobering 1999). For a correct interpretation of P-A loops, it is es-
sential that both P and A are recorded simultaneously, at the same location, and processed
by circuitries having the same frequency characteristics (Hoeks et al. 2000). The use of a
conservative filtering approach limits the potential problem of combining high-frequency
diameter signals with lower-frequency pressure signals.

12.4.6 Constitutive modelling

In future, the data generated using the set-up presented can be used to characterise con-
stitutive models of the artery wall (Holzapfel and Ogden 2010a). Such models can be used
to interpret the obtained measurements, yielding insight into the mechanical behaviour
of the individual wall components.
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12.4.7 Conclusions

In the present study, we have demonstrated the feasibility of ex vivo mechanical assess-
ment of murine carotid arteries under pulsatile conditions. Although still in a piloting
stage, in the future, the developed method could yield novel mechanical insights into
physiological arterial wall mechanics in health and disease. Engineering a phase consist-
ent pulse wave generation circuit and signal processing system remains a true challenge.

12.5 Acknowledgements
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acknowledged.
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Figure 12.A1: Raw acquired cross-sectional area and proximal (P1) and distal (P2) pressure signals,
acquired at 2Hz (protocol A, Fig. 12.2A) and systolic reference pressures (defined
at 5 Hz, see protocol) of 60, 100, and 140mmHg (left, middle, and right columns,
respectively).
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Figure 12.A2: Raw acquired cross-sectional area and proximal (P1) and distal (P2) pressure signals,
acquired at 5 Hz (protocol A, Fig. 12.2A) and systolic reference pressures of 60, 100,
and 140mmHg (left, middle, and right columns, respectively).
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Figure 12.A3: Effects of proximal (left column) versus distal (right column) pressure measurements
and of post hoc pressure-area synchronisation (sync.) on resulting P-A relationships
at a pulse rate of 2 Hz. Top row: no post hoc synchronisation; Bottom row: P-A
synchronisation based on maximum of second-order derivative. Thick, solid line:
average static P-A relationship. Dashed lines are drawn from (Pmin, Amin) to (Pmax,
Amax), where subscripts min and max denote minimum and maximum, respectively.
Signals acquired during protocol A (Fig. 12.2A).
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Figure 12.A4: Effects of proximal (left column) versus distal (right column) pressure measurements
and of post hoc pressure-area synchronisation (sync.) on resulting P-A relationships
at a pulse rate of 5 Hz. Top row: no post hoc synchronisation; Bottom row: P-A
synchronisation based on maximum of second-order derivative. Thick, solid line:
average static P-A relationship. Dashed lines are drawn from (Pmin, Amin) to (Pmax,
Amax), where subscripts min and max denote minimum and maximum, respectively.
Signals acquired during protocol A (Fig. 12.2A).
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13.1 Introductory remarks

I N this thesis, the topic of arterial stiffening has been approached from clinical as
well as engineering perspectives. Significant efforts have been made to advance the
quantification as well as the interpretation of arterial stiffening.

13.2 Advancing the quantification of arterial stiffness

The gold standard for assessing arterial stiffness is measuring the carotid-femoral pulse
wave velocity (PWV, Laurent et al. 2006). The Recommendations for Improving and Stan-

dardizing Vascular Research on Arterial Stiffness by the American Heart Association have
formulated several future needs in the field of arterial stiffness (Townsend et al. 2015).
One of these needs is the development of therapeutic interventions to reduce arterial
stiffness. Two potential interventions to reduce arterial stiffness are currently available:

1. Blood pressure-lowering drugs, acting indirectly on the arterial wall by reducing
cyclical pressure load, and

2. Interventions that act directly on the arterial wall.

When assessing interventions of the first category, care should be taken since blood pres-
sure is an intrinsic determinant of PWV. Therefore, the design as well as the results of
studies investigating the effect of blood pressure-lowering drugs on the arterial wall re-
quire careful consideration of the intrinsic dependence of PWV on blood pressure. This
emphasises that independent quantification of arterial stiffness is not trivial, and that a
change in measured PWV can not be directly and unambiguously interpreted as a change
in intrinsic arterial wall stiffness. We set out to quantitatively assess the physiological
confounders of PWV (Townsend et al. 2015), investigating the magnitude of their effect
and ways to correct for them. These confounders include blood pressure, heart rate, and
axial stretch.

In this section of the discussion, we will first review these confounders. Subsequently,
we will integrate the obtained insight into a set of recommendations for the optimal mea-
surement of arterial stiffness.

13.2.1 Confounders of arterial stiffness

Blood pressure

Correction methods Current recommendations by the American Heart Association
(Townsend et al. 2015) emphasise blood pressure and heart rate as confounders of PWV.
PWV has long been known to change with actual blood pressure (Bramwell et al. 1923).
We investigated and quantified the intrinsic relationship between blood pressure and
PWV (chapter 2). Due to its substantial dependence on blood pressure, PWV must be
corrected for blood pressure if one wishes to assess arterial stiffness independently.

In this thesis, five methods have been touched upon to address the blood pressure
dependence of PWV:

1. Correcting PWV based on a blood pressure dependence derived from an exponential
relationship between pressure (P) and cross-sectional area (A);
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2. Correcting PWV for blood pressure on a statistical basis;
3. Using reference values or a rule of thumb to correct PWV;
4. Converting PWV to a blood pressure-independent measure such as cardio-ankle

vascular index (CAVI) or stiffness index β ; and
5. Assessing the blood pressure dependence of PWV by experimentally influencing

blood pressure while recording the change in PWV.

Method 1 is presented in chapter 2, where it was used to correct local carotid PWVs. The
method gives direct insight into the magnitude of the pressure dependence. We addition-
ally used this method in a data set of subjects that were treated using anti-angiogenic
drugs (chapter 3). In chapter 3, we also compared method 1 to a purely statistical ap-
proach (method 2). Numerical results of this approach were similar. However, a statistical
approach is only applicable if a population or a group of subjects is studied, i.e., it is not ap-
plicable in individuals. A possible solution to this problem is to relate a PWV measurement
to a reference value, e.g., from The Reference Values for Arterial Stiffness’ Collaboration
2010 study. Nonetheless, as pointed out in the General Introduction, the values in this
study represent both acute and remodelling effects of blood pressure on PWV. Therefore,
the reference values from The Reference Values for Arterial Stiffness’ Collaboration 2010
do not independently quantify the physiological confounding effect of blood pressure on
PWV.

A very simple type of “reference value” is a rule of thumb. As presented in chapter 2,
PWV changes with approximately 1 m/s per 10 mmHg change in diastolic blood pressure.
Such a rule of thumb has the clear advantage of being easily applicable in the clinic.
However, chapter 2 also shows that the actual pressure dependence of PWV is patient-
specific. A change in blood pressure from 120/80 to 160/90 leads to a change in PWV
of 0.9 m/s in “young” subjects (mean age 41 years), but to a change of 1.3 m/s in “old”
subjects (mean age 64 years). These numbers are slightly lower than those calculated
from The Reference Values for Arterial Stiffness’ Collaboration 2010 data. This difference
could be caused by the remodelling effect of high blood pressure on arterial stiffness.
Thus, if one aims to calculate the acute effect of blood pressure on PWV, our novel method
(chapter 2) is to be preferred.

Blood pressure-independent measures Another method to control for blood pressure
is to convert PWV to a blood pressure-independent measure (method 4). Cardio-ankle
vascular index (CAVI) has been proposed to be such a measure (Shirai et al. 2006). Note
that although named “cardio-ankle”, the CAVI formula can equally well be applied to the
carotid-femoral PWV. We have shown that, on a theoretical basis, the use of the stan-
dard CAVI equation as proposed by Shirai et al. (2006) does not yield a fully pressure-
independent index (chapter 4). This also holds for stiffness index β , which is another
suggested blood pressure-independent measure of arterial stiffness (Hirai et al. 1989). In
a simulation study (n = 161), simulating the effects of blood pressure lowering medica-
tion on CAVI, we showed that the pressure dependence of CAVI can lead to erroneous
conclusions and to the suggestion of an intrinsically de-stiffened wall. This finding is im-
portant, as CAVI is increasingly being used to assess blood pressure-independent effects
on arterial stiffness (Saiki et al. 2015; Shirai et al. 2011). If CAVI is “trusted” to be 100%
pressure-independent, wrong conclusions may be drawn.
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To overcome the problem of CAVI’s blood pressure dependence, we have derived an
updated formula that does yield a pressure-independent CAVI index (chapter 4). Using
this formula CAVI can be used as a blood pressure-independent measure.

Which blood pressure component to use for statistical correction? When correct-
ing for blood pressure statistically, one has to choose which blood pressure component
(diastolic, mean, systolic blood pressure or pulse pressure) to use for correction. Several
studies have touched upon the question of which component determines PWV. Current
recommendations state that mean arterial pressure should be taken into consideration
when PWV data are analysed (Townsend et al. 2015). Kim et al. (2007), Stompor et
al. (2003), and Tanaka et al. (1998) assessed the relationship between PWV and these
blood pressure components cross-sectionally. They found a significant correlation of PWV
with all measures except diastolic blood pressure. Sá Cunha et al. (1997) reported a cor-
relation between PWV and systolic blood pressure for both genders, and a correlation
between PWV and diastolic blood pressure only in women. In contrast, Nürnberger et al.
(2003) only report a correlation between PWV and diastolic blood pressure. All these
studies have in common that they assessed the association between PWV and blood pres-
sure cross-sectionally. The relationship that is obtained in this way may not reflect the
acute effect of blood pressure on PWV.

Acutely and physically, it can be shown that PWV varies with diastolic blood pressure
(Bramwell et al. 1923; Nichols et al. 2011; Nye 1964; Willemet et al. 2015). This is due
to the fact that a propagating pulse wave “sees” the diastolic pressure. In other words,
the front of the pressure wave travelling to the periphery encounters an arterial section
that is still at diastolic blood pressure.

As is clear from the above, the question of which blood pressure component to use for
correction of PWV can be approached from 1) a cross-sectional, population side; or 2) an
acute, mechanistic side. If one wishes to correct a measurement set on a statistical basis
for the influence of blood pressure, mean blood pressure seems a good candidate. If, on
the other hand, one wants to remove the acute effect of blood pressure on PWV, diastolic
blood pressure is a well-founded choice.

Heart rate

The role of heart rate as a confounding factor of PWV has been controversial. In this thesis,
we report the largest patient study investigating the direct effect of heart rate on carotid-
femoral PWV (chapter 5). A limitation of previous studies on the heart rate effect on PWV
was that many showed an increase in blood pressure with the increase in heart rate. We
used our knowledge on blood pressure corrections (chapters 2 and 3) to correct for this
blood pressure increase with heart rate. We corrected for blood pressure using methods
1 (correcting based on an exponential P-A relationship), 2 (statistically), and 5 (experi-
mentally, influencing blood pressure by varying posture) described above. The resulting
blood pressure-corrected effect of heart rate on PWV was on average 0.18 m/s per10 bpm.

In the General Introduction, we pointed out the white-coat effect on heart rate (Mancia
et al. 1983). Given the average increase in heart rate as reported by Mancia et al. (1983)
(15.9 bpm) and our heart rate dependence of PWV, the white-coat increase in PWV due to
heart rate would be 0.29 m/s. The diastolic blood pressure increase observed by Mancia
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et al. (1983) (14.9 mmHg), given our rule of thumb of 1 m/s per10 mmHg (chapter 2)
corresponds to a white-coat PWV increase of 1.5 m/s. In total, the combined white-coat
effect on PWV is roughly 1.8 m/s. Clearly, the blood pressure component of the white-coat
effect appears much larger than the heart rate component.

In the measurement of carotid-femoral PWV, carotid applanation tonometry is per-
formed to record the carotid artery pulse waveform. The substantial pressure applied
locally to the carotid artery with applanation tonometry could potentially evoke a barore-
ceptor response, resulting in bradycardia and hypotension. In chapter 6, we assessed
whether carotid artery applanation tonometry leads to baroreceptor activation. We found
that, when performed by an experienced research nurse or clinician, carotid artery tono-
metry does not lead to substantial baroreceptor activation. Care should be taken not to
occlude the carotid artery, and to keep the tonometer at a constant position relative to the
artery. Furthermore, the potential influence of head rotation on PWV during carotid artery
assessments should be taken into account. When local carotid artery PWV is measured,
ultrasound wall tracking measurements are performed at the carotid artery (chapters

2, 3, 7, 8, and 9). During ultrasound measurements, however, the force applied to the
carotid artery is negligible, and does not cause baroreceptor activation.

Axial stretch

Another, often ignored confounder of local arterial stiffness is the axial stretching of an
artery. When local, carotid PWV is measured, the head is often tilted sidewards and
backwards. This stretches the carotid artery. Consistent head rotation during a common
carotid artery ultrasound assessment and the concomitant arterial stretch cause a sig-
nificant and clinically relevant bias in carotid artery PWV measurements of 0.20 m/s on
average (chapter 7). The impact of unstandardised use of head rotation in studies with
carotid distensibility or PWV as an outcome measure should not be neglected, and, hence,
standardisation is highly recommendable (see section 13.2.2).

Other confounders

Age is often considered a primary confounder of arterial stiffness (Cecelja and Chow-
ienczyk 2009; Nürnberger et al. 2003). However, while blood pressure, heart rate, and
axial stretch are physiological confounders, age is not. Physiological confounders have the
effect that if one and the same artery is assessed under different conditions with respect to
a physiological confounder, different PWVs will be measured. With age, however, arteries
stiffen physically (chapter 8, O’Rourke and Hashimoto 2007).

Age acts as an “integrator” of several ongoing processes, including remodelling due
to wear and tear of elastin, but also of latent disease processes. The inclusion of age
as a variable in statistical analyses of arterial stiffness studies may be useful to ensure
comparability of measured arterial stiffness between subjects of different age. However,
it should be noted that this yields only a first order correction, as changes in arterial
stiffness with age will inevitably be patient-specific.

There is also a substantial list of what Townsend et al. (2015) term methodological

confounders. First, the measurement of carotid-femoral PWV requires a transit distance
measure. A large number of distance formulae have been proposed. Those have been
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compared by Huybrechts et al. (2011). The two most commonly used methods for ob-
taining travel distance are 1) the direct distance method, measuring the direct distance
from the carotid to the femoral recording sites, or 2) the subtraction method, measuring
the distance from the suprasternal notch to both these sites. In case 1, the direct distance
is multiplied by 0.8 to obtain the “true” travel distance. In case 2, the carotid distance is
subtracted from the femoral distance. According to Townsend et al. (2015), both these
measures are acceptable, whereas Van Bortel et al. (2012) recommend the direct distance
method. Huybrechts et al. (2011) compared these non-invasively measured distance es-
timates to a “reference distance” obtained by magnetic resonance imaging (MRI). This
distance, presuming the same PWV in the thoracic aorta and the carotid artery, was cal-
culated as the ascending aorta to femoral artery distance minus the ascending aorta to
carotid artery distance. Huybrechts et al. (2011) found that the direct distance method,
using the multiplication factor of 0.8, led to the smallest bias when compared to the ref-
erence distance. The subtraction method as well as other methods led to higher biases.
From this finding, Huybrechts et al. (2011) concluded that the direct distance method
“corresponds best with the real travelled aortic path length”. However, they did not test
whether this direct distance method yields the best estimator of the reference distance; in
other words, they did not test whether the estimate from this method explains the largest
amount of variance in the reference distance. Sugawara et al. (2016) did confirm that
the direct distance method corresponds best with the real travelled aortic path length.
Unlike previous studies (Huybrechts et al. 2011; Sugawara et al. 2008; Van Bortel et al.
2012; Weber et al. 2009), Sugawara et al. (2016) quantified the correlations between an
MRI reference and both methods. Importantly, they statistically compared these corre-
lations using the Meng-Rosenthal-Rubin method, and found that the correlation for the
direct distance method was significantly larger than for the subtraction method. This, in
our opinion, truly proves that the direct distance method is superior to the subtraction
method. Regardless of the distance measurement method used, it should be identical in
all subjects, and it should be clearly mentioned when reporting a study. Commonly, tape
measures are used for the actual distance measurements. Calipers, however, better min-
imise the impact of body contours and therefore are recommended (Levi-Marpillat et al.
2013; Townsend et al. 2015).

Second, carotid-femoral PWV can be measured at either the left or the right body side.
As the iliac bifurcation is anatomically located slightly to the left of the sagittal plane, the
true travel distance for a right-sided PWV measurement is slightly larger than the distance
for a left-sided measurement. Bossuyt et al. (2013) showed that, compared to measure-
ments at the right side, measuring at the left side induces a 2.7% bias in measured PWV
when using the direct distance method and a multiplication factor of 0.8. This underlines
the importance of standardisation of measurement side (Van Bortel et al. 2016).

Third, PWV is sometimes not measured along the carotid-femoral arterial bed but e.g.,
along the brachial-ankle bed. The resulting PWV measures are not necessarily inter-
changeable. Results of studies showing prognostic value of carotid-femoral PWV do not
directly apply to other PWV measures. Therefore, the methodology used to assess PWV
should be clearly stated when reporting a study (Townsend et al. 2015).

Fourth, the use of different devices may yield different values of PWV for the same
arterial bed, a difference that is often largely attributable to the algorithm used to detect
the arterial foot (Millasseau et al. 2005). In chapter 5 (Appendix 5.A2), when studying
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the effect of heart rate on PWV, we also investigated the influence of using a different
foot detection algorithm on the obtained PWVs. In our case, the timing algorithm used
did not significantly influence the slope of the linear relationship between heart rate and
carotid-femoral PWV.

In order to minimise the effects of these methodological confounders it is important
that within one and the same study, a clear protocol is available, stating the exact method
of transit distance measurement, the device used for PWV measurement, and the settings
for the PWV measurement device.

13.2.2 Recommendations for the independent quantification of

arterial stiffness: What (not) to do?

Using the findings presented above, we synthesised a set of recommendations for the
independent assessment of acute arterial stiffness. Some of these recommendations are
included in the current guidelines, while others do not. In our recommendations, we will
indicate if our guidelines correspond to existing guidelines, as indicated by the following
abbreviations:

TF3 Clinical Applications of Arterial Stiffness, Task Force III: Recommendations for User
Procedures (Van Bortel et al. 2002).

EXC Expert consensus document on the measurement of aortic stiffness in daily practice
using carotid-femoral pulse wave velocity (Van Bortel et al. 2012).

AHA Recommendations for Improving and Standardizing Vascular Research on Arterial
Stiffness by the American Heart Association (Townsend et al. 2015).

Our recommendations should be regarded as an addition to the current guidelines, to
optimise the independent assessment of arterial stiffness. They are not meant to replace
the existing documents.

Preparations

• Ideally, take a 24-hour blood pressure recording before the subject visits the clinic
for PWV measurement. This yields insight into the subject’s resting heart rate as well
as blood pressure. Alternatively, perform a 30-minute unattended blood pressure
measurement, which may be more practical.
• Before starting a PWV measurement, make sure that the subject is at rest to prevent

acute influences on heart rate and blood pressure (TF3, EXC, and AHA).

Measurements

• When measuring local carotid PWV or carotid distensibility, care should be taken
to rotate each subject’s head by a fixed amount (chapter 7). In our study, a total
rotation angle of 50◦ was practical and yielded clear images of the carotid artery.
• When measuring carotid-femoral PWV, the amount of head rotation is of minor im-

portance, as the potential local change in carotid artery stiffness will have only a
minor contribution to overall PWV.
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• Carotid tonometry measurements should be performed by an experienced research
nurse (TF3, AHA), using only minimal applanation force, at a distance approxi-
mately 2 cm proximal to the carotid sinus (chapter 6).
• Blood pressure should be recorded twice directly before the PWV measurement.

Of these measurements, the fist one is performed to allow settling of the BP cuff,
while the second one is performed to obtain an actual and reliable BP reading. BP
should again be measured directly after the PWV measurement. The latter two
measurements should be averaged to obtain a representative blood pressure during
PWV measurement (TF3, EXC, and AHA; all less explicit).
• Heart rate should be recorded during PWV measurement (AHA). Heart rate is gen-

erally given by the PWV device. Heart rate is also obtainable as pulse rate from an
ultrasound distensibility recording.

Data processing

• Correct for the difference in the subject’s heart rate during PWV measurement and
his/her resting heart rate, using 0.18 m/s/(10 bpm) (chapter 5) as a correction
factor.
• Account for blood pressure (TF3, AHA) in one of the following ways:

– Correct PWV to a reference pressure of 120/80 mmHg using an exponential
P-A relationship (chapter 2).

– Convert PWV into a blood pressure-independent index measure (chapter 4).

This will yield an acute, independent measure of arterial stiffness. Failing to account for
the confounding effects of heart rate and blood pressure may yield artificial increases in
measured PWV of the order of 2 m/s (chapters 2 and 5, Mancia et al. 1983; Spronck
et al. 2015b). To put this into perspective, a PWV increase of 2 m/s would correspond to
a 78% increased all-cause mortality risk in end-stage renal disease patients (Blacher et al.
1999).

13.3 Advancing the interpretation of changes in arterial

stiffness

The second aim of this thesis is to improve the interpretation of changes in arterial stiff-
ness. Two aspects of this aim were addressed: in vivo quantification of constitutive prop-
erties and improving methods for in vitro mechanical characterisation of arteries.

13.3.1 In vivo quantification of constitutive properties

Ideally, any change in arterial stiffness as non-invasively measured in patients would be
directly interpretable in terms of changes in the individual wall components.

In chapter 8, we fitted a constitutive model to non-invasively measured P-A data from
the carotid artery. By using a combination of physiological constraints, we were able
to obtain a stable model fit and interpret the change in P-A relationship with ageing.
The model distinguished between changes in collagen and elastin stiffness, and smooth
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muscle properties. Our study demonstrated that constitutive modelling can be used to
study existing hypotheses and provide quantitative estimates of changes in constitutive
properties.

The formulation of a clear hypothesis is important in this light. A common pitfall is to
create very detailed models, incorporating large sets of model parameters. Such large
sets of parameters can never be properly and uniquely quantified using the limited mea-
surement data obtainable in vivo. Therefore, for application in vivo, models should be
kept as simple as possible, and should be designed around the hypothesis.

In chapter 9, we used the confounding effect of axial stretch on arterial stiffness to
our advantage, employing it to assess carotid artery mechanics at two axial stretch states.
We fitted a constitutive model incorporating collagen and elastin to our data. Our new
approach led to a 43% reduction in variance of the model parameter corresponding to
collagen stiffness. Variance of the other two constitutive parameters (the collagen P-
A shape parameter and elastin stiffness) remained equal. These results show that our
method leads to a more accurate in vivo estimation of carotid artery wall properties.

13.3.2 An integrative set-up for in vitro mechanical characterisation

of arteries

In chapter 12, we present a newly developed set-up for biomechanical assessment of mu-
rine arteries under pulsatile conditions. The set-up will be further developed in the near
future, complementing the current approach with two additions. First, arteries mounted
in the set-up will be imaged using two-photon laser scanning microscopy, which can be
used to structurally assess the arteries. In chapters 10 and 11, we demonstrated the use of
two-photon laser scanning microscopy to quantify the orientation of smooth muscle cells
in tubular structures such as an artery. Second, functional and structural (previous point)
data will be integrated using constitutive modelling. We will extend the constitutive mod-
elling framework presented in chapter 8 to incorporate dynamic (viscoelastic) behaviour,
enabling the study of the effect of pulsatility on arterial mechanics. The combination of
two-photon laser scanning microscopy with the functional assessment as presented in
chapter 12 will be a step forward in studying the structure-function relationship in the
murine arterial wall.

Sáez et al. (2016) recently published a related study, combining microscopical study
of collagen orientation with mechanical inflation testing. They were able to successfully
combine the structural and mechanical data in a constitutive model. Our approach differs
in several aspects from the approach by Sáez et al. (2016). First, our set-up allows us to
study static as well as dynamic mechanical behaviour. Second, in our set-up, the artery can
be imaged at microscopic and macroscopic scales in precisely the same configuration that
was used for mechanical testing, potentially yielding a better correspondence between
mechanical and structural data. Third, in our set-up, the mounted arteries remain viable
(Megens et al. 2007), which allows us to not only study passive but also active mechan-
ical behaviour, including smooth muscle contraction. Fourth, our structural information
can be obtained under stressed conditions, at different pressures and axial stretch ratios,
potentially improving the constitutive descriptions even further. Finally, we perform our
measurements in murine carotid arteries, whereas Sáez et al. (2016) used porcine carotid
arteries.
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As discussed above, potential interventions for arterial stiffness include blood pres-
sure lowering agents, but also agents that directly target the arterial wall (Smulyan et al.
2016; Townsend et al. 2015). In the development of these agents, the proposed set-up
could yield in-depth insight into the structural and functional effects of those drugs on
the stiffened arterial wall. Some future directions on this topic are given in section 13.4.

13.4 Limitations and future directions

13.4.1 True shape of the pressure-area relationship

The exponential relationship between pressure (P) and lumen cross-sectional area (A) is
commonly used and accepted as a good representation of the true P-A relationship in the
physiological blood pressure range. In several chapters, we made use of an exponential
relationship between pressure and diameter or lumen cross-sectional area of the artery
(chapters 2, 3, 4, 5, 8, and 9). In these chapters, we aimed to provide clinically applicable
blood pressure and heart rate correction methods.

If one wishes to correct “simple” PWV and blood pressure measurements using patient-
specific representations of the P-A relationship, one cannot fit complicated P-A relation-
ships. The number of parameters of such relationships would be too large to be fitted
using only systolic and diastolic pressures and their corresponding diameters, or using
these pressures and PWV. Nevertheless, the true P-A relationship is inevitably more com-
plicated than a single exponential.

In chapter 4, we assessed the pressure (in)dependence of CAVI and stiffness index β .
Based on the assumption that the pressure-diameter relationship is single-exponential,
the original indices show pressure dependence. Furthermore, we were able to derive
corrected indices that, based on the exponential assumption, are pressure-independent.
Further research is required to assess the pressure dependence of our new indices given
measured, non-approximated P-A relationships. Such research could strengthen our the-
oretical proof of the pressure dependence of CAVI and β .

13.4.2 Cause of the heart rate dependence of PWV

In chapter 5, we quantified the dependence of PWV on heart rate. The cause of this de-
pendence cannot be concluded from our study. Potential causes include viscoelasticity
of the arterial wall, changes in smooth muscle tone, artefacts induced by the foot detec-
tion algorithm, or blood flow effects. With respect to viscoelasticity, it should be noted
that P-A loop area, commonly associated with viscoelastic behaviour, appears to be very
small under human, physiological conditions (Hermeling et al. 2012a). The slope of the
P-A relationship, also associated with viscoelasticity, appears to change with heart rate
(chapter 12; Holzapfel et al. 2002; Lichtenstein et al. 1998). Blood flow potentially in-
fluences PWV because the arterial pulse wave is known to move relative to its medium
(relative to the blood). This implies that when blood flow velocity increases, measured
PWV also increases. An increased heart rate may well coincide with an increased cardiac
output, on its turn increasing blood flow velocity and thereby PWV.

These hypotheses could be assessed using a combination of (animal) experiments and
mathematical modelling. Viscoelasticity of the arterial wall could be studied by subjecting
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murine arteries mounted in our novel set-up (chapter 12) to pressure pulses of different
frequencies. The haemodynamic effect of blood flow velocity on PWV could be assessed
using a mathematical (pulse wave propagation) model. Such a model, when performing
realistic pressure waveforms, could also be used to assess the effect of the foot detection
algorithm on PWV. An other option would be to perform in vivo animal experiments,
changing heart rate by means of cardiac pacing (e.g., Tan et al. 2012), while continuously
measuring blood flow velocity.

13.4.3 Studying the role of novel arterial stiffness treatments on the

arterial wall

Several classes of drugs are proposed to have a direct effect on arterial wall stiffness.
These include angiotensin-converting enzyme (ACE) inhibitors (Mallareddy et al. 2006;
Ong et al. 2011; Shahin et al. 2012) as well as aldosterone inhibitors (Bénétos et al. 1997;
Edwards et al. 2009). Inflammation may also play a role in arterial stiffness (Roman et
al. 2005). In rheumatoid arthritis patients, reducing inflammation led to a significant
reduction in arterial stiffness, either by anti–tumour necrosis factor-α (TNF-α) therapy
(Mäki-Petäjä et al. 2006) or by statin therapy (Mäki-Petäjä et al. 2007).

Some drugs are proposed to lower arterial stiffness by directly targeting collagen or
elastin in the arterial wall. Elastin fragmentation is thought to be one of the causes of ar-
terial stiffening. This causes a larger amount of the arterial pressure load to be borne by
the much stiffer collagen (chapter 8, O’Rourke and Hashimoto 2007). Increased arterial
stiffness is associated with an increase in activity of matrix metalloproteinases (MMPs,
Sun 2015). MMPs are enzymes (endopeptidases) that are capable of degrading numer-
ous extracellular matrix proteins (Wang et al. 2012). MMP activation results in increased
cellularity and thickening of the arterial intima, as well as causes elastin network frac-
ture (Wang et al. 2012). In rats, inhibition of MMPs has been shown to preserve elastin
integrity with hypertension (Wang et al. 2012).

Other drugs target the increased collagen cross-linking that is thought to partially cause
arterial stiffening. Increased collagen cross-linking by advanced glycation end-products
is associated with increased arterial stiffness (Llauradó et al. 2014; McNulty et al. 2007;
Zieman and Kass 2004). Cross-link breakers could potentially reverse this cross-linking,
improving arterial compliance and decreasing stiffness (Kass et al. 2001; Wolffenbuttel
et al. 1998).

The modelling and in vitro quantification methods presented in this thesis could well
be used to integrate structural and functional measurements, comparing treated and un-
treated arteries. The constitutive model presented in chapter 8 could be extended to
explicitly model collagen cross-linking (e.g., Sáez et al. 2014). Such a detailed model
could subsequently be characterised with detailed measurement data acquired in vitro

(chapter 12).

13.4.4 Closing the loop

In our in vitro set-up (chapter 12), we are able to assess local PWV and distensibility in
mice using the same (ultrasound wall tracking) methodology that is used in patients. This
allows us to directly translate our in-depth structural and mechanical findings to clinically
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measurable stiffness parameters. In vitro local PWV measurements on murine arteries can
also be compared to in vivo carotid-femoral pulse wave velocity measurements in mice
(Leloup et al. 2014), which are up and running at our institute. When studying the role
of novel arterial stiffness treatments on the arterial wall, these developments could prove
a key advantage, allowing for a more direct estimation of the effect of such treatments on
in vivo PWV.

13.5 Conclusions

Throughout this thesis, we have approached the assessment and interpretation of arterial
stiffness from a medical engineering perspective.

We have rigourously identified and tackled blood pressure, heart rate, and axial stretch
as confounders of arterial stiffness measurements. We believe that the developed method-
ology and concepts may ultimately contribute to a better understanding of the behaviour
of the (diseased) arterial wall in a variety of clinical and scientific settings.

Furthermore, by building a novel set-up that enables integration of different modali-
ties, we have taken a significant step to improve the understanding of arterial structure-
function relationships at micro and macro scales.
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Summary

E MERGING evidence exists that accelerated stiffening of the large arteries is a strong
predictor of cardiovascular complications worldwide. The gold standard method
for the assessment of arterial stiffness in patients is the measurement of pulse wave

velocity (PWV), the velocity of the pressure pulse wave as it travels along the large arter-
ies. Although PWV is positively related to arterial stiffness, this relationship is confounded
by several factors. Furthermore, establishing whether an artery is stiffened or not does
not inform a researcher or clinician on the cause of the stiffening. Therefore, this thesis
is centred around two aims: 1) to advance the objective quantification of arterial stiff-
ness; and 2) to advance the interpretation of observed differences and changes in arterial
stiffness. Chapters 2 to 7 pertain to aim 1, chapters 8 to 12 pertain to aim 2.

Chapter 1 provides a general introduction to this thesis and introduces the reader to
the problem of arterial stiffening and its relationship with hypertension.

In chapter 2, we studied the dependence of PWV on blood pressure (BP). We recor-
ded carotid artery echo-tracking and tonometry waveforms in a group of hypertensive
patients. Echo-tracking was used to measured the time course of the artery diameter and
thereby cross-sectional area, whereas tonometry was used to measure the time course
of local arterial pressure. These measurements were performed at baseline and after
three months of anti-hypertensive treatment. The recorded waveforms at baseline were
combined into exponential pressure-area curves for each subject. Using follow-up pres-
sures and baseline curves, we predicted the follow-up decrease in local, carotid PWV after
anti-hypertensive treatment. Follow-up measurements showed a near 1 m/s decrease in
carotid PWV when compared to baseline, which fully agreed with our model prediction
given the roughly 10 mmHg decrease in diastolic pressure. This implies that in this patient
group, the measured decrease in local, carotid PWV is fully explained by the decrease in
BP, and suggests no change in intrinsic arterial wall behaviour. Quantitatively, our findings
are surprisingly similar to data from the “Reference Values for Arterial Stiffness’ Collab-
oration” study, albeit that in this reference values study, carotid-femoral (transit time)
PWVs were measured.

In chapter 3, we used the measurement and modelling methodology developed in
chapter 2 to study the effects of anti-angiogenic drugs (AADs) on intrinsic arterial stiff-
ness. AADs are increasingly used in anti-cancer therapy, with hypertension and an in-
creased PWV as frequent side effects. PWVs and pressure-area curves were measured
at baseline (before AAD treatment) and at four follow-up visits spaced two weeks apart.
In this study, the measured change in carotid PWV with AAD treatment significantly ex-
ceeded the BP-predicted change, indicating structural changes in arterial wall behaviour.
We compared our method to a traditional, statistical method of correction; results were
quantitatively similar. However, our novel (chapter 2) methodology is applicable in indi-
vidual patients, whereas a fully statistical method requires a patient cohort in order to be
applied.



Chapter 4 assessed two indices of arterial stiffness: stiffness index β and cardio-ankle
vascular index (CAVI). Both are used to quantify the intrinsic exponent (β0) of the BP-
diameter relationship, and are often presented to be BP-independent. CAVI and β assume
an exponential relationship between pressure (P) and diameter (D). In this chapter, we
demonstrated that, 1) under this assumption, β and CAVI as currently implemented are
inherently BP-dependent; and 2) that this BP dependence can be readily corrected for. To
substantiate the BP effect on CAVI in a typical follow-up study, we computer-simulated a
patient cohort of 161 subjects before and following BP-lowering “treatment” (assuming
no follow-up change in intrinsic β0 and therefore in actual P-D relationship). Lowering
BP from a hypertensive to a normotensive range resulted in a significant CAVI decrease,
whereas our corrected CAVI measure (CAVI0) showed no significant change.

Chapter 5 assessed the influence of heart rate on transit-time PWV. In this study, indi-
viduals with an in situ cardiac pacemaker or cardioverter defibrillator were paced at heart
rates from 60 to 100 bpm. At each heart rate, BP and PWV were measured. As expected,
both PWV and central aortic diastolic BP increased with heart rate. We corrected PWV for
the influence of BP in three ways: 1) statistically, using a linear mixed model; 2) math-
ematically, using an exponential relationship between BP and cross-sectional lumen area
(chapter 2); and 3) using the measured BP dependence of cfPWV derived from changes
in BP induced by position changes (seated and supine) in a subset of subjects. All three
methods yielded a similar, BP-independent heart rate dependence of PWV in the range of
0.16 to 0.20 m/s/(10 bpm).

In chapter 6, we assessed whether carotid artery applanation tonometry causes ac-
tivation of the carotid baroreceptors. Such activation could cause fluctuations in heart
rate and blood pressure. We studied this potential activation by comparing finger blood
pressure-derived parameters during carotid and femoral applanation tonometry. 95%-
confidence intervals were used to calculate the maximum absolute difference in heart
rate and blood pressure between carotid and femoral tonometry. These differences were
of such a small magnitude that we concluded that in our study, carotid artery applanation
tonometry did not cause clinically significant baroreceptor activation.

During ultrasound distensibility assessment of the carotid artery, the patient’s head is
usually rotated sidewards and slightly upwards to optimise visibility of the carotid seg-
ment. This rotation may affect vessel length and thus the longitudinal arterial strain,
which intrinsically influences circumferential mechanical measures such as diameter and
distension. In chapter 7, we quantified the influence of head rotation on circumferen-
tial mechanics by performing ultrasound distensibility examinations with the head in two
orientations: 1) the normal orientation, facing forwards; and 2) the rotated orientation,
facing sidewards and slightly upwards. Additionally, we measured common carotid artery
length in both orientations using magnetic resonance imaging (MRI) to assess whether
indeed a change in length occurred with head rotation. MRI measurements showed a
significant rotation-induced longitudinal strain that led to a significant decrease in abso-
lute and relative distension with head rotation, respectively. From these measurements,
we concluded that consistent head rotation during a common carotid artery ultrasound
assessment causes a significant and clinically relevant bias in carotid artery distension
measurements.

In chapter 8, we used the measurement data from chapter 2, which we divided into
a “young” and an “old” group of subjects. We aimed to quantitatively interpret the ob-
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served changes in wall behaviour with age using a constitutive modelling approach. We
implemented a model of arterial wall biomechanics and fitted this to the group-averaged
pressure-area (P-A) relationship of the “young” subgroup of our study population. Using
this model as our take-off point, we assessed which parameters had to be changed to
let the model describe the “old” subgroup’s P-A relationship. Realistic conditions were
enforced by adapting the following physiologically based assumptions: 1) we required
wall stress to be homogeneously distributed over the arterial wall; 2) we assumed wall
stress normalisation with age by keeping average “old” wall stress at the “young” level;
and 3) we required axial force to remain constant over the cardiac cycle. Changing from
“young” to “old”, our simulations showed a shift in pressure load bearing from elastin to
collagen, caused by a decrease in elastin stiffness and a considerable increase in colla-
gen recruitment. Correspondingly, simulated diameter and wall thickness increased by
about 20 % and 17 %, respectively. The latter compared well with a measured thickness
increase of 21 %. This chapter showed that changes with age in arterial wall mechanics
can be interpreted in terms of constitutive properties.

In chapter 9, we investigated whether we could improve the process of constitutive
parameter estimation as proposed in chapter 8 by effectively increasing the amount
of measurable mechanical information. To this end, we used measurement data from
chapter 7 that was acquired at two levels of axial stretch. We compared the case of fitting
our constitutive model to the “full” distensibility data set containing data from both levels
of axial stretch, with the “normal” case of using only one level. In the case of using data
from both levels, variability of the constitutive model parameter representing collagen
stiffness reduced with 43% as compared to the case of using only one level. Sensitivity
analysis revealed that in further reducing the uncertainty of estimated constitutive pa-
rameters, it is most beneficial to increase the accuracy of ultrasound-based measurements
of arterial diameter, distension and wall thickness. This chapter demonstrated that con-
stitutive model-based interpretation of stiffness measurements (as in chapter 8) can be
improved by exploiting the dependence of distensibility measurements on head rotation
(chapter 7).

In chapter 10, we developed a method to determine two-dimensional smooth muscle
cell orientation in tubular structures. We extended this method to a three-dimensional
method in chapter 11, and used it to quantify smooth muscle cell orientation in vi-
able murine carotid arteries. In these arteries, mounted between micropipettes, smooth
muscle cell nuclei were fluorescently labelled and imaged using two-photon laser scan-
ning microscopy. After image processing, orientations were quantified by fitting a Bing-
ham distribution to the observed orientations. We observed that the orientations were not
only dispersed in the axial-circumferential plane (i.e., helically), but also in the radial-
circumferential plane (i.e., transversally). Helical dispersion in orientation was much
larger than transversal dispersion. Additionally, SMC orientations showed a statistically
significant mean right-handed helix angle in both inner and outer smooth muscle layers
of both left and right arteries.

Arterial biomechanical behaviour under dynamic (pulsatile, in vivo) conditions may
differ substantially from its behaviour under static conditions. Therefore, in chapter 12,
we developed an integrated system for biomechanical assessment of murine arteries un-
der pulsatile conditions. In this system, murine carotid arteries are mounted between
glass micropipettes. Subsequently, pulsatile pressure is generated (pulse frequency 2–
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10 Hz) and applied to these arteries. We performed pilot measurements using this system,
showing the feasibility of ex vivo mechanical assessment of murine carotid arteries under
pulsatile conditions.

Chapter 13 concludes this thesis and discusses our most important findings and their
clinical implications. In this chapter, also a set of clinical recommendations for the assess-
ment of arterial stiffness are given. Furthermore, the limitations of our work are reviewed
and directions for future research are suggested.
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Samenvatting

V ERSNELDE verstijving van de grote slagaders vergroot sterk de kans op hart- en
vaatziekten. De gouden standaard om vaatstijfheid te meten is het bepalen van
de polsgolfsnelheid, de snelheid waarmee de bloeddrukgolf zich beweegt langs de

grote slagaders. De polsgolfsnelheid (pulse wave velocity, PWV) is weliswaar geassocieerd
met vaatstijfheid, maar deze relatie wordt door een aantal factoren verstoord. Bovendien
vertelt een PWV-meting een arts niets over de oorzaak van de vaatverstijving. Dit proef-
schrift heeft daarom twee hoofddoelen: 1) het verbeteren van de objectieve kwantificatie

van vaatstijfheid, en 2) het verbeteren van de interpretatie van gemeten verschillen en
veranderingen in vaatstijfheid.

Allereerst wordt in hoofdstuk 1 een algemene inleiding tot dit proefschrift gegeven
en introduceert dit hoofdstuk het probleem van vaatverstijving aan de lezer, alsmede de
nauwe relatie tussen vaatverstijving en hoge bloeddruk.

Hoofdstukken 2 tot en met 7 richten zich op de kwantificatie van vaatstijfheid in
patiënten. In hoofdstuk 2 hebben we onderzocht hoe de PWV van de bloeddruk afhangt.
In een groep patiënten met hoge bloeddruk hebben we met behulp van echografie en
tonometrie metingen aan de halsslagader uitgevoerd. Met echografie maten we het dia-
meterverloop over de tijd van het vat; met tonometrie konden we een inschatting maken
van het lokale bloeddrukverloop in het vat. We hebben deze metingen uitgevoerd vóór-
en nadat deze patiënten behandeld werden voor hun hoge bloeddruk. Met behulp van
deze metingen hebben we in de uitgangssituatie de relatie (een curve) bepaald tussen
bloeddruk en doorsneeoppervlakte van het vat, gedurende de hartperiode. Met deze
curves kunnen we de invloed van een bloeddrukdaling op de doorsneeoppervlakte, maar
ook op de PWV voorspellen. We doen dit door voor iedere individuele patiënt de druk-
oppervlaktecurve vóór de hoge-bloeddrukbehandeling te bepalen, en van deze curve de
oppervlakte af te lezen bij de bloeddruk van de patiënt ná behandeling. Op deze manier
voorspelden we een PWV-verlaging van 1 m/s na een bloeddrukdaling van 10mmHg
diastolisch. Deze voorspelling kwam precies overeen met de gemeten PWV-verlaging. Dit
betekent dat de gemeten PWV-verlaging in deze studie puur en alleen een bloeddrukeffect
is, en dat de PWV-verlaging in dit geval niet duidt op veranderingen in de vaatwand. Ge-
talsmatig is de door ons gevonden bloeddrukafhankelijkheid verrassend vergelijkbaar met
de waarden uit de “Reference Values for Arterial Stiffness’ Collaboration” studie. Hier-
bij moet worden opgemerkt dat in deze referentiewaardenstudie, carotis-femoralis-PWV
werd gebruikt, terwijl wij in onze studie lokale, carotis-PWV’s hebben gebruikt.

In hoofdstuk 3 gebruiken we de methode uit hoofdstuk 2 om het effect van een be-
paald type kankermedicijnen (angiogeneseremmers) op vaatstijfheid te bepalen. Van deze
medicijnen is niet alleen bekend dat ze een verhoging in PWV veroorzaken, maar ook
dat ze de bloeddruk verhogen. In een groep van patiënten met kanker hebben we PWV
en druk-oppervlaktecurves gemeten vóór start van de kankerbehandeling en viermaal
daarna, telkens met tussenpozen van twee weken. Omdat in deze studie de gemeten PWV-



veranderingen significant groter waren dan de voorspelde veranderingen, was er meer
aan de hand dan alleen een bloeddruk-effect. In hoofdstuk 3 hebben we onze nieuwe
druk-oppervlaktecurve-gebaseerde methode om PWV te corrigeren voor bloeddrukveran-
deringen, vergeleken met de gebruikelijke, statistische methode van bloeddrukcorrectie.
De resultaten van beide methodes bleken vergelijkbaar. Echter, onze nieuwe methode
(hoofdstuk 2) is toepasbaar op individuele patiënten, terwijl voor de gebruikelijke me-
thode een hele patiëntengroep vereist is.

In hoofdstuk 4 hebben we twee indices voor vaatstijfheid nader bekeken: stiffness
index β en cardio-ankle vascular index (CAVI). Deze indices nemen allebei aan dat de
relatie tussen bloeddruk en vaatdiameter (de druk-diametercurve) een exponentieel ver-
loop heeft, waarbij deze indices de exponent van deze relatie kwantificeren. Boven-
dien worden beide indices vaak gepresenteerd als bloeddrukonafhankelijk. In dit hoofd-
stuk tonen we aan 1) dat β en CAVI, gegeven de aanname van een exponentiële druk-
diametercurve, wél van de bloeddruk afhangen; en 2) dat deze drukafhankelijkheid
makkelijk te corrigeren is. Om de impact van deze drukafhankelijkheid te illustreren
hebben we een computersimulatiestudie uitgevoerd in 161 patiënten. Bij hen hebben
we bloeddruk- en PWV-metingen gesimuleerd vóór- en nadat in deze patiënten de bloed-
druk verlaagd werd. We namen hierbij expliciet aan dat door de bloeddrukverlaging de
wandeigenschappen niet veranderden (met andere woorden: de druk-diametercurves
bleven ongewijzigd). De gesimuleerde bloeddrukverlaging leidde tot een significante
verlaging in CAVI, terwijl onze gecorrigeerde maat (CAVI0) geen verandering vertoonde.

In hoofdstuk 5 hebben we de invloed van de hartfrequentie op de carotis-femoralis-
PWV onderzocht. In deze studie hebben we in pacemakerpatiënten de hartfrequentie
gevarieerd tussen de 60 en 100 slagen per minuut. Bij iedere frequentie hebben we bloed-
druk en PWV gemeten. Zoals verwacht stegen zowel de PWV als de diastole bloeddruk
met de hartfrequentie. We hebben de gemeten PWV’s op drie manieren gecorrigeerd voor
bloeddruk: 1) op een statistische manier, 2) met behulp van de in hoofdstuk 2 beschreven
curve-methode, en 3) door de bloeddrukafhankelijkheid direct af te leiden uit bloeddruk-
verschillen geïnduceerd door houdingsveranderingen (zitten versus liggen) in een deel
van de patiëntengroep. Alle drie de methoden gaven een vergelijkbare hartfrequentie-
afhankelijkheid van PWV, tussen 0.16 en 0.20 m/s per 10 slagen per minuut.

In hoofdstuk 6 hebben we bekeken of tonometrie van de halsslagader leidt tot activatie
van de in de hals gelegen baroreceptoren, en daarmee tot schommelingen in hartfrequen-
tie en bloeddruk. We hebben dit onderzocht door bloeddrukmetingen tijdens tonometrie
van de halsslagader te vergelijken met metingen tijdens tonometrie van de dijslagader. De
gevonden verschillen waren dusdanig klein, dat we konden concluderen dat tonometrie
van de halsslagader niet leidt tot baroreceptoractivatie.

Tijdens echografie wordt het hoofd van de patiënt vaak naar opzij en naar achteren
gedraaid. Door zo’n hoofdrotatie wordt de slagader een klein beetje uitgerekt. Deze
uitrekking heeft potentieel ook effect op de vaatmechanica in diameterrichting (lees: op
de distensie van het bloedvat). In hoofdstuk 7 hebben we bestudeerd hoe het draaien
van het hoofd tijdens echografie van de halsslagader lokale stijfheidsmetingen beïnvloedt.
We hebben dit gekwantificeerd door echografiemetingen te doen met het hoofd zowel in
een neutrale als in een gedraaide stand. De verschillen in vaatlengte hebben we gekwan-
tificeerd met behulp van magnetic resonance imaging (MRI). MRI toonde aan dat er een
significante rek in lengterichting optreedt. Deze leidt ertoe dat zowel absolute als rela-
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tieve distensie afnemen. We concluderen hieruit dat het draaien van het hoofd tijdens
echografie leidt tot een onzuiverheid in het meten van distensie van de halsslagader.

Hoofdstukken 8 tot en met 12 richten zich op de interpretatie van vaatstijfheidsme-
tingen. In hoofdstuk 8 hebben we de meetgegevens van hoofdstuk 2 gebruikt. We hebben
de patiënten uit dit hoofdstuk onderverdeeld in een “jonge” en een “oude” groep. Hoofd-
stuk 8 had tot doel om de gemeten verschillen in wandgedrag tussen deze groepen te
interpreteren in termen van de individuele wandcomponenten. We hebben hiertoe een
computermodel van de slagaderwand geïmplementeerd, en dit model gefit op de meet-
gegevens van de jonge groep. Vervolgens hebben we bekeken welke modelparameters
er veranderd moesten worden om dit “jonge” model te veranderen in een “oud” model.
Hierbij hebben we een aantal fysiologisch onderbouwde aannames gemaakt: 1) de wand-
spanning werd vereist homogeen te zijn over de vaatwand, 2) de gemiddelde wandspan-
ning in de “oude” groep werd geforceerd op de waarde van de “jonge” groep, en 3) axiale
kracht werd constant verondersteld over de hartcyclus. Onze simulaties lieten van “jong”
naar “oud” een verschuiving zien van elastine als grootste drager van de drukbelasting,
naar collageen. Hierbij werd ook het percentage collageenvezels dat daadwerkelijk kracht
droeg, groter. In het model nam door veroudering de wanddikte toe met 17%. Deze toe-
name in het model kwam goed overeen met de gemeten diktetoename van 21%. Dit
hoofdstuk laat zien dat een interpretatie van niet-invasieve stijfheidsmetingen mogelijk
is.

In hoofdstuk 9 hebben we bestudeerd of we de interpretatiemethode uit hoofdstuk 8
konden verbeteren door de metingen hiervoor te doen met het hoofd zowel in een neutrale
als in een gedraaide stand (hoofdstuk 7). Door de gegevens van metingen in deze twee
houdingen te combineren beschikken we effectief over tweemaal zoveel meetgegevens in
dezelfde patiënt. We hebben onze nieuwe methode vergeleken met de “normale” methode
waarbij slechts één houding van het hoofd gebruikt wordt. Door het gebruik van de
nieuwe methode werd de spreiding in de collageenstijfheidsparameter van het model 43%
lager dan bij de “normale” methode. Een sensitiviteitsanalyse wees uit dat verdere winst
te behalen valt door de ultrageluidsparameters betrouwbaarder te meten (bijvoorbeeld
door deze metingen een aantal maal te herhalen).

In hoofdstuk 10 hebben we een methode ontwikkeld om in twee dimensies de rich-
ting van gladde spiercellen in buisvormige structuren te bepalen. In hoofdstuk 11

hebben we deze methode uitgebreid tot een driedimensionale methode, waarna we deze
gebruikt hebben om de gladde-spierceloriëntatie in muizenslagaders te bepalen. We
hebben deze slagaders opgespannen tussen glazen micropipetten, en de celkernen hier-
van aangekleurd met een fluorescente marker. Vervolgens hebben we van deze celkernen
opnamen gemaakt met behulp van tweefotonmicroscopie. Na verwerking van de mi-
croscoopbeelden hebben we de gladde-spierceloriëntaties gekwantificeerd met behulp
van Bingham-verdelingen. Door het gebruik van deze statistische methode konden we
de spreiding in oriëntatie afzonderlijk kwantificeren in twee richtingen: in het axiaal-
circumferentiële vlak (helicaal), maar ook in het radiaal-circumferentiële vlak (transver-
saal). De helicale spreiding bleek veel groter dan de transversale spreiding. Naast deze
bevinding bleek dat de gladde-spierceloriëntaties een significante rechtshandige helix ver-
toonden in de binnenste én buitenste gladde-spiercellaag van zowel de linker als rechter
halsslagader.

Omdat het mechanische gedrag van slagaders onder dynamische (pulsatiele, in vivo)
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condities waarschijnlijk substantieel verschilt van het gedrag onder statische condities,
hebben we een systeem ontwikkeld om muizenslagaders biomechanisch te testen onder
statische én dynamische condities. Dit systeem beschrijven we in hoofdstuk 12. In dit
systeem worden muizenslagaders opgespannen tussen micropipetten. Vervolgens wordt
een pulsatiele druk gegenereerd met pulsfrequenties tussen 2 en 10 Hz, welke aan de
binnenkant op de slagaders wordt aangebracht. We hebben met dit systeem proefme-
tingen uitgevoerd, en hebben zo laten zien dat het mogelijk is om ex vivo muizenslagaders
te bestuderen onder pulsatiele condities.

Hoofdstuk 13 besluit dit proefschrift en bediscussieert onze belangrijkste bevindingen
en de klinische implicaties hiervan. We formuleren in dit hoofdstuk ook een set van klini-
sche aanbevelingen voor het meten van vaatstijfheid. Verder bespreken we de beperkin-
gen van ons onderzoek, en doen we suggesties voor vervolgonderzoek.
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Introductory remarks

A RTERIAL stiffening is a key aspect in the development of cardiovascular disease
(Laurent et al. 2006). Cardiovascular disease was responsible for 27% of all
deaths in the Netherlands in 2014 (Centraal Bureau voor de Statistiek 2016a),

a percentage that is expected to rise in our ageing population (Centraal Bureau voor de
Statistiek 2016b; Lakatta and Levy 2003a; Lakatta and Levy 2003b). Arterial stiffening
makes the arteries less compliant. In a healthy individual, this compliance reduces the
force required by the heart to eject its blood. In patients with reduced compliance, there-
fore, more force is required from the heart, potentially leading to heart failure. Therefore,
accelerated stiffening is a strong predictor of cardiovascular complications (Ben-Shlomo
et al. 2014; Laurent et al. 2001; Van Bortel et al. 2012).

In this chapter, we will address the valorisation potential of the arterial stiffness re-
search as performed in this thesis. This chapter is structured according to two aspects of
valorisation (Drooge et al. 2013): 1) making knowledge available and suitable for eco-
nomic and social exploitation; and 2) translating this knowledge into products, services,
processes and new business.

Making knowledge available and suitable for economic

and societal exploration

Part of the work presented in this thesis is directly and clinically applicable. Chapter 2
on pressure dependence of pulse wave velocity (PWV) gives clinicians a direct handle to
more realistically interpret arterial stiffness measurements. Instead of assuming PWV to
be an independent marker for arterial stiffness, it can now be interpreted in the context
of the actual blood pressure. This is relevant, as this directly influences the intensity of
antihypertensive treatment. Economically, this potentially leads to less use of antihyper-
tensive medications.

A first step in making knowledge available is sharing it among peers. In this context, the
results from this thesis have been presented at numerous conferences, generating much
interest by other researchers. In addition, the majority of the chapters are published in
scientific journals, or are submitted for publication therein. As this thesis was written from
a medical engineering perspective, we aimed to publish our work not only in engineering
journals (e.g., chapter 11 in Biomechanics and Modeling in Mechanobiology), but also in
medical journals (e.g., chapter 2 in Journal of Hypertension) in order to directly address
both clinicians, but also researchers as our target groups. As the implications of the work
presented may directly influence patient treatment, patients are also among the target



groups. Patients will benefit from this work through their clinicians’ better understanding.
These clinicians can now more specifically prescribe anti-hypertensive treatment.

Whereas we strongly feel that knowledge availability is important for all research find-
ings, whether positive or negative, we would like to highlight two products of knowledge
that emerge from this thesis. First, the research on the pressure dependence of pulse
wave velocity that was presented in chapter 2 was performed with the aim of clinical
applicability in mind. Instead of using very detailed models of arterial mechanics (like
in chapter 8), we used a very simple, exponential model approach to assess pressure de-
pendence. This has the advantage that our method can be readily applied to clinically
available measurements. Indeed, our method has already been applied to data from two
separate patient cohorts (chapters 2 and 3). When we presented these studies at clinical
conferences, it was very well received. As an example, I gave an invited talk summarising
our work on pressure dependence of arterial stiffness at the European Society for Hyper-
tension 2016 meeting in Paris (see About The Author). Discussion after this talk has led
to two new collaborations, in which our pressure correction approach is also going to be
used. Second, in the General Discussion of this thesis, we formulated an updated set of
recommendations for the assessment of arterial stiffness. These recommendations could
be directly translated to clinical practice and thereby affect clinicians, but also patients.

Until now, pulse wave velocity was generally corrected for blood pressure by means of
a statistical approach. However, in this thesis, we present an innovative approach that
is applicable to individuals (chapter 2). We furthermore critically assessed a commer-
cially available method (cardio-ankle vascular index, CAVI), that is presented as blood
pressure-independent. During this assessment, we found, in the context of CAVI’s in-
trinsic assumption of an exponential pressure-diameter relationship, that this method
yields slightly pressure-dependent values of arterial stiffness. This finding is important
for CAVI users, so that they are aware of possible blood pressure-induced changes in this
measure.

The knowledge availability that this section pertains to will be planned and realised
by disseminating and communicating our results in various ways. We will ensure that all
knowledge becomes available through academic publication. Furthermore, we actively
communicate our findings at scientific, medical conferences to ensure that we also reach
our clinical target audience. Through our active membership of the European Society
for Hypertension Working Group on Vascular Structure and Function, as well as of the
European ARTERY society, we will ensure that our findings are taken into consideration
when new guidelines for the treatment of hypertension are formulated.

Translating knowledge into products, services, processes,

and new businesses

Chapters 8 to 12 are all targeted at the interpretation or understanding of changes in
arterial stiffness. This aspect of arterial stiffness is relevant, as it may provide new insights
into the causes of arterial stiffening, and thereby may also elucidate potential targets for
anti-stiffness medication.

Target groups for translation include pharmaceutical companies, medical device com-
panies, other groups performing pre-clinical research and companies producing labora-

234



Valorisation

tory equipment. In chapter 8, we presented a method to interpret in vivo arterial stiffness
measurements in terms of the individual wall components: collagen, elastin, and smooth
muscle cells. By this means, a pharmaceutical company can e.g., monitor non-invasively
what effect anti-hypertensive/anti-stiffening medication has on the wall components. The
aforementioned modelling framework could also be implemented in e.g., the software of
an ultrasound scanner. This would equip such a scanner with the direct capability to dis-
entangle arterial stiffness effects on-the-fly, directly in the clinic. Furthermore, in chapter
12, we presented a set-up for pulsatile characterisation of murine arteries. Such set-up
may provide relevant novel insight to researchers at various groups who are currently
studying murine arteries. In many cases, only arterial structure is studied (e.g., using
histology), whereas quantification of function in those same arteries could significantly
improve insights. Furthermore, this set-up is potentially interesting for laboratory equip-
ment producers to commercially produce and sell.

The constitutive modelling framework that we present in chapter 8 is aimed at attribut-
ing a change in arterial stiffness to one of the individual wall components. When e.g.,
developing a new drug to target arterial stiffness, such a model (our product) can be used
to assess which component of the artery wall is affected by the drug. This methodology
is truly innovative as it potentially allows clinical stiffness measurements to be used as
more than “just” a single stiffness number. Besides this methodology, in chapter 12, we
presented a novel set-up to study artery mechanics under pulsatile conditions. This set-up
provides a methodology to fundamentally study arterial mechanics in pre-clinical, murine
studies. Currently available methods are limited in the sense that they only allow for static
measurements. Therefore, dynamic assessment of arteries provides an important step to
study arterial mechanics under physiologically more realistic conditions.

Although our modelling methodology is potentially a candidate for valorisation, we
plan to first further elaborate it before valorisation. During my follow-up research, I
will continue to scrutinise and improve this methodology to verify the robustness of the
results. An essential aspect of this verification process is an elaborate sensitivity analysis
(see chapter 9), a technique which will be employed to quantify the validity and certainty
of our model predictions. After these verification analyses, contact can be sought with
medical device companies, of which Esaote Benelux (Maastricht, The Netherlands) is a
potential candidate. Esaote is a leading manufacturer of medical ultrasound machines,
and is a company with which we closely collaborate. Esaote has in the past always been
open to new approaches that were developed in the academic sector.

Our set-up for pulsatile characterisation of artery mechanics, which is currently under
further development, will deliver a highly relevant methodology for a large number of
research groups at Maastricht University. Eventually, our set-up will be moved from the
Department of Biomedical Engineering to the CARIM Muroidean Facility (CARIM-MF).
CARIM-MF employs a group of highly skilled technicians that are experienced in working
with small rodent models. The addition of our set-up to their laboratory will ensure that
our methodology becomes accessible to all researchers at the CARIM School for Cardio-
vascular Diseases. Furthermore, researchers at other universities have shown interest in
our methodology. A notable example is Prof. Jo de Mey at University of Southern Denmark
(Odense, Denmark), whose focus is on human, small, resistance-sized arteries. Although
physiologically these vessels are markedly different from the large arteries that our set-
up is developed for, geometrically they are of the same size. This collaboration ensures
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further development of our set-up towards clinical application.
Our pulsatile set-up could finally be produced and transferred/sold to third parties.

We work in close contact with Danish Myo Technology (DMT, Aarhus, Denmark), a com-
pany producing laboratory equipment, in particular pressure myographs. For DMT, our
pulsatile in vitro set-up would be potentially of commercial interest. In order to protect
intellectual property rights, we will formulate a commercialisation roadmap in collabo-
ration with the Technology Transfer Office (Maastricht Valorisation Centre) at Maastricht
University. This roadmap will pinpoint exploitable aspects of our set-up, and will help
identifying target markets, business conditions, opportunities and potential pitfalls.
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jullie wel verschijnen in Sydney! En Peter, ik ben benieuwd naar je looks in pinguïn-
outfit. . .Raf en Jeire, bedankt voor de gezellige tripjes, verjaardagsfeesten en oude-
jaarsavonden! Jeire, het was gezellig met jou op het lab. Altijd als jij binnenkwam (of als
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in seventeen-year olds at the group of Prof. Alun D. Hughes, Faculty of Population
Health Sciences, University College London, United Kingdom.

11-2015 Endeavour Research Fellowship by the Australian Government to perform six
months of research in 2016 at the laboratory of Prof. Alberto P. Avolio and Dr. Mark
Butlin, Macquarie University, Sydney, NSW, Australia.

12-2015 Best oral presentation at the 5th Annual Macquarie BioFocus Research Confer-
ence.

06-2016 Kootstra Talent Fellowship: prospective talented postdoctoral researcher, by the
Executive Board of Maastricht UMC+. Grant to perform one year of postdoctoral
research, as a bridge to a prestigious longer-term postdoctoral position.
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Publications in peer-reviewed journals

13.5.1 Published

1. Spronck B, Martens EGHJ, Gommer ED, and Van de Vosse FN (2012). A lumped
parameter model of cerebral blood flow control combining cerebral autoregulation
and neurovascular coupling. Am J Physiol Heart Circ Physiol 303:H1143–H1153.

2. Spronck B, Merken JJ, Reesink KD, Kroon W, and Delhaas T (2014). Ureter smooth
muscle cell orientation in rat is predominantly longitudinal. PLOS ONE 9:e86207.

3. Spronck B, Heusinkveld MHG, Donders WP, De Lepper AGW, Op’t Roodt J, Kroon
AA, Delhaas T, and Reesink KD (2015). A constitutive modeling interpretation of
the relationship between carotid artery stiffness, blood pressure and age in hyper-
tensive subjects. Am J Physiol Heart Circ Physiol 308:H568–H582.

4. Spronck B, Heusinkveld MHG, Vanmolkot FH, Op ’t Roodt J, Hermeling E, Delhaas
T, Kroon AA, and Reesink KD (2015). Pressure-dependence of arterial stiffness:
Potential clinical implications. J Hypertens 33:330–338.

5. Holtackers RJ, Spronck B, Heusinkveld MHG, Crombag G, op ’t Roodt J, Delhaas T,
Kooi ME, Reesink KD, and Hermeling E (2016). Head orientation should be con-
sidered in ultrasound studies on carotid artery distensibility. J Hypertens 34:1551–
1555.

6. Schueth A, Spronck B, Van Zandvoort MAMJ, and Van Koeveringe GA (2016).
Age-related changes in murine bladder structure and sensory innervation: a multi-
photon microscopy quantitative analysis. AGE 38:1–11.

7. Spronck B, Avolio AP, Tan I, Butlin M, Reesink KD, and Delhaas T (2016). Arterial
stiffness index beta and cardio-ankle vascular index inherently depend on blood
pressure, but can be readily corrected. J Hypertens [accepted].

8. Spronck B, Delhaas T, Roodt JO, and Reesink KD (2016). Carotid artery applana-
tion tonometry does not cause significant baroreceptor activation. Am J Hypertens

29:299–302.
9. Spronck B, Megens RTA, Reesink KD, and Delhaas T (2016). A method for three-

dimensional quantification of vascular smooth muscle orientation: application in
viable murine carotid arteries. Biomech Model Mechanobiol 15:419–432.

10. Spronck B, Walmsley J, Palau-Caballero G, Reesink KD, and Delhaas T (2016). Can
significance of aortic sinus vortices be assessed using the assumptions in the model
of Aboelkassem et al.? J Theor Biol 389:304–305.

11. Tan I, Spronck B, Kiat H, Barin E, Reesink KD, Delhaas T, Avolio AP, and Butlin M
(2016). Heart rate dependency of large artery stiffness. Hypertension 68:236–242.

12. Walavalkar V, Evers E, Pujar S, Viralam K, Maiya S, Frerich S, John C, Rao S, Reddy
C, Spronck B, Prinzen FW, Delhaas T, and Vanagt WY (2016). Preoperative sildena-
fil administration in children undergoing cardiac surgery: a randomized controlled
preconditioning study. Eur J Cardiothorac Surg 49:1403–1410.

13.5.2 Under review

13. Schueth A, Spronck B, Van Zandvoort MAMJ, and Van Koeveringe GA. Computer-
assisted three-dimensional tracking of sensory innervation in the murine urinary
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bladder with two-photon laser scanning microscopy.
14. Spronck B, Delhaas T, De Lepper AGW, Giroux J, Goldwasser F, Boutouyrie P,

Alivon M, and Reesink KD. Patient-specific blood pressure correction technique
for arterial stiffness: Evaluation in a cohort on anti-angiogenic medication.

15. Van de Ven A, Spronck B, Van Asselt T, and Andriessen P. Een retrospectief on-
derzoek naar het vervoer van kritisch zieke neonaten in de regio zuidoost Bra-
bant [in Dutch, English title: A retrospective study into the transport of critically-ill
neonates in the region of Southeast Brabant].

13.5.3 In preparation

16. Bloksgaard M, Leurgans TM, Spronck B, Heusinkveld MHG, Rosenstand K, Nissen
I, Brewer JR, Bagatolli LA, Rasmussen LM, Irmukhamedov A, Reesink KD, and De
Mey JGR. Microarchitecture and biomechanics of elastin and collagen in pericardial
resistance arteries.

17. Butlin M, Connolly K, Spronck B, Georgevsky D, McEneiry CM, Wilkinson IB, and
Avolio AP. High salt diet increases aortic stiffness and pressure pulse amplification
in rat.

18. Heusinkveld MHG, Quicken S, Holtackers RJ, Huberts WH, Reesink KD, Delhaas T,
and Spronck B. Non-invasive estimation of carotid artery constitutive properties in
human subjects using distensibility measurements acquired at two levels of axial
stretch.

19. Spronck B, Spronck PJM, Megens RTA, Delhaas T, and Reesink KD. In vitro assess-
ment of arteries under pulsatile conditions.

Proceedings in peer-reviewed journals

1. Spronck B, Megens RTA, Reesink KD, and Delhaas T (2014). Three-dimensional
vascular smooth muscle orientation as quantitatively assessed by multiphoton mi-
croscopy: mouse carotid arteries do show a helix. In: Conf Proc IEEE Eng Med Biol

Soc. Vol. 2014, pp. 202–205.

Oral conference presentations

I have authored a total of 21 oral conference presentations. Of these, two were invited
and four were award-winning:

13.5.4 Invited

1. Spronck B. Population based biomechanics: Model-based interpretation of clini-
cally measurable parameters. Workshop Arterial Stiffness, Basic and Clinical As-
pects (September 19, 2014, Odense, Denmark).

2. Spronck B. How to deal with pressure dependence? 26th European Meeting on
Hypertension & Cardiovascular Protection (June 10 – 13, 2016, Paris, France).
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13.5.5 Award-winning

1. Spronck B, Megens RTA, Reesink KD, and Delhaas T. Quantification of three-
dimensional vascular smooth muscle orientation and its dispersion in murine ca-
rotid arteries. Artery 14 (October 9 – 11, 2014, Maastricht, The Netherlands);
presentation winning second oral young investigator award.

2. Spronck B, Megens RTA, Reesink KD, and Delhaas T. Quantification of three-
dimensional vascular smooth muscle orientation and its dispersion in murine ca-
rotid arteries. 3rd joint meeting of the Dutch Endothelial Biology Society and the
Dutch Society for Microcirculation and Vascular Biology (October 30 – 31, 2014,
Biezenmortel, The Netherlands); presentation winning best oral presentation prize.

3. Spronck B, Heusinkveld MHG, Vanmolkot FH, Op ’t Roodt J, Hermeling E, Delhaas
T, Kroon AA, and Reesink KD. Pressure-dependence of arterial stiffness: potential
clinical implications. General meeting of the Dutch society for hypertension (leden-
vergadering van de Nederlandse Hypertensievereniging) at the Dutch hypertension
conference (Nationaal Hypertensie Congres) 2015 (February 5 – 7, 2015, Zeist,
The Netherlands); winning the Gert van Montfrans prize for the best Dutch young
investigator journal paper on hypertension.

4. Spronck B, Tan I, Reesink KD, Delhaas T, Butlin M, and Avolio AP. Heart rate de-
pendence of arterial pulse wave velocity calculated using three blood pressure cor-
rection methods. 5th Annual Macquarie BioFocus Research Conference (December
15, 2015, Sydney, Australia); presentation winning best oral presentation prize.

Conference poster presentations

I have authored a total of 29 conference poster presentations, of which two were award-
winning. Of these award-winning posters, I presented one:

1. Spronck B, Merken JJ, Kroon W, Megens RTA, Reesink KD, and Delhaas T. Quanti-
tative method to determine smooth muscle cell orientation in vital arteries. Artery
12 (October 18 – 20, 2012, Vienna, Austria); guided poster, winning first poster
prize.
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