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LAY ABSTRACT

We have known for a long time that arteries expand in order to absorb pressure; however,
only recently have we identified that arteries also move longitudinally along the length of
the arterial wall. The overarching purpose of this dissertation was to study what causes
carotid artery longitudinal wall motion (CALM), and how we can use this information to
understand arterial health. We demonstrated that CALM is partly controlled through the
forward blood velocity wave and left ventricular rotation of the heart, and that diastolic
CALM is uniquely related to aging and health status, but is not impacted by exercise
training in healthy men. There are many aspects of CALM that need to be examined
before wide-spread use, though our results indicate that CALM represents a new way of
studying arterial health, which has the potential to complement traditional measures of

cardiovascular disease risk in humans.
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ABSTRACT

The carotid artery wall moves longitudinally along the length of the vessel, although little
is known about what causes this motion, or what health information it represents. The
overarching purpose of this dissertation was to investigate the regulation of carotid artery
longitudinal wall motion (CALM) in humans, as well as how CALM can be used to infer
information about arterial health. Through observational and experimental designs, we
tested evidence for a structural ventricular-vascular coupling effect, which postulates that
systolic anterograde CALM is influenced by the forward blood shear rate while systolic
retrograde CALM is influenced by left ventricular rotation, although the data suggests a
moderate influence of left ventricular rotation, and minimal influence of shear rate. In
cross-sectional analyses, we demonstrated that diastolic CALM variables are better
related to age and health status compared to systolic CALM displacement and that this
relationship was independent of traditional measures of arterial stiffness. These
experimental and observational results directed the use of diastolic CALM as a potential
indicator of arterial health in subsequent studies, due to the relative independence from
systolic events. While there was no effect of 12-weeks of exercise training in healthy men
on diastolic CALM variables, we observed increased systolic retrograde CALM and
diastolic CALM acceleration in men with a history of resistance exercise training
compared to sedentary men, suggesting an effect of habitual exercise training. Our novel
findings suggest that CALM is regulated by a complex system, in part related to both
arterial wall structure and ventricular-vascular coupling, and may have clinical value in

complimenting measures of traditional arterial stiffness in humans. Future studies should
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examine whether local changes to arterial wall structure or indirect changes in regulatory
control dictate differences in CALM with aging and with chronic exercise training, before

integrating CALM into routine measurement of arterial health.



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

ACKNOWLEDGEMENTS

This thesis would not be possible without the help of many individuals, who, through
kindness and dedication, have supported me through my doctoral studies. First and
foremost, 1 would like to thank Dr. Maureen MacDonald for supporting my development
as a scientist from day one, and for all the opportunities you’ve offered me during my
time at McMaster. We’ve come a long way to where we are today, and many of our
accomplishments wouldn’t be possible had you not supported my ideas and ‘detours’
along the way. I'm sincerely grateful for your mentorship and friendship and look
forward to continuing to working with you throughout the rest of my academic career.
My studies have also been supported by an excellent and engaging group of mentors, and
would also like to thank Dr. St6hr, Dr. Hughson, Dr. Hicks, and Dr. Ditor for their insight
and suggestions for the design and interpretation of these studies. The foundation for this
thesis would not be possible without your help, and | highly value our meetings early
during this thesis as well as the intellectual challenges you posed during this last year.

My nine years at McMaster have been the best years of my life, in part due to the
wonderful individuals | have met in kinesiology. In particular, 1 would like to thank Julia,
Lisa and Jenna for setting me on the path of academia, and lab mates Patrick, Nicole,
Ninette, Jem, Stacey, Johnny, Josie, Sydney, and Paula, for your friendship and support in
science (and keeping me sane during the long analysis hours in the lab). Thank you Mark
for keeping me grounded, Calvin and Alison for being the best officemates a guy could
ask for, Skelly for being a wonderful human being, and Sara for always keeping me in
line (and for pointing out every potential Hephy). The KGB has been a source of positive
energy and moral support, and | want to thank every member that has made the last few
years so special.

Thank you to the EMRG group for the collaboration that was essential to complete this
thesis, in particular to Dr. Phillips and Dr. Gibala and their respective labs for allowing
me to join their high quality trials to advance our knowledge of cardiovascular exercise
physiology. Thank you to Todd, Dam, and John, for your patience in helping me being a
better scientist and for everything you do for the EMRG group. Thank you to Rebecca,
Glenna, Doris, Carol, and Lydia, who keep this ship afloat, and for your patience and
kindness in managing every grad student that comes through those doors. None of us
could do it without you.

Thank you to my family and friends outside the realm of science for supporting me in my
studies, and putting up with my lame science facts and jokes over the last five years, and
the countless more after this degree!

And finally, thank you Jem, for your love and support both in and out of the lab; I
couldn’t have finished this degree without you. Whether it’s a last minute deadline, a
series of injuries, or just a really awful day, you’re always there for me when I need it
most. I’'m so proud of what we’ve both accomplished together and I’'m so excited for
what’s in store for us in the future.

Vi



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

TABLE OF CONTENTS

SECTION

TITLE PAGE

DESCRIPTIVE NOTE

LAY ABSTRACT

ABSTRACT

ACKNOWLEDGEMENTS

TABLE OF CONTENTS

LIST OF FIGURES AND TABLES

LIST OF ABBREVIATIONS

PREFACE: DECLARATION OF ACADEMIC ACHIEVEMENT

CHAPTER 1: INTRODUCTION
1.1 Preamble: Arterial Health and CVD Risk Prediction
1.2 Arterial Wall Anatomy
1.3 Radial Arterial Wall Motion
1.3.1 Measurement of Arterial Stiffness
1.3.1.1 Pulse Wave Velocity
1.3.1.2 Arterial Distensibility
1.3.1.3 B-Stiffness Index
1.3.1.4 Augmentation Index
1.4 Longitudinal Arterial Wall Motion
1.4.1 Measurement of CALM: Speckle tracking algorithms
1.4.2 CALM Measurement Variables
1.4.2.1 Displacement
1.4.2.2 Longitudinal Attenuation Coefficient
1.4.2.3 Shear Strain
1.4.2.4 Motion Complexity
1.4.3 Regulation of CALM: Experimental Evidence
1.4.4 Regulation of CALM: Mathematical Evidence
1.5 Left Ventricular Mechanics
1.5.1 Left Ventricular Anatomy
1.5.2 Left Ventricular Rotation Mechanics

1.5.3 Ventricular-Vascular Coupling: Traditional Stiffness Coupling

1.6 Exercise Training and Arterial Stiffness
1.6.1 Aerobic Exercise Training
1.6.2 Resistance Exercise Training
1.6.3 Sprint Interval Training

1.7 Study Objectives and Hypotheses

1.8 References

vii

Vi
vii

Xii
Xiii

RO~N~NoANE

12
13
15
17
17
19
19
21
22
25
26
26
27
30
31
32
33
35
36
38



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

CHAPTER 2: Carotid artery longitudinal wall motion is associated with 57
local blood velocity and left ventricular rotational, but not longitudinal,
mechanics

CHAPTER 3: Diastolic carotid artery longitudinal wall motion is 69
sensitive to both aging and coronary artery disease status independent
of arterial stiffness

CHAPTER 4: Cardiac and hemodynamic determinants of carotid artery 83
longitudinal wall motion

CHAPTER 5: The effect of exercise training on carotid artery 115
longitudinal wall motion

CHAPTER 6: GENERAL DISCUSSION 142
6.1 Discussion Overview 143
6.2 Individual variability in CALM: Segmentation method 144
6.3 Regulation of CALM and systolic confounders 146
6.4 Does CALM reflect arterial stiffness properties? 150
6.5 Sensitivity of CALM to change with exercise training interventions 152
6.6 Future Directions: Keep CALM and Carry On 154
6.7 Conclusions 157
6.8 References 159
APPENDIX A: Copyright Permissions 165
A.1 Creative Commons Attribution License 3.0 (Chapter 2) 166
A.2 Guidelines for Personal Use in a Thesis from Elseiver (Chapter 3) 172

viii



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

LISTS OF FIGURES AND TABLES

FIGURES

CHAPTER 1: INTRODUCTION

Figure 1.
Figure 2.

Figure 3.

Non-invasive measures of arterial stiffness

Three distinct categories of carotid artery longitudinal wall
motion

Left ventricular rotation across a single cardiac cycle

CHAPTER 2: Carotid artery longitudinal wall motion is associated with
local blood velocity and left ventricular rotational, but not longitudinal,

mechanics
Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Representative CALM pattern expressed as percentage duration
of a single cardiac cycle

Total excursion, absolute anterograde, and absolute retrograde
CALM of the intima-media layer of the common carotid artery
wall

Group-averaged traces for the simultaneous assessment of
left ventricular rotation and mean blood velocity aligning with
the CALM pattern

Correlations among the magnitude of events plotted with the
95% confidence intervals

Schematized theory of the influence of shear rate and left
ventricular basal rotation on the CALM pattern as a summated
function

CHAPTER 3: Diastolic carotid artery longitudinal wall motion is sensitive
to both aging and coronary artery disease status independent of arterial

stiffness
Figure 1.

Figure 2.
Figure 3.

Figure 4.
Figure 5.

Idealized CALM pattern of a single cardiac cycle
Group differences in traditional measures of arterial health

Group-averaged traces of carotid artery longitudinal wall
motion and radial wall motion of the intima-media and
adventitia with accompanying intramural shear strain

Group differences in CALM parameters

Scatterplots of relationships between CALM parameters and
cfPWV

15

28

61

62

63

65

65

73
74
75

76
78



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

Figure 6. Scatterplots of relationships between CALM parameters and
distensibility

CHAPTER 4: Cardiac and hemodynamic determinants of carotid artery

longitudinal wall motion

Figure 1. Changes in pulse pressure compared to baseline during: A) the
Serial Subtraction Test; B) the Cold Pressor Test; and, C) the
Nitroglycerin spray

Figure 2. Changes in heart rate compared to baseline during: A) the
Serial Subtraction Test; B) the Cold Pressor Test; and, C) the
Nitroglycerin spray

Figure 3. Group-averaged CALM traces at baseline and during: A) post
SST; B) 60sec into the CPT; and, C) 6 minutes post-NTG

Figure 4. Left ventricular basal and apical rotation during the SST, CPT
and NTG
Figure 5. Scatterplots indicating the pooled relationship between the

change in retrograde CALM and physiological variables

CHAPTER 5: The effect of exercise training on carotid artery longitudinal

wall motion
Figure 1. Baseline CALM pattern for Study 1 (SIT vs MICT) and Study 2
(HR-RET vs LR-RET)

Figure 2. Group-averaged CALM traces for Study 1 (SIT vs MICT) and
Study 2 (HR-RET vs LR-RET)

Figure 3. Individual responses in CALM variables over the training
period for training and control groups

TABLES

CHAPTER 2: Carotid artery longitudinal wall motion is associated with
local blood velocity and left ventricular rotational, but not longitudinal,
mechanics

Table 1. Participant characteristics

Table 2. Timing of events at the level of the left ventricle and the
common carotid artery

79

95

96

97

99

101

124

129

131

61
64



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

Table 3. Correlations between CALM displacements with cardiac and
blood flow stimuli

CHAPTER 3: Diastolic carotid artery longitudinal wall motion is sensitive
to both aging and coronary artery disease status independent of arterial
stiffness

Table 1. Participant characteristics

Table 2. Spearman correlations between CALM and demographics

Table 3. Multiple regression analysis for significant predictors of CALM
parameters

CHAPTER 4: Cardiac and hemodynamic determinants of carotid artery
longitudinal wall motion
Table 1. Participant characteristics

Table 2. Carotid artery and left ventricular variables during
experimental manipulation

CHAPTER 5: The effect of exercise training on carotid artery longitudinal
wall motion

Table 1. Baseline participant characteristics
Table 2. Changes in CALM variables in Study 1 (MICT vs SIT)
Table 3. Changes in CALM variables in Study 2 (HR-RET vs LR-RET)

Xi

64

74
77
80

88
100

122
130
130



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

LIST OF ABBREVIATIONS

AET aerobic exercise training

CAD coronary artery disease

CALM carotid artery longitudinal wall motion
CCA common carotid artery

CPT cold pressor test

CvD cardiovascular disease

cfPWV carotid-femoral pulse wave velocity

cIMT carotid intima-media thickness

ECG electrocardiogram

EX-CTL exercising control group

HR heart rate

HR-RET higher-repetition resistance exercise training
IMT intima-media thickness

LR-RET lower-repetition resistance exercise training
LV left ventricle

LVT left ventricular twist

MBV mean blood velocity

MDV mean diastolic velocity

MICT moderate-intensity continuous exercise training
MIDA maximum instantaneous diastolic acceleration
MIDV maximum instantaneous diastolic velocity
NTG nitroglycerin

OHA older healthy adults

PP pulse pressure

PWV pulse wave velocity

RET resistance exercise training

SED-CTL sedentary control group

SIT sprint-interval exercise training

SST serial subtraction test

VO2max maximal oxygen consumption

YHA younger healthy adults

xii



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

PREFACE
DECLARATION OF ACADEMIC ACHIEVEMENT

FORMAT AND ORGANIZATION OF THESIS

This thesis is prepared in the “sandwich” format as outlined in the School of Graduate
Studies’ Guide for the Preparation of Theses. It includes a general introduction, four
independent studies prepared in journal article format, and an overall discussion. The
candidate is the first author on all of the manuscripts. At the time of the thesis
preparation, Chapters 2 and 3 were published in peer-reviewed journals, while Chapter 4
and Chapter 5 were in preparation for submission.

Xiii



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

CONTRIBUTION TO PAPERS WITH MULTIPLE AUTHORSHIP

Chapter 2 (Study 1):

Au J.S., Ditor D.S., MacDonald M.J., Stéhr E.J. (2016). Carotid artery longitudinal wall
motion is associated with local blood velocity and left ventricular rotational, but not
longitudinal, mechanics. Physiol Rep 4(14): e12872.

Contributions:

Conceived and designed the research: JA, DD, MM, ES
Acquired the data: JA

Analyzed and interpreted the data: JA, MM, ES
Performed statistical analyses: JA

Drafted the manuscript: JA

Critical revision of the manuscript: JA, DD, MM, ES

Xiv



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

Chapter 3 (Study 2):

Au J.S., Valentino S.E., McPhee P.G., MacDonald M.J. (2017). Diastolic carotid artery
longitudinal wall motion is sensitive to both aging and coronary artery disease status
independent  of  arterial  stiffness.  Ultrasound Med Biol [in  press];
doi:10.1016/j.ultrasmedbio.2017.04.026

Contributions:

Conceived and designed the research: JA, MM
Acquired the data: JA, SV, PM

Analyzed and interpreted the data: JA, SV, MM
Performed statistical analyses: JA, PM

Drafted the manuscript: JA

Critical revision of the manuscript: JA, SV, PM, MM

XV



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

Chapter 4 (Study 3):

Au J.S., Bochnak P.A., Valentino S.E., Cheng J.L., Stéhr E.J., MacDonald M.J. (2017).
Cardiac and hemodynamic determinants of carotid artery longitudinal wall motion. In
preparation.

Contributions:

Conceived and designed the research: JA, PB, SV, ES, MM

Acquired the data: JA, JC, PB, SV

Analyzed and interpreted the data: JA, JC, PB, SV, ES, MM
Performed statistical analyses: JA

Drafted the manuscript: JA

Critical revision of the manuscript: JA, PB, SV, JC, ES, MM

XVi



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

Chapter 5 (Study 4):

Au J.S., Shenouda N., Oikawa S.Y., Gillen J.B., Morton R.W., Gibala M.J., Phillips
S.M., MacDonald M.J. (2017). The effect of exercise training on carotid artery
longitudinal wall motion. In preparation.

Contributions:

Conceived and designed the research: JA, MM

Acquired the data: JA, NS, SO, JG, RM

Analyzed and interpreted the data: JA, MM

Performed statistical analyses: JA

Drafted the manuscript: JA

Critical revision of the manuscript: JA, NS, SO, JG, RM, MG, SP, MM

XVii



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

CHAPTER 1:

INTRODUCTION
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1.1 PREAMBLE: PERIPHERAL ARTERY HEALTH AND CVD RISK PREDICTION

Peripheral arterial health has emerged as an independent predictor of cardiovascular
disease (CVD) risk across a number of diverse populations, and has been suggested to
provide information complementary to that obtained from the assessment of traditional
indicators of risk, such as blood lipids, body composition and insulin resistance (15, 52).
The predominant peripheral artery health indicators include non-invasive measures of
endothelial function (156), carotid intima-media thickness (cIMT) (160) and arterial
stiffness (161). Although endothelial function has been shown to have utility in
delineating between populations at risk for CVD, as well as in predicting future CVD
events (131, 179), it is technically difficult to perform, reliant on difficult methods and
lengthy analysis and there are substantial concerns about the reliability of measures (118).
cIMT measurement is an easier technique to perform, dependent on vascular ultrasound
and simple wall tracking software, and is independently related to CVD endpoints in
older populations (86). However, the utility in measuring cIMT progression over time
and/or treatment is contested (87), with some work indicating the presence of carotid
plaque and cardiac calcium score are superior for predicting coronary artery disease (47).
Conversely, the feasibility of assessing arterial stiffness has increased due to the
development of non-invasive and inexpensive pressure measuring devices. This relative
ease of data acquisition has supported the inclusion of arterial stiffness measurements in
several large scale, prospective population studies (5, 93, 147, 176), each offering high
quality evidence for the role of arterial stiffness in CVD. Importantly, arterial stiffness is

an independent predictor of both cardiovascular events and the development of CVD in
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late adulthood (15), including coronary heart disease and stroke (91), first-onset
cardiovascular disease events (93), and all-cause mortality (166).

Given the independent predictive capability of arterial stiffness, the transition
from a tool used exclusively for scientific experimental measurement to a tool
incorporated in clinical assessment has slowly been occurring over the last decade.
Currently, there are multiple commercially available arterial stiffness measurement
devices marketed towards clinicians for use in medical practice (e.g., Complior (9),
SphygmoCor (108)), and even more recently, personal arterial stiffness measurement
devices for home-based use (e.g., iHeart (51)). The advantages of including arterial
stiffness in clinical assessments of CVD risk and progression include the relative
simplicity in measurement, strong scientific rationale, and accessibility for repeated
measurement over time. Although challenges remain in the adoption of measures of
arterial stiffness into routine CVD risk assessment, recent recommendations by the
European Society of Hypertension and the European Society of Cardiology advise for the
measurement of arterial stiffness for enhanced stratification for CVD (89), thereby
supporting its use in clinical practice.

The measurement of arterial stiffness is based on the fundamental properties of the
arterial wall and how vascular researchers can infer precise mechanical information from
wall motion. However, the use of arterial stiffness as a monitoring tool for cardiovascular
health is not a perfect science, with many influencing aspects of arterial structure and
function left ignored or understudied. The development of novel, non-invasive, imaging

devices has allowed for the development of potentially superior indicators of arterial
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stiffness, which can improve the quality of data acquisition, account for blood pressure-
dependent effects, and simplify interpretation of outcomes. Specifically, while the
pressure-buffering function of arterial wall distension has been studied in great depth,
very little is known about axial (longitudinal) motion of the arterial wall, and its
implications for vascular structure and function. The purpose of this review of the
literature is to highlight the current standards in arterial stiffness measurement and to
discuss the advancement of longitudinal, rather than radial, motion of conduit arteries as a

novel indicator of arterial structure and function.

1.2 ARTERIAL WALL ANATOMY

The arterial wall is a dynamic organ, with functional responsibilities critical for
distributing pressure stress evenly across the vasculature, as well as maintaining nutrient
delivery to the peripheral organs. The arterial wall is made of three layers: the tunica
intima, composed of endothelial cells attached to a basement membrane; the tunica
media, which houses vascular smooth muscle needed for neural control of
vasoconstriction and vasodilation; and the tunica adventitia, the structural foundation of
the artery (129). As it is difficult to isolate the tunica intima from the tunica media, the
layers are commonly studied as the intima-media complex for simplicity in imaging and
tissue mechanics studies. When under experimental strain, the intima-media complex
undergoes burst fragmentation at lower pressures than the adventitia (60 vs 250 kPa),
supporting the structural role of the adventitia in mitigating cyclic distension of an artery

(136). Tunica functions are largely determined by their structural composition, ranging in
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different proportions of elastin fibres, collagen fibres and vascular smooth muscle cells,
each of which have unique properties relevant to health of the vascular wall.

Together, elastin and collagen compose ~50% of the total dry weight of the
central elastic arterial wall (55). At low intraluminal pressures, elastin is organized into
wavy three dimensional lamellar sheets, which elongate and straighten at higher
intraluminal pressures (175). In comparison, collagen is found in bundles throughout the
extracellular matrix, and aligns circumferentially under high intraluminal pressures (175).
Stress-strain  experiments on porcine aortas also suggest collagen fibres are
circumferentially aligned, as thoracic aorta segments are more likely to undergo
circumferential crack propagation during force-extension (‘tear’) tests (121). The
importance of these properties is seen in a two-phase stress-strain relationship, where the
incremental Young’s elastic modulus rapidly increases over a short range, indicating the
shift between deformation of the elastin to collagen fibres in the extracellular matrix as
pressure increases (16, 167). As the arterial wall is a heterogeneous structure, elastin and
collagen properties act together to define the elastic properties of an arterial segment.

There is a gradual shift in arterial wall anatomy from the central elastic
vasculature to the more peripheral muscular arteries closer to the capillaries. As neatly
demonstrated in porcine models, the arterial wall of the aortic arch has a higher
proportion of elastin (~30%) compared to collagen (~20%), which reverses in the lower
abdominal aorta to a much lower proportion of elastin (~10%) compared to collagen
(~40%). Smooth muscle makes up the remainder of the wall composition with a relatively

high proportion in the aortic arch (135). Substantial elastin formation does not occur
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beyond the first year of life (90), which predisposes a gradual shift towards a higher
percentage of collagen in the central arteries. While an entire field of literature is devoted
to the causes of arterial stiffening, there exists substantial evidence for the role of the
collagen:elastin ratio in focal and diffuse arterial stiffness (24). The ‘fatigue fracture’
hypothesis of aging suggests that exposure to constant loading conditions on the elastin
fibres (~30 million beats/year) gradually results in fragmentation over the lifespan,
contributing to the age-related increase in arterial stiffness (107). Changes in elastin and
collagen content may be related to elevated matrix metalloproteinases (e.g., MMP-2,
MMP-9), which degrade both elastin and collagen, and are related to arterial stiffness in
younger adults and adults with isolated systolic hypertension (177, 178). Increased
collagen:elastin ratio has also been linked to arterial pulsatility (40), calcification (13),

and inflammation (92), all of which are prominent features of vascular aging.

1.3 RADIAL ARTERIAL WALL MOTION

The vast majority of vascular physiology has focused on the pressure-buffering capacity
of the vascular wall. Distension of the vascular wall acts as a multipurpose damping
system in order to absorb the forward pressure wave to reduce high pressure-induced end-
organ damage, as well as store a portion of the energy through the elastic wall fibres to
release during diastole to reduce pulse pressure. This property is reflected by arterial
stiffness and can be estimated from a propagative model, which assumes central
generation of a forward pressure wave through a visco-elastic tube with branching points

towards high levels of resistance (81). Arterial stiffness can be estimated from multiple
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non-invasively measured variables (Figure 1), which all give an indication of the primary
function of radial arterial wall motion - the pressure buffering capacity of an arterial
segment. A wide range of these measurement variables have been shown to be associated
with traditional risk factors for CVD and some have been further found to be independent

predictors for CVD risk (161).

Pressure
Amplification (PA)

Pulse o "
Pressure lameter

) Change (DC)

Distensibility = DC / (PP * minimum diameter)
B-Stiffness = In(SBP/DBP) / (DC * minimum diameter)

Augmentation Index = PA / PP

Pulse Wave Velocity = distance travelled / transit time

Figure 1. Non-invasive measures of arterial stiffness. Pulse wave velocity and augmentation index can be
generated solely from the pressure wave, while distensibility and p-stiffness index also rely on the diameter

change across the cardiac cycle.

1.3.1 Measurement of arterial stiffness

1.3.1.1 Pulse Wave Velocity

Carotid-femoral pulse wave velocity (cfPWV) is the reference standard for the
assessment of central arterial stiffness, with standard guidelines clearly outlined by
experts in the field (81, 161, 163). Working under the assumption of linear propagation of

a pressure wave throughout the vascular tree, the speed of a pulse wave can be estimated
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by measuring the time delay of pulse arrival at two arterial sites, and dividing by the

distance between those sites [Eq1] (162):

PWV = Distance [qu]

Pulse transit time

cfPWV has emerged as the standard for central arterial stiffness as it is easily
measured, and estimates the stiffness of the large central elastic aorta. In order to account
for the discrepancy in path length when the ascending aorta branches to the common
carotid arteries, true path length is estimated as 80% of the total body surface distance
between the carotid and femoral artery sites (67). However, distance estimation is the
greatest limitation to cfPWV, as accurate path length measurement is difficult, especially
in individuals with abdominal obesity.

PWV can also be measured at other arterial segments, most commonly measured
as brachial-ankle PWV (baPWV) (145, 146). While baPWV has been used as a substitute
for cfPWV, vascular inferences are limited by the inclusion of more muscular arteries
along the measurement path, which have a smaller role in the pressure-buffering vascular
system (128, 151). In comparison, central arteries are more clinically relevant to central
hemodynamics, as the left ventricle of the heart works directly against the pressure in the
proximal aorta (81). Furthermore, any changes in peripheral artery PWV may not
necessarily be related to arterial stiffness, as sympathetic tone plays a much greater role in
muscular arteries (58, 61). Indeed, between-limb differences may also confound systemic

health inferences from peripheral PWV measurements. For example, significant
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variability has been observed in affected vs non-affected limbs in individuals with
diabetes (184), as well as patients with hemiparesis (110).

cfPWV has been touted as the reference standard for arterial stiffness
measurement due to its simplicity, accessibility, and support from the literature, however,
it is not without limitations (10). Palpation of the femoral artery can be difficult in some
populations (e.g., obese individuals), or be perceived as an invasive method in others
(e.g., children, Japanese culture). Furthermore, the pressure-dependent nature of PWV is
a significant confounder in interpreting increasing PWV with age and hypertension. There
is a direct relationship between PWYV and blood pressure (77, 106), where increases in
pressure are related to faster pulse wave transmissions. There is now enough evidence to
reasonably suggest that arterial stiffening is a cause, rather than a consequence of
hypertension (70, 85, 100), although it difficult to evaluate the direct effects of improving
the arterial stiffness profile with concomitant improvements in the blood pressure profile.
Development of pressure-independent metrics of arterial stiffness would be of value to
directly assess the impact of arterial stiffening on CVD risk across different stages of

hypertension and treatment.

1.3.1.2 Arterial Distensibility

While arterial stiffness can be estimated from the speed of a pulse wave, this is based on a
propagative circulatory model (Moens-Korteweg equation) of which the pulse wave
speed is directly proportional to the elastic modulus of the system (21). It is also possible

to directly measure local stiffness of an arterial segment through calculation of arterial
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distensibility, which can be estimated from a pulsatile model of the change in vessel

cross-sectional area for a given change in blood pressure [Eg2] (48, 113):

CSAmax—CSAmin [Eq2]
PP X CSApin

Distensibility =
where CSAwmax is the maximum cross-sectional area, CSAwmin is the minimum cross-
sectional area and PP is pulse pressure. Local pulse pressure is estimated by local
applanation tonometry, calibrated to simultaneous brachial or finger blood pressure.
Calibration is valid in the supine position, as diastolic and mean arterial pressure are
relatively consistent through the arterial tree, which can be used to forecast local systolic
blood pressure from tonometry voltages (116).

Distensibility is inversely related to pulse wave velocity, but as it is a local index
of vascular stiffness, the measure contributes unique information to CVD risk prediction.
CCA distensibility is associated with increased risk of cardiovascular events,
cardiovascular mortality and all-cause mortality (165, 186), with a notable association
with risk of stroke in prospective longitudinal studies (109, 176).

The measurement of arterial distensibility is not without limitations. This
technique requires a high amount of skill, as well as two trained operators to assess
simultaneous diameters and pressures. Blood pressure should be measured locally at the
carotid artery, rather than peripherally estimated from brachial sphygmomanometry or

finger plethysmography (112). Furthermore, experiments eliciting different vascular
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loading conditions indicate that differences in CCA distensibility may be driven by the
distending pressure, rather than intrinsic stiffness of the arterial wall (112, 125). Due to
the increasing stiffness of the arterial wall from central to peripheral arteries,
distensibility of one arterial segment does not represent the whole system. For example,
carotid distensibility is two times greater than that of femoral distensibility across a
database of reference values in healthy adults (20, 42). While there is certainly a
relationship between CCA distensibility and CVD risk, the limitations in operator skill
and generalizability to the entire vascular tree make it unlikely that distensibility can be

used in routine clinical practice for CVD risk assessment.

1.3.1.3 p-Stiffness Index

The noted limitations of local distensibility are problematic when observing a large range
of blood pressures in cross-sectional analyses. In response to the pressure dependent
limitations, Hirai et al. (1989) developed a pressure-independent index of vascular wall

stiffness (64), building upon small sample pilot data from the same group [Eq3] (74):

SBP.
B — Stiffness = % [Eq3]

LDmin

where SBP is systolic blood pressure, DBP is diastolic blood pressure, LDmax is
maximum lumen diameter and LDmin is minimum lumen diameter. To test pressure
independence, the B-stiffness index was tested in eight patients post-myocardial infarction

during intravenous nitroglycerin infusion, which yielded no change in B-stiffness across
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all levels of systolic blood pressure (64). Although these results are widely cited by
vascular physiologists, the blood pressure-independence of B-stiffness has recently been
challenged (133, 139, 140) due to modification of the original formula (74), which can be
corrected by subtraction the natural log of DBP/100mmHg .

The B-stiffness index is established as a validated measure of arterial structure,
although it has not received as wide-spread attention as cfPWV or CCA distensibility. As
its measurement uses the same techniques as distensibility, the limitations are the same,

with the added complexity of interpreting the mathematical-based output of the equation.

1.3.1.4 Augmentation Index
While a typical blood pressure wave can be simplified as a single wave, in reality, it is
composed of both a forward pressure wave originating from the left ventricle, as well as a
backward compression wave caused by wave reflections from the distal arterial tree. The
summation of these pressure waves in the central elastic arteries results in a complex
waveform with an early systolic shoulder, and a clear systolic peak. The difference
between the waveform shoulder and peak is termed pressure augmentation, and when
expressed relative to the pulse pressure, represents the augmentation index (Alx) (76).
While Alx can be measured in any conduit artery (65), Alx estimated from central
pressure waveforms (115) has been shown to be predictive of cardiovascular disease
events, heart failure and all-cause mortality (25, 168). The relationship between Alx and
arterial stiffness is primarily driven by differences in wave propagation, with reductions

in reflection time being associate with higher PWV (119). However, other factors are also
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likely to influence Alx, most notably heart rate, through a reduction in absolute systolic
time (173). For this reason, Alx is typically standardized at 75bpm (AIx@75) to control
for interindividual differences in heart rate. Alx is also influenced by age (43), thought to
be due to a distal shift in the site of wave reflection caused by increasing stiffness of the
central arteries (144), although this theory has recently been contested (119). Gender is
also a consideration in measurement, though this is likely due to differences in height
between men and women (57). Although the measurement of Alx and reflected waves
have demonstrated success in predicting cardiovascular disease risk, current
recommendations for the measurement of arterial stiffness do not include Alx as a
surrogate for stiffness, as PWV is only one of many factors that may influence Alx (161).
Even so, measurement of AIX@75 is not likely to fade from standard arterial assessments,
as the ease of collection with peripheral tonometry waveform systems makes the study of

central pressure augmentation both feasibly acquired and easily interpreted.

1.4 LONGITUDINAL ARTERIAL WALL MOTION

Longitudinal motion of an arterial wall segment was first observed in vivo by suturing
reflective beads to the aorta in dogs in 1956 (82), although at the time it was largely
disregarded as breathing artifact. In fact, the topic of longitudinal movement of the
arterial wall has scarcely been acknowledged; for example, a single sentence on the topic
can be found in McDonald’s Blood Flow in Arteries: “[Excised arterial retraction],
together with the finding that there is very little, if any, longitudinal movement of the

artery during passage of the pulse wave, led to the concept called tethering of arteries”
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(101). The first ultrasonic-based measurements did not re-assess this motion phenomenon
until 2002, with the implementation of vascular speckle-tracking image analysis (117). In
the first report by Persson et al. (2002), carotid artery longitudinal wall motion (CALM)
was described as being of the same magnitude as radial wall motion, with a substantially
different movement pattern. These observations form the first published suggestions of
the complex regulatory factors likely dictating the CALM pattern. Since this first
description, there has been increasing interest in developing more accurate measurement
systems for the quantification of longitudinal motion (27, 153, 188), and more recently,
decomposition of the pattern to base elements in order to infer arterial wall properties that
may offer additional utility in the assessment and prediction of cardiovascular disease risk
(150, 189).

In general, CALM has been described as being comprised of a cyclic biphasic
movement pattern within each heart cycle, with motion occurring in both the anterograde
(i.e., with the direction of blood flow) and retrograde (i.e., against the direction of blood
flow) directions. Distinct from the pattern of radial arterial distension, there is significant
inter-individual differences in CALM traces, which has contributed to the initial difficulty
in interpreting motion traces in both healthy and chronic disease populations. Yli-Olilla et
al. (2013) attempted to distinguish three general types of movement patterns observed in
healthy adults: primarily anterograde motion patterns, with wall displacement consistently
distal to the reference position at end-diastole; oscillatory patterns, with wall
displacement equally spread both distal and proximal to the reference position; and

primarily retrograde motion patterns, with wall displacement consistently proximal to the
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reference position (180). These patterns are easily found within random samples of the
healthy adult population (Figure 2), with no discernable method to stratify individual
patterns based on anthropometrics or demographics. With respect to these observations,
the majority of the literature has focused on developing methods to standardize

quantification of CALM for comparison across a wide range of individuals.
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Figure 2. Carotid artery longitudinal wall motion patterns can be broadly categorized into primarily: A)
anterograde; B) retrograde; or C) biphasic motion traces. The intima-media (IM) longitudinal wall motion is
presented in solid lines, whereas the adventitial (ADV) longitudinal wall motion is presented in dashed
lines. Shear strain is positive when the IM moves greater than the ADV in the anterograde direction, and is
negative when the IM moves greater than the ADV in the retrograde direction. Each example represents a
group-averaged trace (ni=10) of healthy adults, normalized to a single cardiac cycle and gated to the R-

spike of the ECG recording.

1.4.1 Measurement of CALM: Speckle-tracking algorithms

Arterial distension is typically assessed using edge-detection software, taking advantage
of the distinct hyper- and hypo-echoic layers of the arterial wall (120) to identify long
continuous sections of an arterial wall boundary (84). While this method is adequate for

tracking one-dimensional arterial motion, it is unable to assess motion in other planes.
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Therefore, speckle-tracking algorithms have primarily been employed to track two-
dimensional movement, making use of the heterogeneous echogenicity of the arterial wall
and surrounding tissue. Although speckle-tracking has been popularized by speckle
echocardiography (97), there has recently been increased development of simple custom
speckle-tracking software for 2D motion estimation of the arterial wall (27, 153, 188).

In brief, most speckle-tracking programs identify a region of interest (ROI) of a
unique segment of the arterial wall (e.g., the intima-media or adventitial arterial wall
layers), composed of a unique combination of greyscale pixels in an ultrasound image. A
cross-correlation coefficient is then used to compare this reference ROI to subsequent
frames in a cineloop, identifying a new ROI with the highest correlation coefficient. This
shift in ROI is interpreted as wall motion in both the x (radial) and y (longitudinal)
planes, which when pieced together across an entire heart cycle, gives a complete motion
trace. The advantages of this method include excellent time resolution (depending on
frame rate acquisition) and 2D motion variable estimation (i.e., position, velocity,
acceleration). However, speckle-tracking has been criticized for potential of error due to
‘speckle drift” with lengthy analysis windows. The cross-correlation method may become
invalid should the coefficient drop below 0.7, indicating a severe departure from the
reference ROI (44). Drift may be caused by low frame rates, increased lumen backscatter,
or high velocity wall movements, all of which make it difficult to follow a specific set of

pixels over time.
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1.4.2 CALM Measurement Variables

While the general CALM pattern has now been well reported in recent literature, there is
ongoing debate over which outcome variables best represent the complex motion over the
duration of a cardiac cycle. Previously published CALM variables include different
indexes of longitudinal displacement, a longitudinal attenuation coefficient, intramural
shear strain, and motion complexity. Each variable is based on a set of assumptions, and
has specific advantages and disadvantages in terms of standardizing the measurement of

longitudinal wall motion for associations with arterial health.

1.4.2.1 Displacement

The simplest of CALM variables, the first description of the CALM pattern was
conservatively made as absolute maximum wall displacement (117). While more complex
indices have emerged, maximum wall displacement is commonly reported as a ‘catch-all’
description of CALM, with average values reported in the range of 0.42 mm to 0.64 mm
(50, 188, 189). Maximum wall displacement is markedly lower in older individuals with
diabetes (188), Indigenous Australians with periodontal disease (189), and adults with
carotid plague (149), compared to healthy younger adults. Segmented displacements have
also been reported, including displacements during the initial anterograde (Al) phase, a
retrograde (R1) phase, and a second anterograde (A2) phase (26). This segmented
description of the CALM pattern is likely the smallest increment of motion that can be
reliably measured in longitudinal motion traces from apparently healthy individuals. The

segmented CALM method has been well described in younger healthy adults (1, 102,
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103), although, there is a need for data in individuals with CVD or with high CVD risk to
compare this measure to more established indicators of arterial health.

There is scarce information on the reproducibility of CALM displacement, with
few reports in the last decade (1). Day-to-day coefficients of variation have been reported
between ~10% to 30% depending on the phase of the CALM pattern (e.g., poorer CV%
for anterograde motion) (28, 148, 153, 180, 181, 188). While these statistics are
promising for the use of CALM as a vascular tool for longitudinal measurement of
arterial health, additional long-term studies are needed to assess the stability in clinical
populations, or the natural progression in CALM pattern across the lifespan.

Although displacements are a simple method to describe the CALM pattern,
interpretation is limited by numerous factors. The tissue surrounding the CCA also moves
in the same general pattern as the intima-media and adventitial layers (26), bringing into
question whether intima-media displacement is a local descriptor of arterial structure, or
is the product of large scale displacement of the entire vessel. There also appears to be a
direct influence of arterial segment location, and an indirect influence of participant
height, on absolute displacement magnitudes. Zahnd et al. (2014) demonstrated a gradual
attenuation of motion along the length of the CCA, from 5 cm to 1 cm proximal to the
carotid bifurcation (187), making comparison of single-location displacements difficult to

interpret between individuals.
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1.4.2.2 Longitudinal Attenuation Coefficient

In a small sample of healthy adults, Zahnd et al. (2014) reported a gradual attenuation of
CALM displacement at three points along the length of the CCA, with an average
attenuation coefficient of -2.5+2.0 %/mm distal to the left ventricle (187). These results
have not been replicated in other participant populations, however, the authors speculate
that the motion attenuation coefficient may be reflective of local arterial stiffness
properties. Theoretically, motion could be reduced along the length of an artery due to
two factors: a gradual loss of energy along the length of the artery, originating from a
central source; or, attenuation related to the gradual shift in the vascular wall composition
(i.e., smooth muscle, elastin, collagen) from the central elastic arteries to the peripheral
muscular arteries (135). At this time, the regulation of arterial wall motion is not well
understood and it is not clear whether why attenuation occurs, or whether attenuation
represents local arterial stiffness properties. Although this measure appears to better
capture the motion within an entire CCA segment rather than a discrete location, there
have been no follow-up reports of attenuation coefficients in the literature, inviting both
population comparisons and experimental investigation as to the relevance of the index to

arterial health.

1.4.2.3 Shear Strain
Greater motion of the intima-media complex compared to the adventitia allows for the
calculation of intramural shear strain as a variable of relative wall motion (26). Shear

strain is independent from extravascular tissue motion, and is calculated as the shearing
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angle between two parallel regions of interest in the intima-media and adventitial arterial

wall layers [Eq4]:

[LPOSIM_LPOSIM(Tef)]_ [LPOSAdV_LPOSAdv(ref)]}

r strain = arcta
shear strain arc Tl{ radial distance between ROl of IM and Adv

[Eq4]

where LPos is longitudinal position, IM is intima-media, Adv is adventitia, and ref is
reference frame. In humans, the absolute amount of longitudinal shear strain in healthy
adults is comparable across studies (26, 28, 153), and is reduced in older individuals with
spinal cord injuries (153).

While the measurement of shear strain appears to circumvent the limitations of
measuring absolute wall motion, there is scarce data to support the validity of
physiologically-relevant information in humans. The main limitation is that shear strain is
dependent upon the pattern of CALM, and whether there is a primarily anterograde,
retrograde, or biphasic displacement of the wall across a cardiac cycle. For example, it is
unknown whether shear strain values from an individual with primarily anterograde
CALM (and therefore only positive shear strain angles; Figure 2A) are comparable to an
individual with primarily retrograde CALM (and therefore only negative shear strain
angles; Figure 2B). As shear strain has only been investigated by two research groups (26,
153), these ambiguities are not clearly addressed in the literature. Further studies
investigating other population groups are required to determine the added utility of

measuring shear strain compared to other previously reported CALM variables.
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1.4.2.4 Motion Complexity

Rather than separate the CALM pattern into segments, or take maximal values throughout
the entire heart cycle, measures of motion complexity aim to characterize the entire
CALM pattern with a single variable. The complex motion trace can be fitted to a higher-
order polynomial (PolyDeg), with successful fitting of the data achieved at a Pearson’s
correlation coefficient of greater than 0.95 (180). The PolyDeg measure takes advantage
of common local maxima and minima during the longitudinal cycle in order to
circumvent the substantial interindividual variability reported in healthy adults. Due to the
oscillatory diastolic period, CALM is typically fit to a 61 to 8" degree polynomial in
healthy individuals (180, 181), with no data in older or unhealthy adults. In a small
healthy sample (n=19), Yli-Ollila et al. (2015) reported moderate correlations between
PolyDeg and estimated central vascular variables (i.e., Alx, aortic augmentation, systolic
pressure time index) (181), although this relationship with arterial health was not
replicated in a larger study (n = 292) with more established vascular variables (outcomes:
flow-mediated dilation, PWV, IMT) (150). Given that the oscillatory longitudinal pattern
in diastole would be heavily influenced by heart rate, it is unclear whether the PolyDeg
measure is an appropriate representation of CALM in all individuals.

Arterial wall motion can also be quantified as the total wall displacement in both
the radial and longitudinal directions within a single cardiac cycle (radial-axial length,
[RAlength]) (180). Total wall excursion (measured as distance in mm) may be a better
global measure of wall motion, as it fully takes into account 2D motion of the wall and

can be easily visualized as a motion loop. RAlength decreases with age (181) and is
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moderately related to CCA distensibility (150), although this is likely related to the radial
component of RAlength, as distensibility is also measured in the radial direction. While
the RAlength measure is able to fully capture 2D wall displacement across the cardiac
cycle, it is difficult to separate the radial- vs longitudinal-specific vascular information

from this global index.

1.4.3 Regulation of CALM: Experimental Evidence

Although the CALM pattern has been well described in several previous populations,
little is known of the regulation of this wall motion. In particular, the determinants of the
shape of the movement pattern and the large pattern variability in healthy populations
remain unexplained. With the first observations of motion, multiple suggestions were put
forward to explain the shape of the pattern, including: the shear force of the blood flow,
the longitudinal tension and elastic recoil of the arterial wall, left ventricular basal
displacement and the influence of reflective pressure waves from the periphery (26);
however, no experimental evidence has been offered to test these hypotheses. In fact,
there have only been three experimental studies reported by the same research group,
performed in a porcine model of cardiovascular physiology to examine the regulation of
CALM. In the first case report in a series of studies, Ahlgren et al. (2009) investigated the
acute effects of epinephrine administration on absolute wall motion and shear strain index
(3). These authors reported a ~200% increase in maximum CALM displacement and
~250% increase in intramural shear strain concurrent with a ~50 mmHg increase in intra-

arterial mean blood pressure. While the acute increases in CALM were attributed to a-
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adrenergic sympathetic activation, the authors were only able to acquire 2D wall motion,
without measurement of either pressure waves or blood flow through the vessel, making it
difficult to interpret the direct role of sympathetic activation on CALM.

In a first follow-up study, the authors investigated the effects of both low and high
doses of epinephrine, combined epinephrine and norepinephrine, and pB-blockade
(metoprolol) on CALM in five additional pigs (2). During low-dose epinephrine infusion
(relatively greater action on po-receptors vs o-receptors), pulse pressure decreased
concurrent with reductions in maximal CALM displacement, whereas high-dose
epinephrine (relatively greater action on a-receptors) greatly increased both pulse
pressure and maximal CALM displacement. These effects were not reversed by the Bi-
specific blocker metoprolol, indicating the effects were predominantly a-adrenergic
mediated. The authors attributed these CALM maodifications to the increases in blood
pressure and a-adrenergic mediated constriction of vascular smooth muscle.

Finally, in a continuation report in the same group of pigs, the authors described a
lack of a relationship between changes in arterial wall shear rate (the axial force of blood
on the vessel wall) and maximal CALM displacement induced through catecholamine
administration (4). While the authors concluded that changes in CALM can occur
independent of blood flow wall shear rate, these results are largely qualitative in nature,
relying on observations of beat-to-beat data. Furthermore, correlations between the
change in shear rate and CALM were performed within an individual, and did not take

into account other possible regulatory factors, such as vessel diameter, blood pressure or
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left ventricular influence. Therefore, it may be premature to eliminate wall shear rate as a
potential regulator of CALM.

The above animal models have laid the groundwork for further experimental
studies in humans to investigate the regulatory control of CALM. However, there are
major questions on the validity of the CALM observations in the porcine model, as well
as the applicability to human studies. The porcine CALM traces presented in these studies
are noticeably different from human recordings, characterized by a predominantly
anterograde wall displacement with a much smaller diastolic anterograde displacement
than that observed in many human carotid arteries (153, 180). In contrast, many healthy
human CALM patterns present with a more biphasic trace, with large retrograde
displacements in the systolic period (153, 180). Although porcine physiology is
considered similar to that of humans (155), there are morphological differences between
species that call into question the validity of a porcine CALM model. Anatomically, the
‘valentine-shaped’ porcine heart is suspended by the major blood vessels with the apex
resting on the ventral wall of the thorax (34). Porcine hearts perform relatively higher
work due to nearly twice the systemic vascular resistance (155), which is evident in the
relatively thicker LV trabeculations and LV wall compared to humans (34). To further
study the effects of acute sympathetic manipulation on CALM, these studies need to be
reproduced in human participants, with concurrent measurement of other potential

regulators of longitudinal motion.
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1.4.4 Regulation of CALM: Mathematical Evidence

Recently, there has been increasing interest in the influence of the distending pressure
wave in the shape of the CALM pattern in healthy humans. One current hypothesis
proposes that the unique CALM pattern is dictated by the distending pressure wave,
which is supported by a proof of concept study in healthy participants (182, 183). With
principal component analysis, Yli-Ollila et al. (2016a) determined that there are two
principal components of longitudinal wall motion; the first component being related to the
biphasic pattern and pulse pressure, while the second component is potentially related to
arterial stiffness (182). While intriguing, this study included a relatively small sample of
healthy adults (n=19), likely with a limited range of arterial stiffness. Furthermore,
principal component analysis is a fairly advanced regression method, which requires a
large sample to be generalizable to population levels (30, 53). Future studies should
expand the design to include participants at risk for CVD or with elevated arterial
stiffness to confirm these findings.

In a separate report by the same group, transfer function analysis was also applied
to a small sample of healthy adults in order to probe the energy transfer within the arterial
wall (183). The authors reported a time delay between movement of the intima-media and
adventitia, as well as a partly linear relationship between the diameter change and
longitudinal wall motion. While the authors provided a tenuous relationship between
longitudinal wall motion and blood pressure, this was based on the assumption that
brachial blood pressure is equal to the carotid artery diameter change, which may not be

an accurate representation of central blood pressure (116).
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While it is of interest to continue mathematical analysis of the CALM pattern, it
presents an isolated view of a physiological model that does not consider the additional
control mechanisms previously suggested (i.e., shear rate, elastic recoil, or left ventricular
motion). Left ventricular motion, in particular, is an interesting candidate to expand this
hypothesis as it is the central driver of blood pressure waves and undergoes unique

displacement in the same plane as CALM.

1.5 LEFT VENTRICULAR MECHANICS

The left ventricle (LV) is a powerful pump that controls the ejection of oxygenated blood
from the heart to the rest of the body. LV motion has previously been theorized to
influence the CALM pattern (26), potentially through displacement of the aortic root
towards the LV apex (134). While intriguing, the relationships between either traditional
LV functional indices (i.e., ejection fraction, longitudinal strain, LV volumes) or novel

LV mechanics (i.e., LV rotation) with CALM have not been investigated.

1.5.1 Left ventricular anatomy

Compared to the low-pressure pulmonary system faced by the right ventricle, the LV
must overcome the systemic pressure in the proximal aorta in order to open the aortic
valve to eject blood. This difference in function is demonstrated through the orientation of
the ventricular muscle band, which primarily coils around the left ventricle to provide
three-dimensional control of contraction (159). The unique orientation of the ventricular

muscle band forms three distinct myocardial layers: the deep subendocardium, the
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midwall myocardium, and the superficial subepicardium. Myocardial fibres in the
subendocardium are oriented in a right-handed helix, while fibres in the subepicardium
are oriented in a left-handed helix, as if the fibres were tightly wrapped around a sphere.
In comparison, the midwall layer is composed of concentric rings, similar to a stack of
fibres wrapped around a cylinder (130).

The contraction of myocardial tissue determines the stroke volume of the LV, and
provides an indication of cardiac function, which can be tracked through cardiovascular
disease progression and treatment (79). LV function is traditionally described through
ejection fraction, cardiac output, and more recently, longitudinal strain, which represents
the relative shortening of the LV during systole. While these methods are all easily
accessible through non-invasive techniques (79, 97), they disregard the important
functional significance of measuring motion mechanics directly related to the helical

anatomy of the LV myocardial fibres, known as LV rotation.

1.5.2 Left ventricular rotation mechanics

Although the helical anatomy of the LV has been known for some time (127), only more
recently have LV rotation mechanics been highlighted in the literature. Rotation of the
LV is measured in degrees or radians, and represents the angle between a radial line
connecting a point on the short-axis myocardial wall to the center of mass, and the
resulting position of that point during any part of the cardiac cycle (62). Viewed from the
apex, the LV base rotates clockwise, while the LV apex rotates counter-clockwise,

resulting in a net counter-clockwise twist of the LV due to stronger rotation of the apex
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(Figure 3) (130). The net left ventricular twist (LVT) takes into account the two short-axis
levels of the LV, as well as the different layers of the myocardium, providing a global

index of LV rotation mechanics.
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Figure 3. Schematic of left ventricular rotation separated into basal (light grey) and apical (dark grey)
segments across a single cardiac cycle. The apex initially rotates in the clockwise direction during
isovolumetric contraction and is followed by a large counter-clockwise rotation, whereas the base rotates in
the opposite directions at lower magnitudes. At any point during the cardiac cycle, overall left ventricular
rotation (black) is calculated as the instantaneous difference between apical and basal rotation, resulting in a

net counter-clockwise rotation during end-systole (ES).

The study of LV rotation has become accessible to both basic and health
researchers due to the development of speckle-tracking echocardiography and standard
guidelines from experts in the field (97, 143). Functionally, LV rotation reduces the strain
on endocardial fibres by offloading a portion of the myocardial work to the epicardial

fibres, thereby improving systolic efficiency of the LV (7, 17). In fact, for only a 10-15%
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shortening of a myofibre sarcomere, ~60% of blood is ejected from the LV,
demonstrating a highly efficient functional mechanic (78, 143, 169).

While LVT represents a more accurate anatomical description of LV function, its
regulation is poorly understood. Acutely, LVT is thought to be primarily controlled by
afterload (the pressure the LV pumps against), preload (the loading pressure of the LV)
and contractility (the strength of myocardial contraction) (143), although it has been
difficult to isolate these factors in human research. Isometric handgrip exercise protocols
have consistently been shown to reduce LV apical rotation by increasing blood pressure
during exercise (171), although the independent effect of heart rate may confound
interpretation of the results when using this model (12). The effect of increased preload
on LVT has been tested using saline infusion models which increase plasma volume
(170), peripheral heating models which increase venous return to the LV (142, 164), and
experimental surgeries in dogs (38), all of which indicate increases in preload are related
to increases in LVT. Reductions in preload have been tested using peripheral vasodilatory
agents (e.g., glyceryl trinitrate, nitroprusside), and result in enhanced LVT, although these
effects may be confounded by a concomitant reduction in afterload (22, 114). Further
complicating the regulation, LV contractility has a positive effect on LVT (38, 105),
though isolating increases in contractility without changes to afterload or preload in
human models is challenging. The LV has an increasing B-adrenoreceptor density
gradient from the base to the apex, which may explain the more consistent elevations in
LV apical rotation with sympathetically-mediated increases in LV contractility (99).

While it is not clear why LVT is affected by LV contractility independent of volume, it
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may be due to a redistribution of forces along the oblique myocardial fibres, thereby
increasing intramyocardial strain (38). Regardless, changes to LV contractility in humans
will be confounded by simultaneous alterations to LV volumes and pressures, further

complicating the assessment of the direct role of contractility on LVT.

1.5.3 Ventricular-Vascular Coupling: Traditional stiffness coupling
While it is possible to study the LV as an isolated organ, there is clear interaction with
both the venous and arterial systems, requiring an integrative approach to studying the
regulation and control of central hemodynamics. Classically referred to as ventricular-
vascular coupling, structural and functional changes to the LV have been related to
afterload in the proximal aorta (6). In this model, LV properties are linked to events in the
proximal vasculature through direct coupling of tissue stiffness. For example, in normal
aging, there is a progressive stiffening of the central elastic arteries, which is associated
with increases in systolic blood pressure (154), and therefore increases in the afterload
which the LV works against. Over time, this increase in myocardial work results in a
stiffer LV in part due to myocardial fibrosis (68). Interestingly, early changes in arterial
and ventricular stiffness result in no change in the arterial/LV stiffness ratio, indicating
matching impairments between systems (72).

Moving beyond ventricular-vascular pressure coupling, there is also structural
connectivity between the two systems, where the LV basal endocardium is attached to the
proximal aorta by the aortic root (36). Both the functional and structural coupling

between the ventricular and vascular systems supports the hypothesis that the LV might
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be a regulator of CALM displacement. However, there is currently no data available to

support this theory for the regulation of CALM.

1.6 EXERCISE TRAINING AND ARTERIAL STIFFNESS

Arterial stiffness variables have been considered viable candidates as monitoring tools for
the assessment of improvements in cardiovascular risk profile with health interventions,
such as exercise training (52). Although the effects of exercise training on CALM have
never been investigated, the chronic effects of exercise training on traditional indicators
of arterial stiffness have been well reported (66, 96). The effects of exercise training on
arterial stiffness are complex, and appear to be modulated by exercise mode, intensity and
baseline participant characteristics.

The main exercise models previously employed in the study of vascular
physiology are variants of two types of exercise modes: aerobic (AET) and resistance
(RET) exercise training. AET elicits a volume-loading response from the cardiovascular
system to deliver a continuous supply of blood to the working muscles, with high
elevations in heart rate, cardiac output, and cyclic elevations in vascular wall shear stress.
In contrast, RET elicits a pressure-loading response, with large increases in blood
pressure during effort, interspersed with rest periods with little, or no, activity. Compared
to AET and RET, sprint interval training (SIT) may be considered a combination of the
two exercise types from the perspective of the load on the vascular system as it is
comprised of short bouts of supramaximal effort, likely eliciting high cardiac output and

oscillatory shear stress on the vasculature, interspersed with short rest periods of light, or
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no, activity. Each of these exercise modes has previously been associated with different
vascular changes over training periods, which may be driven by differences in the

hemodynamic stimulus generated during and after the exercise bouts.

1.6.1 Aerobic Exercise Training
Cross-sectional observations support an effect of AET on vascular remodelling, where
arterial stiffness is reduced in athlete populations compared to sedentary controls (31, 41,
80). Stronger evidence stems from prospective exercise training studies, for which recent
meta-analyses support a reduction in central PWV with AET (8, 66). Training effects are
related to both the volume and intensity of aerobic exercise, with the greatest
improvements in arterial stiffness accompanying the greatest improvements in VO,max,
and with vascular improvements more likely in individuals with higher baseline arterial
stiffness (8). The majority of studies indicating improvements in PWV have been
conducted in populations with poor health status (i.e., hypertension, type 2 diabetes, heart
disease, chronic kidney disease). Studies in healthy men and women have also found
improvements in central (56, 71, 98, 185) and peripheral (123) arterial stiffness. The
effect of AET on IMT is limited with typical exercise training periods (<16 weeks), with
studies consistently demonstrated no change in wall thickness in otherwise healthy adults
(152, 157).

The mechanisms by which arterial stiffness is improved with AET are
understudied in human literature. As pulse wave-derived indices of arterial stiffness are

related to mean arterial pressure (81, 141), AET may indirectly improve PWV or central
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artery distensibility through exercise-related reductions in blood pressure (32, 75). A time
course of vascular remodelling has also been observed with aerobic exercise training,
with improvement in endothelial function preceding an increase in vessel diameter (158)
reflective of the impact of elevated oscillatory shear stress at the vessel wall during a bout
of aerobic exercise (18). Enhanced endothelial function may contribute to reductions in
arterial stiffness by increased bioavailability of nitric oxide and reduced vasomotor tone
(172, 174). While it is difficult to evaluate changes in the vascular extracellular matrix in
humans, rodent models suggest exercise-related improvements in arterial stiffness are
related to reductions in type | and type Il collagen (46, 104), oxidative stress (39), and
vascular inflammation (83), but not changes in elastin content (46). Although these
mechanisms may not exactly mirror the responses in humans, pre-clinical animal models
remain a critical component of the study of exercise-related improvements in vascular
wall structure, and consequently, improvements in the functional viscoelastic behaviour

of the arterial wall.

1.6.2 Resistance Exercise Training

RET has previously been suggested to have adverse effects on the vasculature, originally
reported as reduced CCA distensibility in both cross-sectional observations of resistance-
trained men (94), and with chronic RET protocols in sedentary men (73, 95). However,
these findings have not been replicated since those initial reports, with more recent
studies indicating no change (23, 33, 35, 45, 59, 69, 122, 126, 185) or reductions in

arterial stiffness (11, 111) with RET. These findings are likely due to heterogeneity in
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RET intensity, choice of arterial stiffness measurement, the age of participants, and
baseline vascular stiffness (96). While there are no studies that have examined the
mechanisms associated with the vascular responses to chronic RET, two reports suggests
that conduit artery diameter also increases with RET along with improvements in
endothelial function (122, 138), which may indicate changes to the extracellular matrix
with training.

The hemodynamic stimulus of RET is likely driven by cyclic increases in blood
pressure during a bout of exercise, although there are few studies examining the vascular
environment during resistance exercise. In invasive pressure catheter studies, blood
pressure increases upwards of 350/200 mmHg due to brief valsalva manoeuvres and high
peripheral resistance caused by muscular contraction (88). Acute exercise studies suggest
this pressure stimulus acutely increases arterial stiffness (37, 58) and systolic carotid
strain (19), which may be due in part to the use of valsalva manoeuvres during intense
lifts (60). Rodent models of RET are difficult to interpret, though a recent report suggests
increased wall thickness, collagen thickness, and concentric LV hypertrophy following
12-weeks of ladder climbing in rats (137). Additional studies are needed to describe the
structural changes to the vascular wall, in particular, the relationship between possible
changes in the collagen and elastin with changes in arterial stiffness in both pre-clinical

and human models.
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1.6.3 Sprint interval training

From a practical standpoint, AET and RET are time-costly forms of exercise, with a
single session lasting upwards of one to two hours including warm-up and cool-down
periods. Recently, there has been renewed interest in developing very short, but highly
effective exercise programs based on supramaximal intermittent exercise (sprint interval
training, SIT) (49). Interval training has been shown to improve cardiorespiratory fitness
in both healthy and overweight populations similar to that of traditional AET, albeit at a
much lower time commitment (14). These exercise protocols have also demonstrated a
positive effect on peripheral artery endothelial function (124) and, to a lesser extent,
arterial stiffness in both clinical populations (29, 54) and healthy adults (63, 123),
providing a similar degree of improvement compared to AET.

The mechanisms by which SIT enhances vascular structure and function are
unknown. Similar to RET, very little is known about the hemodynamic stimulus during
exercise; although it is likely characterized by short cyclic periods of high oscillatory
shear stress in the conduit arteries. While it is currently unknown whether the magnitude
or duration of exposure to vascular shear stress stimulates structural changes over time,
our lab has recently demonstrated improved endothelial function following AET but not
SIT after 12 weeks of training, suggesting that a prolonged duration of shear exposure
may be necessary for chronic changes in vascular health (132). Additional studies
examining the chronic vascular effects of SIT are warranted, with the need for

characterizing the shear stress profile during a typical exercise bout.
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1.7 STUDY OBJECTIVES AND HYPOTHESES

While the acquisition and measurement of 2D arterial wall motion is now readily
available with non-invasive methods, there is a lack of knowledge of the physiological
causes and consequences of CALM. The overarching objective of this dissertation is to
examine the potential regulatory factors of CALM, and examine how a physiological
control model may help interpret both cross-sectional and experimental differences in
CALM across a range of vascular health in humans.

In Chapter 2, we establish a framework for a structural ventricular-vascular
coupling theory through simultaneous imaging of the CCA and LV in healthy adults. In
order to address the large interindividual differences in CALM patterns, we describe a
standardized method of segmenting the CALM pattern based on consistent local maxima
and minima during systolic and diastolic phases. We hypothesized that local shear stress
and upstream LV rotation would be related to the anterograde and retrograde components
of the CALM pattern, respectively.

In Chapter 3, we employed the segmentation method for the CALM pattern
detailed in Chapter 2 in a large sample of healthy adults as well as in a small cohort of
adults with coronary artery disease. We sought to examine the relationship between
CALM variables and traditional measures of arterial stiffness, confirming their sensitivity
to poor vascular health by using populations with known elevations in arterial stiffness.
We hypothesized that diastolic CALM variables would be more strongly related to
arterial stiffness, as systolic CALM variables would be confounded by local shear stress

and LV rotation as per our structural ventricular-vascular coupling theory.
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In Chapter 4, we sought to provide experimental evidence for the role of vascular
shear stress and LV rotation in regulating the CALM pattern, accomplished through a
series of stimulus-response studies in healthy humans. We hypothesized that acute
interventions that generate alterations in shear stress would be related to systolic
anterograde CALM variables, whereas interventions that impact LV rotation mechanics
would be related to systolic retrograde CALM variables.

Finally, in Chapter 5, we examined the impact of four exercise interventions
known to alter properties of vascular health (moderate-intensity continuous exercise
training, sprint-interval exercise training, and high-repetition or low-repetition resistance
exercise training) on systolic and diastolic CALM variables. We hypothesized that the
CALM pattern would retain its general characteristics, but CALM magnitudes would

increase over the 12-week training period.
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Introduction

Abstract

Recent studies have identified a predictable movement pattern of the common
carotid artery wall in the longitudinal direction. While there is evidence that
the magnitude of this carotid artery longitudinal wall metion (CALM) is sen-
sitive to cardiovascular health status, little is known about the determinants of
CALM. The purpose of this integrative study was to evaluate the contribution
of left ventricular (LV) cardiac motion and local blood velocity to CALM.
Simultaneous ultrasound measurements of CALM, common carotid artery
mean blood velocity (MBV), and left ventricular motion were performed in
ten young, healthy individuals (6 males; 22 £ I years). Peak anterograde
CALM occurred at a similar time as peak MBV (18.57 + 3.98% vs.
18.53 + 2.81% cardiac cycle; t-test: P = 0.94; ICC: 0.79, P < 0.01). The timing
of maximum retrograde CALM displacement was different, but related, to
both peak apical (41.00 £ 7.81% vs. 35.33 + 5.79% cardiac cycle; f-test:
P<0.01; ICC: 079, P<0.01) and basal rotation (41.80 + 6.12% vs.
37.30 & 5.66% cardiac cycle; #-test: P < (h01; ICC: (.74, P < (.01) with peak
cardiac displacements preceding peak CALM displacements in both cases. The
association between basal rotation and retrograde CALM was further sup-
ported by strong correlations between their peak magnitudes (r = —0.70,
P = 0.02), whereas the magnitude of septal longitudinal displacement was not
associated with peak CALM (r = 0,11, P = 0.77). These results suggest that
the rotational mechanical movement of the LV base may be closely associated
with longitudinal mechanics in the carotid artery. This finding may have
important implications for interpreting the complex relationship between ven-
tricular and vascular function.

reported in the human common carotid artery (CCA)
(Golemati et al. 2003; Persson et al. 2003; Soleimani

Recent investigations have revealed a predictable and
stable carotid artery longitudinal wall motion (CALM)
pattern in healthy individuals, which retains both its
pattern and magnitude over time (Ahlgren et al. 2012).
Once thought to be breathing artifact, arterial motion
in the longitudinal plane was first confirmed by cine-
matography of reflective beads sutured to the pig
abdominal aorta (Tozzi et al. 2001), and has since been

@ 2016 The Authors. Physiclogical Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiclogical Society,

et al. 2011). Due to the low motion velocities and thin
arterial wall thickness, it has been difficult to accurately
quantify CALM using standard techniques. With the
use of more advanced 2D speckle tracking algorithms
(O’Donnell et al. 1991, 1994; Larsson et al. 2011; Tat
et al. 2015), longitudinal motion can be accurately
quantified and has been shown to be of equal magni-
tude as radial expansion in both elastic (Cinthio et al.
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2006; Tat et al. 2015) and muscular arteries {(Cinthio
and Ahlgren 2010).

Following initial descriptions of CALM, it is now
apparent that the walls of the CCA move longitudinally,
both in the direction of blood flow (anterograde) as well
as in the direction opposing blood flow (retrograde), at
different time points throughout the cardiac cycle (Gole-
mati et al. 2003; Cinthio et al. 2006). Although the move-
ment pattern may vary greatly between individuals,
CALM has been demonstrated to remain stable within an
individual over time {Ahlgren et al. 2012), making it a
potential target for the noninvasive assessment of arterial
properties in humans. The gold standard for the assess-
ment of arterial stiffness, pulse wave velocity, has been
extensively examined as a predictor for cardiovascular dis-
case risk (The Reference Values for Arterial Stiffness” Col-
laboration, 2010; Van Bortel et al. 2012; Townsend et al.
2015), and has been shown to correlate to the magnitude
of CALM displacements (Taivainen et al. 2015; Y1i-Ollila
et al. 2015). Preliminary cross-sectional studies have
reported differences in the magnitude of CALM in popu-
lations at high risk of developing cardiovascular disease,
including older adults with diabetes, Indigenous Aus-
tralians with periodontal disease and individuals with
spinal cord injury (Zahnd et al. 2011, 2012; Tat et al.
2015). These studies indicate promise in CALM as a mea-
surement of arterial health that is noninvasive, and feasi-
ble in a clinical setting,

Despite preliminary evidence of a link between CALM
and cardiovascular health, the determinants of the phases
of CALM remain unknown. Ahlgren et al. (2015) found
no correlation between maximal longitudinal displacement
of the porcine CCA intima-media and wall shear rate.
However, the authors did not separate CALM into antero-
grade and retrograde phases, and it may be that the for-
ward shear stimulus can only explain the anterograde
phase of motion. Likewise, the retrograde CALM phase is
likely not determined by the local mechanical stimuli such
as the frictional forces due to blood flow and transmural
pressure forces, as anterograde shear stress would push the
arterial wall in the forward direction. We have, therefore,
approached this problem at an integrative systems level
where we hypothesized that cardiac contraction would
induce retrograde motion during early systole through a
structural ventricular-vascular coupling effect. Recent work
by Zahnd et al. (2014) has demonstrated regional differ-
ences in CALM along the length of the CCA, quantifying
an attenuation in movement with a coefficient of
—2.5 + 2.0% mm™" distal to the heart. With a clear distal
loss of motion magnitude along the CCA, it stands to rea-
son that a cardiac factor may be affecting the magnitude of
CALM. Yet, to date no studies have directly measured the
influence of cardiac mechanics on CALM.
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The purpose of this study was to evaluate the role of
both local arterial and central cardiac mechanics on the
timing and magnitude of specific CALM events in young,
healthy individuals and thereby advance the understand-
ing of CCA longitudinal mechanics. We hypothesized that
the timing of retrograde CALM would be primarily linked
to LV mechanics, and the timing of anterograde CALM
would be linked to local blood flow events at the carotid
artery.

Methods

Participants and ethical approval

Ten young healthy individuals (6 males, 4 females) were
recruited for this study. All participants were between the
ages of 18-35 years, and free of known cardiovascular dis-
ease. Informed consent in writing was obtained prior to
participation in the study. The study protocol was sub-
mitted to, and approved by, the Hamilton Integrated
Research Ethics Board and conforms to the Declaration of
Helsinki concerning the use of human subjects as research
participants.

Experimental measures

All participants arrived at the lab between the hours of
0800-1000 in the fasted state, after refraining from exer-
cise, alcohol and caffeine for >8 h. Participants then
rested in the supine position for 10 min prior to any data
collection. For data collection, participants were posi-
tioned in the left lateral decubitus position and equipped
with three sets of single-lead ECG to provide heart rate
signals to two ultrasound units and a data collection sys-
tem used to align the simultaneous measures during anal-
ysis.

Carotid arterial longitudinal motion

Longitudinal motion was assessed on the far wall of the
right CCA, 2-5 cm proximal to the carotid bifurcation in
the lateral plane using a 12 MHz linear-array probe con-
nected to a high-resolution ultrasound machine (Vivid q,
GE Medical Systems, Horten, Norway). A single focal
point was positioned at the far wall and scanning depth
was standardized at 2.5 ¢cm to maintain a consistent sam-
pling rate of 102.5 fps. Immediately prior to image acqui-
sition, participants were asked to briefly hold their breath,
as breathing artifact has been demonstrated to superim-
pose movement over longitudinal motion measures
(Cinthio et al. 2005). Three to six heart cycles were
recorded. Following acquisition, images were stored off-
line in the Digital Imaging and Communications in
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Medicine (DICOM) format, and separated into sequences
of .jpg images for analysis. Carotid Arterial Longitudinal
Motion (CALM) was measured using an in-house speckle
tracking algorithm (SpecTAT; MatLab, The MathWorks,
Natick, MA) {Tat et al. 2015). In brief, the program uses
a multiblock matching scheme to track two-dimensional
motion of the arterial wall. Gated to the R-spike on the
ECG, the lower edge of a reference Kkernel block
(552 x 0,414 mm?>) was manually placed over the
media-adventitia interface of the far wall. To improve res-
olution, a surrounding region of interest was interpolated
to increase the number of pixels by a factor of four. For
each successive frame, a normalized cross correlation
function identified the peak correlation value for all pos-
sible kernel matches, and a shift in pixel position was
taken to represent tissue displacement. A value above a
lower boundary of 0.7 was considered acceptable for
tracking (Farron et al. 2009). The coefficient of variation
for day-to-day measurements of CALM magnitude in our
laboratory (n = 10) was 7.8%, which indicates a good
reproducibility between measurements, and compares well
to other reports (Zahnd et al. 2011; YIi-Ollila et al. 2013).

Echocardiography

In order to investigate contributions of LV contraction to
events at the CCA, images were recorded from the
parasternal and apical windows, simultaneously to CALM
measurements. Echocardiographic image acquisition fol-
lowed current guidelines for conventional variables {Lang
et al. 2015) as well as for LV mechanics (Mor-Avi et al.
2011), In order to standardize rotation analysis across
individuals, the basal level was defined as the highest
plane at which the mitral leaflets were visible. The apical
level was defined as the imaging plane closest to the apex
with no visible papillary muscles, as previously described
(Stéhr et al. 2011). In addition, apical four-chamber
images were recorded. Images were taken with a 1.5-
3.6 MHz phased-array probe connected to a second ultra-
sound machine (Vivid q, GE Medical Systems) at =60 fps,
Following acquisition, images were stored off-line for fur-
ther analysis using commercially available software (Echo-
PAC 110.0.2; GE Medical Systems, Horten, Norway).
End-diastolic volume, stroke volume, and posterior wall
thickness were estimated from LV short-axis images at
the level of the base in M-mode. 2D speckle tracking with
drift compensation was used to quantify left ventricular
basal and apical rotation and rotation velocity from LV
short-axis images, as well as basal septal displacement
from the apical four-chamber view. These traces were
exported to a custom data processing software
(2DStrainAnalysis Tool, Stuttgart, Germany) for further
processing, with the purpose of achieving a relative time

2016 The Authors, Physiological Reports published by Wiley Penodicals, Inc. on behalf of
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alignment of cardiac and CALM events (Burns et al.
2008) as described in more detail below.

Carotid blood velocity

For an assessment of timing of events, carotid mean
blood velocity (MBV) was recorded simultaneous to vas-
cular and cardiac imaging using a nonimaging 4 MHz
pulsed wave probe at an insonation angle of 40° placed
immediately proximal to the vascular probe on the CCA.
This nonimaging probe was directly attached to an exter-
nal spectral analysis system (model Neurovision 500 M
TCD; Multigon Industries, Yonkers, NY] to determine
intensity weighted mean blood velocity traces through a
fast-Fourier transform and these signals were subsequently
sampled at 1000 Hz using commercially available hard-
ware (PowerLab model ML 795; AD Instruments). To
examine the relationship between the magnitude of caro-
tid and cardiac events, MBV was also measured indepen-
dent of other outcomes using a linear-array probe in
Duplex mode at 4 MHz (Vivid g, GE Medical Systems) at
an insonation angle of 60° at 2-3 cm proximal to the
carotid bifurcation, and processed as above. CCA shear
rate was estimated using the equation, shear rate
(1 sec™) = (8*Blood Velocity at the CCA)/(CCA End
Diastolic Lumen Diameter) {Parker et al. 2009). End dias-
tolic diameters were analyzed offline using a custom-
designed semi-automated edge tracking software {Artery
Measurement System Image and Data Analysis, Tomas
Gustavsson; Sweden) (Liang et al. 2000).

Data analysis and definitions of CALM
events

In order to account for different sampling rates and per-
mit time alignment of parameters, all CALM and cardiac
data were cubic-spline interpolated to 600 peoints per car-
diac cycle, with the R-spike of the ECG denoting the first
time point. Certain CALM events in the systolic period
were consistently present in all individuals examined, as
shown in Figure 1: {A) the onset of retrograde (negative)
maotion was determined as the first movement of the wall
in retrograde direction; (B) the onset of anterograde (pos-
itive] motion was determined as the first movement in
the anterograde direction, or the local positive peak of
the 2nd derivative in the absence of a clear local mini-
mum; (C) the peak anterograde (positive) displacement
was determined as the maximal displacement in the
anterograde direction away from the heart, or the local
negative minimum of the 2nd derivative in the absence of
a clear local maximuny and (D) the peak retrograde (neg-
ative) displacement was determined as the maximal dis-
placement in the retrograde direction toward the heart.
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T Anterograde

Retrograde

Carotid artery
longitudinal motion {mm}

Figure 1. A typical CALM pattern expressed as percentage
duration of a single cardiac cycle, gated to the R-spike of the
concurrently recorded ECG. Positive deflections indicate movement
in the anterograde direction (i.e., in the direction of blood flows),
whereas negative deflections indicate mavement in the retrograde
direction (i.e., in the direction of the left ventricle}. Paint A
represents the onset of the first deflection in the retrograde
direction. Point B represents the onset of the first anterograde
movement. Paint C represents the peak anterograde displacement.
Paint D represents the peak retrograde displacement. Dashed lines
represent interpolated £1 5D,

Poor apical short-axis image quality for one participant
resulted in only that apical data being removed from
analysis. For all statistical comparisons, the raw individual
traces were used to prevent the loss of motion informa-
tion with a filtering process. The total magnitude of
CALM was determined as the difference between peak
anterograde and peak retrograde displacement of the arte-
rial wall, with more negative values indicating a greater
retrograde movement during late systole. The CALM pat-
tern was also divided into anterograde (point C-point B)
and retrograde (point D-point C) phases, both reported
in absolute terms. An average of 3-5 cardiac cycles were
used to compare simultaneous data.

In addition to apical and basal rotation, we investigated
longitudinal displacement of the LV to assess the relation-
ship of CALM events to cardiac motion in the longitudi-
nal plane. Owing to its anatomical proximity to the CCA,
the basal septal segment of the 2D strain analysis package
was isolated wusing the custom-made 2DStrainAnalysis
Tool {(2DStrainAnalysis Tool, Stuttgart, Germany) and
processed as above.

Statistical analyses

Statistical analyses were performed on the Statistical Pack-
age for the Social Sciences {version 20.0.0 for Mag; SPSS,
Chicago, TL). Data were checked for normality using the
Shapiro-Wilk test. Dependent Student’s t-tests were used
to assess differences in the timing between events at the
same anatomical level (ie, heart or carotid artery),
expressed as a percentage of the cardiac cycle. For com-
parisons of local events at the CCA, where a time delay

2016 | Val. 4 | Iss. 14 | 12872
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between events was not expected, nonsignificant P-values
from the t-test and significant results from intraclass cor-
relation coefficients (ICC) were interpreted as evidence
for associations. Conversely, for comparisons between car-
diac and CALM events, where a time delay between
events was expected, only significant P-values from the ¢-
test and significant results from intraclass correlation
coefficients (1CC) were interpreted as evidence for associ-
ations. Because of the aforementioned expectation of a
time delay between events at the heart and the carotid
artery, relationships between the timing of CALM param-
eters with cardiac motion were determined from Consis-
tency-type ICCs with a two-way random model.

To further explore associations revealed by the initial
analyses, Pearson’s correlations were applied to select
variables that suggested associations between cardiac and
CALM events. Analysis of data was performed on simul-
taneously collected heart cycles when possible, otherwise
using an average of all available data for correlations. Sta-
tistical significance was set at o = 0.05.

Results

The participant characteristics (n = 10; 6 males, 4
females; 22 &+ 1 years) are presented in Table 1. The
maximal excursion of retrograde CALM was significantly
larger than the maximal excursion of anterograde CALM
(042 £0.18 wvs. 0.13 = 0.12 mm; P < 0.01), and the
total CALM displacement across one cardiac cycle was
0.50 4 0.21 mm (Fig. 2).

Table 1. Participant characteristics {n = 10).

Variable Mean =+ SD
Sex (% Male) 60
Age {years) 22 1
Height (m}) 1.71 +£ 0.08
Body mass (kg) 67.5+£99
SBP {(mmHg) 116 £+ 11
DBP (mmHg) 68+ 6
MAP (mmHg) 87+5
Heart rate (bpm} 61 £10
Cardiac parameters
EDV (mL) 95+ 15
Stroke volume (mL) 62 + 10
PWT (mm) 0.88 £ 0.17
Peak apical rotation (%) 9.28 +5.30
Peak basal rotation (°} —6.56 + 3.03
Basal septal displacement (mm} 145 + 2.0

SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP,
mean arterial pressure; CALM, carotid artery longitudinal mation;
EDV, end-diastolic volume; PWT, posterior wall thickness.
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Figure 2. Total excursion, absolute anterograde, and absolute
retrograde carotid artery longitudinal maotion of the intima-media
layer of the commeon carotid artery wall. The box represents the
25th, 50th {meadian}, and 75th percentiles. The bars represent the
minimum and maximum values. *P < 0.01 compared with
anterograde mation.

Timing of CALM and cardiac events

Figure 3 represents the group averaged interpolated traces
for simultaneous collection of: {A) longitudinal displace-
ment of the basal septum; (B) apical rotation; and (C)
basal rotation. The timings of events are presented in
Table 2. According to our statistical requirements for
temporal associations, we identified that peak CALM dis-
placements were related to both local (i.e, MBV) and
upstream (i.e., LV) events. The time the vascular wall was
at peak anterograde displacement (CALM point C) was
not different from the time of peak blood velocity (#-test
P = 0.94), with the MBV wave consistently reaching peak
velocity before peak anterograde displacement of the wall
(ICC: 0.79, P < 0.01). The time at peak retrograde dis-
placement {CALM point D) was different from the time
of both peak apical (#-test P < 0.01) and basal (t-test
P < 0,01) rotation, with peak cardiac displacements pre-
ceding peak retrograde wall displacements in both cases
{apical ICC: .79, P < 0.01; basal ICC: 0.74, P < 0.01).
This relationship was not found for peak basal septal dis-
placement {#test P = (.09 1CC: 0.63, P=0.02).
Although we also investigated the relationship between
early CALM events (points A and B) with local blood
velocity and LV motion, these associations did not meet
both a priori statistical criteria and were therefore not
evaluated further.

Magnitude of cardiac and CALM events

Those variables that appeared to be temporally associated
were further examined for associations between their
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magnitudes in order to gain greater insight into the
strongest correlates between cardiac and CALM mechan-
ics (Table 3 and Fig. 4). There was a moderate inverse
correlation between retrograde CALM and participant
height (r= —0.48; P < 0.01), with taller individuals
exhibiting less motion. There was no correlation between
the magnitudes of anterograde CALM and carotid shear
rate (r = —0.24; P = 020). Retrograde CALM had a
strong correlation with peak basal rotation (r= —0.70;
P = 0.02) and shear rate (r = 0.63; P = 0.05), but no sta-
tistical correlation with basal septal longitudinal move-
ment (r=011; P=0.77) or apical rotation (r= (.63
P = 0.09).

Discussion

In this study, we show that longitudinal motion of the
CCA (CALM) is associated with both local blood velocity
and rotation of the LV base, but not with longitudinal
septal displacement, thereby suggesting a physiological
basis for the different phases of CALM previously
observed. We propose that a complex relationship exists
between the influences of local blood velocity and left
ventricular rotation within the context of a structural
ventricular-vascular coupling theory, as discussed in detail
below.

Coupling theory

The role of cardiac contraction in CALM has been previ-
ously theorized in the literature but has never been
reported (Cinthio et al, 2006; Ahlgren et al. 2012, 2015
Zahnd et al. 2012, 2014). In this study, we provide pre-
liminary evidence for the influence of systolic cardiac
events on the distinet longitudinal displacement of the
arterial wall in the retrograde direction. Though the
endocardium is not structurally continuous with the vas-
cular wall of the CCA, the ventricular and vascular sys-
tems are anatomically directly linked by the aortic valve
at the basal level of the LV, and indirectly by the ejection
of blood from the LV. The present data suggest a previ-
ously unknown functional interdependence between the
LV and CCA retrograde movement, These data are sup-
ported by Zahnd et al. (2014), who have demonstrated
reductions in arterial wall motion along the length of the
CCA, likely due to the distance from LV during systolic
contraction. We, and others (YIi-Ollila et al. 2015}, also
report that taller individuals exhibit less longitudinal
motion of the CCA intima-media complex, which is con-
sistent with a reduction in CALM distal to the LV.
Though this study shows a dear interaction between LV
rotation and CALM, the exact determinants of interindi-
vidual variations in the CALM pattern and the potential
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Figure 3. Group-averaged traces for the simultaneous assessment of cardiovascular parameters aligning with the carotid artery longitudinal
mation (CALM) pattern. Panel A: Alignment of CALM with basal septal displacement {positive deflections indicating mavement towards the
apex), basal septal velocity, and carotid blood velocity. Panel B: Alignment of CALM with apical rotation (positive deflections indicating counter-
clockwvise rotation), rotation velocity and carotid blood velocity. Panel C: Alignment of CALM with basal rotation (positive deflections indicating
counter-clockwise rotation), rotation velocity and carotid blood velocity. Standard deviation lines have been removed for clarity. £S, end-systole.

use of CALM analysis for indications of vascular health
remain to be determined.

Timing of CALM events

Similar to previous reports, many CALM events were
observed to be consistent across individuals (Golemati
et al. 2003; Cinthio et al. 2006). Cardiac motion during
systole appears to be related to motion of the retrograde
segments of CALM, while the peak of the forward blood
velocity wave is temporally linked with the peak antero-
grade segment of CALM. We found that the onset of ret-
rograde CALM (point A in Fig. 1) occurred in concert
with the onset of both basal septal longitudinal displace-
ment and apical rotation, which is followed by a rapid
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increase in CCA blood velocity that coincides with the
onset of anterograde wall motion (point B). However, we
must note that these events did not meet both statistical
requirements for association and we can only theorize
their importance to the CALM pattern. As the blood
velocity wave reaches peak magnitude, peak anterograde
CALM displacement occurs (point C), and then retro-
grade motion resumes. We believe that during this per-
iod, the anterograde wall movement represents the
interruption of the retrograde cardiac influence by the
local mechanical blood velocity force (Nichols and
O’Rourke 2005). When the anterograde blood velocity
influence is waning, both LV longitudinal and rotational
velocities reach peak instantaneous velocity. The now
unopposed retrograde forces allow the arterial wall to
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Table 2. Timing of events at the level of the left ventricle and the common carotid artery.

Timing of events (% of heart cycle)

Comparisan Mean differance
Event pairing CALM paoint event 95% ClI Pyalue ICC [95% CI] P-value
CALM point A with
Onset of septal movemnent 330+£231 s 5.10 £ 2.47 —4.58 to 0.98 0.18  -0.32 [-0.77 to —0.35] 0.83
Apical prerotation peak 457 £1.99 s 1.00 £ 5.16 —7.08t0 2.22 0.25 0.17 [-0.61 to 0.78] 0.34
Basal prerotation peak 270 £357 v 12904357 -14.13to -627 <0.01 —0.50 [-0.85 to 0.15] 0.94
CALM paint B with
Arrival of blood velocity wave 983 +£303 v 1073+ 1.41 -2.19to 0.39 0.17 -0.07 [-0.42 to 0.29] 0.65
Peak basal prerotation velocity 9.50 + 3.31 Vs, 760 +1.78 —-0.83 to 4.63 Q.15 —0.03 [-0.62 to 0.58] 0.54
CALM point C with
Peak blood velocity 18.57 £3.98 wvs. 18.53 £ 2.81 —0.80 to 0.86 0.94 0.7% [0.61 to 0.90] <0.01
Peak basal rotation velocity 18.30 + 485 ws. 2030 +4.69 —5.66 to 1.66 0.25 0.43 [-0.24 t0 0.82] 0.10
CALM paint D with
Peak septal displacement 4260 £ 642 vs. 3940 +£572 —0.55 to 6.95 0.0¢ 0.63 [0.04 to 0.89] 0.02
Peak apical rotation 41.00 = 7.81 wvs. 3533+579 2.23 to 9.10 <0.01 0.79 [0.31 to 0.95] <0.01
Peak basal rotation 41.80 +6.12 wvs. 37.30 4+ 5.66 1.44 to 7.56 <0.01 0.74 [0.24 to 0.93] <0.01

CALM, Carotid artery longitudinal motion; point A, onset of first deflection in the retrograde direction; point B, onset of first anterograde
movement; point C, peak anterograde displacement; point D, peak retrograde displacement; §5% Cl, 95% confidence interval. Bolded events

are interpreted as occurring at a similar time. Values are means &4 50.

CALM points differ slightly in timing as analysis of data was performed on simultaneously collected heart cycles when possible.

Table 3. Correlations between CALM displacements with cardiac
and blood flow stimuli.

Pearson correlation

event pairing coefficient P-value
Anterograde CALM with
Carotid shear rate 0.08 0.83
Retrograde CALM with
Height —0.48 <0.01
Carotid shear rate 0.63 0.05
Basal septal movement 0.1 0.77
Basal septal velocity 0.27 0.46
Apical rotation 0.60 0.09
Apical rotation velocity 0.58 0.12
Basal rotation —0.70 0.02
Basal rotation velocity 0.51 0.13

CALM, Carotid artery longitudinal motion; Retrograde CALM and
basal rotation are expressed as positive values.

reach peak retrograde displacement {point D} at end-sys-
tole. At this point, there were strong associations between
the timing of peak retrograde displacement with peak api-
cal (ICC: 0.79), and basal rotation (ICC: 0.74}, where car-
diac motion preceded motion at the CCA. As both of
these left ventricular motion parameters inevitably peak at
end-systole, we were unable to specify the greatest deter-
minant of peak retrograde CALM displacement.

In summary, we hypothesize that motion at the LV
initiates the movement pattern of CALM, which is

@ 2016 The Authors, Physiological Reports published by Wiley Perodicals, Inc. on behalf of

the American Physiological Society and The Physiclogical Scciety

interrupted during early-systole by the arrival of the for-
ward blood velocity wave. Thus, the systolic CALM pat-
tern may be conceived as two separate functions (e, a
sustained retrograde cardiac-related wave that is briefly
opposed by an anterograde blood velocity-related wave
and a subsequent return to retrograde motion) that
superimpose upon each other to create the observed sum-
mated function (Fig. 5). We hypothesize that interindi-
vidual variations in the CALM pattern during this time
represent the individual force summation properties, with
a larger cardiac stimulus reflecting a more retrograde
summated function (see the —1 SD trace in Fig. 1), and a
larger blood velocity stimulus reflecting a more antero-
grade function (see the +1 SD trace in Fig 1), In this
maodel, the timing of systolic phases remains consistent
across individuals, albeit with much different motion
magnitudes. Increased stiffness of the CCA is likely to
influence this relationship, but the impact of arterioscle-
rosis on CALM is currently unknown.

Magnitude of CALM events

‘While our observations on the association between the
timing of events yields insight into the factors associated
with the pattern of CALM events during the systolic per-
iod, assessing the associations between the magnitude of
events may offer further insight. In this regard, we
observed no association between the magnitudes of the

2016 | Vol. 4 | Iss. 14 | 12872
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Figure 5. Schematicized theory of the influence of shear rate and
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function. Left ventricular rotation (blue) is theorized to begin at the
first retrograde CALM displacement, which is briefly interrupted
during early-systole by shear rate (red) at the carotid artery. ES, end
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anterograde CALM component and the local shear rate
stimulus, similar to previous reports in a well-controlled
model of the porcine carotid artery (Ahlgren et al. 2015).
This lack of direct relationship may be due to the simul-
taneous competing influence of left ventricular rotation
on the magnitude of movement of the carotid wall, as
increases in bath carotid shear rate and apical rotation
occurred during the same period (see Fig. 5). Given that
left ventricular contraction (whether displacement or
rotation) approaches peak velocity during the same phase
as peak carotid MBV (Fig. 3), it is not possible to isolate
the contribution of the forward blood velocity wave to
CALM event magnitudes from the confounding influence
of ventricular motion in vivo. This has probably con-
tributed to the lack of significant relationships between
wall shear stress and CALM assessed by Ahlgren et al,
(2015) through alpha- and beta-adrenergic stimulation, as
adrenergic modulation would also act on left ventricular
systolic function, impacting the early systolic influence of
the heart on the CALM pattern,

With respect to retrograde motion of the arterial wall,
we hypothesized that movement of the basal septum

2016 The Authors. Physiofogical Reparts published by Wilsy Pericdicals, Inc. on behalf of

the American Physiological Society and The Physiological Society



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

1.5, Au et al.

would be the best candidate to predict the magnitude of
retrograde CALM, as a pulling force would be applied to
the vasculature directly through the aortic value in the
same plane as the motion of the proximal aorta, and by
extension the CCA. Contrary to our hypothesis, we did
not observe any statistical relationship between the mag-
nitudes of basal septal displacement and retrograde
CALM. Instead, indices of LV rotation demonstrated rela-
tionships with the CALM pattern, suggesting that the nat-
ural twisting motion of the LV may have a stronger
direct or indirect (through hemodynamics) effect on
CALM than longitudinal LV displacement.

The consistency in which peak basal and apical rotation
precede peak retrograde CALM displacement supports a
direct relationship between LV rotation and arterial wall
motion. Although the relationship between the LV base
and CALM is supported by previous work suggesting that
the kinetic energy of LV contraction appears to be greater
at the LV base than the LV apex (Stéhr et al. 2014), the
inverse linearity of the relationship between the magni-
tude of basal rotation and retrograde CALM seems to
conflict with our coupling hypothesis. Instead of direct
coupling, the LV base-CALM association may be indi-
rectly mediated by carotid shear rate, which was also
associated with both basal rotation and retrograde CALM
(Fig. 4). For example, it is possible that a greater basal
rotation may increase the hemodynamic vortices observed
in the basal aspect of the LV, leading to a greater turbu-
lence of flow than at lower basal rotation (Kilner et al.
2000). This in turn may lead to an altered angle of flow,
which has been shown to impact on endothelial cell sens-
ing (Wang et al. 2013), Purposeful examination of these
concepts presents an exciting opportunity for future
research.

Fully elucidating the competing roles of LV rotation
and the local impact of shear rate is a difficult task as
these elements appear to act in a coordinated system,
impacting both each other, as well as the CALM pattern.
Although we were not able to determine a causal relation-
ship from our resting data, we believe our observational
data has set a framework for the investigation into the
roles of these competing stimuli to predict the magnitude
of CALM displacements. Additional stimulus-response
studies are required to further determine the factors that
account of the magnitude of CALM events.

Perspectives: measurement of arterial
stiffness

Recently, CALM has been investigated as a novel indica-
tor of arterial health (Svedlund and Gan 2011; Zahnd
et al. 2011, 2012; Taivainen et al. 2015; Tat et al. 2015).
While these studies have identified clear differences in the

2016 The Authors, Physiological Reports published by Wiley Penodicals, Inc. on behalf of
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CALM pattern between healthy and clinical populations,
our findings indicate that caution must be used when
interpreting these differences. While the majority of stud-
ies have reported peak displacements within the CALM
pattern, the absolute magnitude of CALM may not be
comparable between different individuals or groups with-
out considering the influence from the heart. Indeed, our
results indicate that other systemic factors such as after-
load, contractility and heart rate have the potential to
indirectly influence CALM via their effect on upstream
LV rotation (Gibbons Kroeker et al. 1995; Weiner et al.
2012). Indices that are largely magnitude-independent
such as the intramural shear strain index may be more
appropriate indicators of arterial properties and have
indeed shown sensitivity to detect differences in clinical
populations (Cinthio et al. 2006; Tat et al. 2015). Zahnd
et al. (2014) more recently theorized the use of an attenu-
ation coefficient of motion along the CCA to enable tis-
sue stiffness quantification, which may yield promising
insights into a measure of arterial stiffness within the lon-
gitudinal plane (Zahnd et al. 2014). Finally, given the
complex interaction between CALM, carotid shear rate
and left ventricular rotation during systole, it may be of
interest to examine ‘passive’ CALM events during dias-
tole, as diastolic CALM would be largely unaffected from
the influence of left ventricular rotation during the period
when the aortic valve is closed. As new indices of arterial
properties focused on the CALM pattern emerge, it is of
utmost importance to consider the confounding contribu-
tion of cardiac motion when interpreting differences
between healthy and clinical populations.

Limitations

‘While the simultaneous measurement of cardiac function
and CALM controlled for the natural beat-to-beat varia-
tion in heart cycles, we were limited in the measurements
that could be obtained concurrently. Other indices of left
ventricular contraction were not investigated, such as lon-
gitudinal strain, circumferential strain, or tissue Doppler
velocity of the mitral annulus. Our decision to focus on
rotation as well as basal septal displacement was based on
our objectives for examining the origin of retrograde
CALM with respect to regional motion of the left ventri-
cle. It was not possible to measure arterial Doppler blood
velocity and CALM at the same segment of the CCA,
although velocity measurements were taken immediately
proximal to the high-resolution probe and should there-
fore not have caused a significant limitation to the pre-
sent analyses. An in-house speckle tracking system was
used to measure CALM. While this particular program
has not been externally validated, there is currently no
criterion standard for vascular speckle tracking. Even so,

2016 | Vol. 4 | Iss. 14 | 12872
Page 9

66



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

CALM and Left Ventricular Rotation Mechanics

CALM, as measured by our in-house program, showed
good variability (CV = 7.8%) compared with other
groups (YIi-Ollila et al. 2013). Finally, though this study
may be underpowered in some specific compatisons, we
were able to demonstrate strong correlations between out-
come measures. The dual approach of examining associa-
tions between the timings as well as the magnitudes of
cardiac and CALM events significantly increased our con-
fidence in the determinants of CALM.

Conclusion

In summary, we observed a temporal relationship
between the blood velocity wave and anterograde CALM,
while retrograde CALM was associated in both timing
and magnitude with left ventricular rotation, but not lon-
gitudinal septal displacement, as originally hypothesized.
This relationship between carotid artery movement and
left ventricular rotation may have important implications
for the regulation of local vascular stiffness properties,
and the complex interaction between left ventricular and
vascular function.
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CHAPTER 3:

DIASTOLIC CAROTID ARTERY LONGITUDINAL WALL MOTION IS
SENSITIVE TO BOTH AGING AND CORONARY ARTERY DISEASE STATUS
INDEPENDENT OF ARTERIAL STIFFNESS
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DIASTOLIC CAROTID ARTERY LONGITUDINAL WALL MOTION IS SENSITIVE
TO BOTH AGING AND CORONARY ARTERY DISEASE STATUS INDEPENDENT OF

ARTERIAL STIFFNESS
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Abstract—We investigated the ability of systolic and diastolic carotid artery longitudinal wall motion (CALM) to
delineate expected differences in arterial health in individuals representing a range of both age and health status.
We recruited 161 younger healthy adults (aged 24 + 5 y), 51 older healthy adults (aged 70 + 5 y) and 14 adults with
coronary artery disease (aged 67 + 8 y) for resting assessment of CALM and arterial stiffness. All CALM param-
eters were reduced in the old healthy adults and adults with coronary artery disease compared with the young
healthy adults (p << 0.01), with diastolic velocity and maximum diastolic acceleration being further reduced in
the adults with coronary artery disease than in the older healthy adults (p < 0.01). Diastolic CALM parameters
were more strongly related to age (G range: —0.46 to —0.53) than systolic CALM parameters (3 range: —0.24
to —0.44). In contrast to previous examinations of a variety of CALM parameters, diastolic CALM may provide
superior promise in terms of characterizing arterial wall properties, with additional sensitivity to cardiovascular
disease status. (E-mail: macdonmj@mcemaster.ca) © 2017 World Federation for Ultrasound in Medicine &
Biology.

Key Words: Arterial structure, Arterial compliance, Ultrasound, Aging, Coronary artery disease, Arterial wall mo-

tion, Speckle tracking.

INTRODUCTION

Traditional measures of vascular structure and function
have largely been studied in the radial plane, where
more elastic arteries are characterized by slower pulse
wave propagation and a high ratio of the cyclic change
in cross-sectional area to pulse pressure (Nichols and
O’Rourke 2005). Although only central arterial stiffness
has been recommended as reflecting cardiovascular dis-
ease (CVD) risk (Reference Values for Arterial
Stiffness’ Collaboration 2010; Van Bortel et al. 2012),
local common carotid artery (CCA) properties such as
distensibility and intima-media thickness (IMT) have
also been found to be sensitive to age and disease status
(Engelen et al. 2015; Lorenz et al. 2007). Of particular
clinical importance, measures of arterial stiffness in the
radial plane have been suggested to increase throughout
the life span in the absence of overt CVD (Mitchell
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et al. 2004), making them sensitive to CVD risk in other-
wise healthy adults.

Recent advances in ultrasound image analysis
have allowed measurement of arterial wall motion
not only in the radial plane, but also in the longitudinal
plane, along the length of an artery (Persson el al.
2003; Svedlund and Gan 2010). The study of carotid
artery longitudinal wall motion (CALM) is an
emerging field in vascular physiology, and some
descriptive CALM parameters have been previously
associated with local CCA distensibility,
augmentation index and pulse wave velocity (PWV)
(Taivainen et al. 2017; Yhi-Ollila et al. 2015; Zahnd
et al. 2012). The measurement of CALM has
previously been reported provide additional
information beyond what is captured by traditional
arterial stiffness assessment (Zahnd et al. 2012) and,
therefore, has potential to be a vascular assessment
tool that is complementary to traditionally measured
arterial health indices. In addition, the measurement
of CALM requires only the use of high-resolution ul-
trasound without the added complexity of local blood
pressure measurements, making it distinct from
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pressure-dependent stiffness indexes acquired in the
radial plane. Unfortunately, there currently exists only
a small base of support for the clinical utility of
CALM, and the relationship of CALM parameters to
other stiffness measures has not yet been investigated
across a large range of individuals with expected differ-
ences in arterial stiffness and CVD risk.

In this emerging field of CALM assessment,
different research groups have represented longitudinal
motion parameters in different ways, including the
determination of simplified CALM displacements
(Cinthio and Ahlgren 2010; Golemati et al. 2003;
Svedlund and Gan 2011), displacement indices
adjusted for relative motion between layers (Cinthio
et al. 2006; Zahnd et al. 2012, 2014) and measurement
of pattern length and complexity (Taivainen et al.
2017; Yli-Ollila et al. 2013, 2015). However, few of
these parameters have a physiologic foundation on
which to base their suggested associations with
vascular structure. In agreement with early predictions
that CALM would be influenced by the forces
generated by both cardiac motion and arterial blood
flow (Cinthio et al. 2006), our laboratory has recently re-
ported a relationship between some CALM parameter
magnitudes and both left ventricular rotation and local
blood velocity during the systolic phase of the cardiac
cycle (Au et al. 2016). We further suggest that differ-
ences in these influencing factors form the basis of the
substantial inter-individual variability observed in sys-
tolic CALM parameters (Ahlgren et al. 2012; Yli-
Ollila et al. 2013). In contrast, we hypothesize here
that diastolic CALM will be relatively unaffected by
variations in blood flow and ventricular motion, as
active myocardial contraction is complete and the
aortic wvalve is closed, limiting the complex
physiologic interactions with CALM during systole.
Therefore, diastolic measures may be more direct and
sensitive indicators of the intrinsic properties of the
arterial wall.

The aims of this study were: (i) to investigate the
sensitivity of both systolic and diastolic CALM parame-
ters to discriminate between groups of individuals with
expected differences in arterial health status and (ii) to
investigate the relationship between these parameters
and arterial stiffness in a population of adults represent-
ing a broad range of age and CVD status. Furthermore,
we wanted to explore which CALM parameters might
provide unique arterial health information that is inde-
pendent of traditional arterial stiffness. We hypothesized
that diastolic CALM parameters would be related to
local CCA arterial stiffness, and that these parameters
would be more sensitive to differences in age and
CVD health status compared with systolic CALM
parameters.
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METHODS

Participants and ethical approval

Two hundred and sixty-two participants were
included in this analysis from previously collected data
sets in our laboratory from 2012 to 2016. Healthy adults
were grouped into younger healthy adults (YHA, <60 y
old) and older healthy adults (OHA, =60 y old). Adults
with documented coronary artery disease (CAD) met
one of the following criteria: angiographically docu-
mented stenosis >50% in at least one major coronary ar-
tery; myocardial infarction, percutaneous coronary
intervention or coronary artery bypass graft surgery; or
positive exercise stress test determined by a positive nu-
clear scan or symptoms of chest discomfort accompanied
by electrocardiogram (ECG) changes greater than 1 mm
horizontal or downsloping ST-segment depression.
Thirty-six participants were excluded because of poor
image quality (primarily because of out-of-plane imaging
and high echo backscatter; 17 YHA, 18 OHA, 1 CAD),
resulting in a final analysis including 161 YHA
(24 £ 5 y), 51 OHA (70 £ 5 y) and 14 adults with
CAD (67 = 8 y). All data collection was completed at
the Vascular Dynamics Laboratory at McMaster Univer-
sity, Hamilton, Ontario, Canada. All participants gave
verbal and written consent before participation in the
study. The study protocols were approved by the Hamil-
ton Integrated Research Ethics Board and conform to the
Declaration of Helsinki concerning the use of human pa-
tients as research participants.

Experimental measures

All participants visited the laboratory between
0700 and 1100 hours in the fasted state, having re-
frained from exercise, alcohol and caffeine for >8 h.
All measures were done in the supine position after a
10-min supine rest period. After the rest period, supine
brachial blood pressure was measured in triplicate with
a commercially available oscillometric device (Dina-
map Pro 100, Critikon LCC, Tampa, FL, USA). All
partticipants were continuously monitored for heart
rate with single-lead ECGs (PowerLab Model ML
132, AD Imstruments, Colorade Springs, CO, USA)
and beat-to-beat finger blood pressures (Finometer

MIDI, Finapres Medical Systems, Amsterdam,
Netherlands).
Carotid  artery  longitudinal  wall  motion.

Longitudinal motion was assessed as previously
described (Au et al. 2016). In brief, brightness mode
(B-mode), high-resolution ultrasound images were ob-
tained at the right CCA, 1-3 cm proximal to the carotid
bifurcation at 102.5 fps, using a 12-MHz linear-array
probe connected to a commercial ultrasound unit (Vivid
g, GE Medical Systems, Horten, Norway). Participants
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were asked to briefly hold their breath during image
acquisition, and three to six heart cycles were recorded.
CALM was measured using an in-house speckle tracking
algorithm (MATLAB, The MathWorks, Natick, MA,
USA) (Tat et al. 2015). Gated to the R-spike on the
ECG, two reference kernel blocks were manually placed
on the far wall of the CCA to assess motion of two arterial
wall layers. The first kernel was positioned so that the
lower edge was placed on the media—adventitia interface
(tracking the intima—media), while the second kernel was
positioned immediately below, with the upper edge also
placed on the media—adventitia interface (tracking the
adventitia). All images in this study were analyzed by
one of two observers (J.A. and S.V.). In a subset of 10 par-
ticipants, values of the inter-rater reliability, ICC(2,2) ab-
solute agreement, for anterograde, retrograde, and
diastolic CALM were 0.92, 0.90, and 0.92 between these
two observers, respectively.

Data analysis of CALM. We previously reported
that certain CALM events are consistent within an indi-
vidual and are related to physiologic events (Au et al.
2016). CALM traces were visualized for the detection
of three primary phases of movement, which are found
in all participants, regardless of inter-individual varia-
tions in the CALM pattern: systolic anterograde
CALM (the first systolic anterograde movement to the
peak systolic anterograde displacement), systolic retro-
grade CALM (the peak systolic anterograde displace-
ment to the peak retrograde displacement) and
diastolic CALM displacement (the peak retrograde
displacement to the local diastolic anterograde plateau)
(Fig. 1). Maximum longitudinal displacement is re-
ported as maximum CALM. Mean diastolic velocity
was calculated as the diastolic displacement over time.
To obtain maximum instantaneous velocities and
accelerations during the diastolic CALM phase, the
displacement trace was digitally filtered (second-order,
dual-pass Butterworth, Fc = 10 Hz) and subsequently
differentiated into velocity and acceleration traces for
peak detection. Shear strain was calculated between
the intima—media and adventitia layers, as previous re-
ported (Tat et al. 2015) (Fig. 1). Shearing angle was
calculated using the equation (Cinthio et al. 2006)

[LPosp—LP0Spter)| — [LPOSAdy —LPOS sty e

largest absolute shearing angle across the cardiac cycle
is reported. For graphical representation only, and not
for the purposes of generation of parameter values,
the group-averaged longitudinal and radial plane
displacement traces from three to six heart cycles per
participant were linearly interpolated to 100 discrete
points to account for variable heart cycle durations,
which were then averaged within each population
group.

Carotid artery distensibility. CCA distensibility
was assessed using combined applanation tonometry
(Model SPT-301, Millar Instruments, Houston, TX,
USA) and B-mode ultrasound imaging. Local blood
pressures were estimated from 10 high-quality pressure
waveforms obtained at the CCA, where maximuom,
mean and minimum tonometer voltages were used to
predict carotid blood pressure, calibrated to supine
brachial blood pressure. Carotid maximum and mini-
mum lumen diameters were assessed from images ob-
tained with a 12-MHz linear-array ultrasound probe
(Vivid q) positioned 2-5 cm proximal to the CCA
bifurcation. Images were stored off-line in Digital Im-
aging and Communications in Medicine (DICOM)
format for later amalysis. Luomen diameters were
measured using semi-automated edge-tracking soft-
ware {(Arterial Measurement System Image and Data
Analysis, Tomas Gustavsson, Gothenburg, Sweden)
(Liang et al. 2000). The equation for CCA distensi-
bility was (Nichols and O’Rourke 2005)

LDmax —LDmin

PP X LDmin @

distensibility =
where LDmax is the maximum lumen diameter, LDmin is
the minimum lumen diameter, and PP is the pulse
pressure.

Carotid—femoral pulse wave velocity. Carotid—
femoral PW'V was assessed according to the latest pub-
lished guidelines (Van Bortel et al. 2012). High-quality
pulse waves were recorded at the right common carotid
and common femoral arteries using applanation tonom-
etry (Model SPT-301) and sampled at 2000 Hz using
commercially available hardware (PowerLab Model

@

shear strain = arctan{

where LPos is longitudinal position, IM is intima—ime-
dia, Adv is adventitia and ref is reference frame. The

radial distance between ROI of IM and Adv
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ML 795, AD Instruments). Palse waves were bandpass
filtered at 5-30 Hz to identify the time of the foot of
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Fig. 1. Idealized CALM pattem of a single cardiac cycle, ECG-gated to the R—R interval. Points A-F represent consistent

local maxima and minima between all participants. Systolic anterograde CALM is the difference in magnitude between C

and B. Systolic retrograde CALM is the difference in magnitude between D and C. Diastolic CALM is the difference in

magnitude between E and D. Shearing angle is calculated as the instantaneous angle between the intima—media (black)

and adventitia (grey) wall layers. CALM = carotid artery longitudinal wave motion; ECG = electrocardiogram;
ES = end-systole.

the waveform to calculate pulse transit time (Munakata
et al. 2003). Carotid—femoral PWV was calculated as

80% D

WY = o2
¢ PTT

3)
where 80% D is 80% of the distance between the carotid
and femoral arteries measured using an anthropometric
tape measure, and PTT is the foot-to-foot pulse transit
time.

Intima—media thickness. Arterial wall thickness was
assessed by B-mode ultrasound imaging of the right
CCA, 2-5 cm proximal to the carotid bifurcation. A
30-s image was obtained in the lateral plane, with a single
focus point positioned at the far wall. After acquisition,
images were stored off-line in DICOM format. Images
were analyzed using automated edge-tracking (EchoPac,
GE Medical Systems), ECG-gated to end-diastole with a
minimum of 100 discrete points used per frame to calcu-
late an average far wall IMT. Because of the heterogene-
ity in some collected data, semi-automated edge-tracking
was used instead of automated edge-tracking in 43 YHA
(Arterial Measurement System Image and Data Anal-
ysis). Our laboratory has previously reported good agree-
ment between the two methods (bias: 0.03 mm, 95%
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limits of agreement: —0.10 to 0.05 mm) (Shenouda
et al. 2013), and therefore, these analysis methods were
used interchangeably.

Statistical analysis

Statistical analyses were performed using IBM
SPSS Statistics for Macintosh Version 20.0.0, (IBM, Ar-
monk, NY, USA) and STATA Version 13 (STATA, Col-
lege Station, TX, USA) for regressions. Data were
checked for normality using the Shapiro-Wilk test and
further examined vig histogram plots, and were found
to be highly non-normal; therefore non-parametric ana-
lyses were used. Group differences were assessed using
the Kruskal-Wallis test with significant effects followed
with the Mann—Whitney U-test with a Bonferroni correc-
tion. Relationships between CALM paramieters and de-
mographic characteristics (age, body mass index, heart
rate, systolic blood pressure) were assessed with
Spearman rank correlations (p). To test for predictors of
CALM parameters, groups were combined and multiple
regression analyses were performed using a backward
regression model with each CALM parameter as a sepa-
rate dependent variable. Models were adjusted for CALM
confounders (I.e., height, weight, heart rate, mean arterial
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pressure and presence of CAD) based on previous find-
ings (Svedlund et al. 2011; Zahnd et al. 2012). Models
were further adjusted for the impact of arterial stiffness
parameters (i.e., cfPWV, CCA distensibility). IMT was
found to be collinear with age, and was not included in
any model. After the variables that could best predict
the CALM parameter were determined, a series of
cross-validation techniques (i.e., bootstrapping) were
performed to assess the generalizability of the model,
with smaller shrinkage values indicating better generaliz-
ability. Data are reported as the median = interquartile
range, unless otherwise stated. For all analyses, the
acceptable significance was set at a = 0.05,

RESULTS

Group differences in arterial stiffiness

Characteristics of participants are outlined in
Table 1. Compared with YHA, OHA and CAD were older
(p < 0.01), had greater body mass indexes (p << 0.01) and
had higher supine blood pressures (p << 0.01). CAD also
had lower heart rates compared with YHA and OHA
(p < 0.05). OHA and CAD also had lower distensibility
(p < 0.01), higher c¢fPWV (p < 0.01) and thicker IMT
(p < 0.01) compared with YHA (Fig. 2).

Group differences in CALM

Group-averaged CALM traces are provided in
Figure 3, and CALM parameters for the intima-media
in Figure 4. Systolic anterograde, systolic retrograde
and diastolic CALM displacements were quantifiable in
all participants, regardless of inter-individual differences
in CALM patterns. OHA and CAD exhibited less systolic
anterograde  (OHA: 0.12  * 022 mm, CAD:
0.05 = 0.14 mm vs. YHA: 0.24 * 0.24 mm, p < 0.01),
systolic retrograde (OHA: 0.26 = 0.20 mm, CAD:

Table 1. Characteristics of participants
(median = interquartile range)
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Variable (n=161) (0 =51) =14
Group
Sex (M/F) 117/44 3021 14/0
Age (¥) 23+ 4 69 *+ 6% 69 *+ 12%
Height (m} 1.76 £ 0.13 1.70 = 0.16* 1.75 = .11
Body mass (kg) 728 +20.5 749+ 167 831 + 211
Body mass index Ekg,'mz) 240+ 48 261 +56% 280+ 7.0%
Supine SBP (mm Hg}) 116 £ 15 130 £ 20+ 127 + 37
Supine DBP (mm Hg) 60 * 6 73 £ 12% 74 = 107
Supine MAP (mm Hg) 85+ 6 92 + 16% 95 + 24%
Supine heart rate (bpm) 6l *+ 12 60 *+ 14 51+ 12%+

CAD = adults with coronary artery disease; DBP = diastolic blood
pressure; MAP = mean arterial pressure; OHA = older healthy adults:
SBP = systolic blood pressure; YHA = younger healthy adults.

* p < 0.01 different from YHA.

" p < 0.05 different from YHA.

Fp < 0.01 different from OHA.
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Fig. 2. Group differences in traditional measures of arterial
health: (a) cfPWV; (b) common carotid artery distensibility:
and (c) carotid intima—media thickness. The box represents
the 25th, 50th (median) and 75th percentiles. The cross indicates
the mean and the bars represent the 95% confidence interval.
CAD = coronary artery disease; ¢fPWV = carotid—femoral
pulse wave velocity: OHA older healthy adults;
YHA = younger healthy adults; *p << (.01 different from YHA.

0.25 * 0.23 mm vs. YHA: 046 = 0.31 mm, p < 0.01)
and maximum (OHA: 035 * 033 mm, CAD:
0.34 £ 0.33 mm vs. YHA: 0.62 = 031 mm, p < (L01)
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Fig. 3. Group-averaged traces of carotid artery longitudinal wall motion (top) and radial wall motion (bottom) of the in-

tima-media (black) and adventitia (gray) with the accompanying shear strain (dashed line) for (a) younger healthy adults,

(b) older healthy adults, and (c) adults with coronary artery disease. Traces are expressed as a percentage of a single car-
diac cycle, ECG-gated to the R-R interval, with standard deviation lines removed for clarity.

CALM displacement compared with YHA. Similarly,
OHA and CAD had smaller maximum shear strain angles
compared with YHA (OHA: 9.14 = 8.62°, CAD:
10.5 * 5.80° vs. YHA: 16.3 * 11.49°, p < 0.01). Dia-
stolic CALM displacement (OHA: 0.21 = 0.14 mm,
CAD: 0.23 = 0.12 mm vs. YHA: 0.53 = 041 mm,
p < 0.01) and maximum instantaneous diastolic velocity
(OHA: 1.97 = 1.78 m/s, CAD: 1.71 £ 1.12 m/s vs. YHA:
5.78 £ 4.80 m/s, p < 0.01) were also reduced in OHA and
CAD compared with YHA. CAD exhibited slower mean
diastolic velocity (CAD: 0.88 = 0.39 m/s vs. OHA:
1.13 = 0.72 m/s, p = 0.01, vs. YHA: 3.15 = 2.21 m/s,
p < 0.01) and slower maximum instantaneous diastolic
acceleration (CAD: 52.79 + 2152 m/s’ vs OHA:
6482 + 3281 m/s>, p < 001: vs YHA:
132.70 + 86.12 m/s>, p < 0.01) compared with both
OHA and YHA. However, when diastolic velocity and
maximum acceleration were controlled for maximal
retrograde position, differences between OHA and
CAD were no longer apparent (p > 0.05). All adventitial
parameters had lower displacement, velocity and acceler-
ation than intima-media parameters (p < 0.05, data not
shown), with similar differences between groups,
although diastolic CALM parameters were no longer
different between OHA and CAD (p > 0.05; data not
shown).

Correlations between CALM and arterial stiffness

Age was more highly correlated to all diastolic
CALM parameters (p range: 0.42-0.54, p < 0.01)
compared with systolic CALM parameters (p range:
0.20-0.33, p < 0.01), which was similar for relationships
with both body mass index and mean arterial pressure
(Table 2). Al CALM parameters were correlated to
cfPWYV, CCA distensibility and IMT (p < 0.01), except
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for systolic anterograde CALM, which was correlated
only with cfPWV (p = —0.19, p < 0.01) and IMT
(p = —0.15, p = 0.03) (Figs. 5 and 6). Of note, the stron-
gest correlate of ¢fPWV was mean diastolic CALM ve-
locity (p —0.46, p < 0.01), and the strongest
correlate of distensibility was maximum instantaneous
diastolic velocity (p = 0.46, p < 0.01).

Predictors of CALM

Multivariate regression was used to assess the pre-
dictors of CALM parameters (Table 3). Age was a signif-
icant predictor of all CALM parameters (except for shear
strain), with older age being associated with a reduction
in all CALM displacements and velocities. Of note, dia-
stolic CALM parameters were the strongest models (B>
range: 26.7%-33.1%) and had good generalizability
(shrinkage range: 1.1%-12.5%). In contrast, systolic
CALM parameters had lower model fits (R? range:
6.7%-20.5%) and a large range of generalizability
(shrinkage range: 0.25%—74%), with systolic anterograde
CALM performing the worst. When controlling for arte-
rial stiffness parameters, diastolic CALM variables were
more strongly related to age (8 range: —0.46 to —0.53)
than systolic CALM parameters (8 range: —0.24 to
—(.44), with no associations with either cfPW Vor disten-
sibility in any CALM parameter.

DISCUSSION

Our study is the first to provide evidence that dia-
stolic, in comparison to systolic, CALM parameters
have stronger relationships with intrinsic properties of
arterial wall stiffness and provide added utility in
discriminating between groups with expected differences
in arterial health. We observed a reduced magnitude of
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Fig. 4. Group differences in CALM parameters. (a-d} Systolic CALM parameters. (e-h) Diastolic CALM parameters.

The box represents the 25th, 50th (median) and 75th percentiles. The cross indicates the mean, and the bars represent

the 95% confidence interval. CAD = coronary artery disease, CALM = carotid artery longitudinal wave motion;

OHA = older healthy adults: YHA = younger healthy adults. *p << 0.01 different from YHA. **p <2 0.01 different
from YHA and OHA.
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Table 2. Spearman correlations between CALM and demographic characteristics

Age BMI HR MAP ™MT
CALM parameter p P P P p P p P p P
Systolic CALM
Anterograde —0.20 <0.01 0.06 0.38 0.06 0.42 —-0.01 0.96 —0.15 0.03
Retrograde —0.30 <0.01 -0.24 <0.01 —0.10 0.13 —0.33 <0.01 —0.35 <0.01
Maximum —-0.27 <0.01 —0.28 <0.01 —0.14 0.05 —0.28 <0.01 —0.29 <0.01
Shear angle -0.33 <0.01 -0.10 0.17 —0.07 0.31 —0.25 <0.01 —0.37 <0.01
Diastolic CALM
Diastolic —0.42 <0.01 -035 <0.01 —0.09 0.19 —0.39 <0.01 —0.38 <0.01
MDV —-0.51 <0.01 —0.34 <0m 0.02 0.76 —0.39 <0.01 —0.46 <0.01
MIDV —-0.54 <0.01 -037 <00 0.01 0.93 —0.42 <0.01 —0.48 <0.01
MIDA —047 <0.01 -032 <00 0.03 0.69 —0.37 <0.01 —0.45 <0.01

BMI = body mass index; HR = heart rate; IMT = intima—media thickness; MAP = mean arterial pressure; MDV = mean diastolic velocity;
MIDA = maximum instantaneous diastolic acceleration; MIDV = maximum instantaneous diastolic velocity.

CALM across the different phases of the cardiac cycle
with older age, while diastolic CALM parameters were
further reduced in individuals with CAD. Although there
were simple linear relationships between CALM and
stiffness indices, diastolic CALM parameters were 4sso-
ciated with age independent of cfPWV and CCA distensi-
bility. Our findings indicate a relationship between
CALM parameters and age independent of arterial stiff-
ness in the radial plane. In particular, diastolic CALM pa-
rameters appear to more strongly reflect this association,
which is likely the result of relative physiologic indepen-
dence from the active systolic processes of the high-
velocity phase of anterograde blood flow and active left
ventricular motion caused by myocyte contraction.
Previous investigations have examined a wide range
of CALM parameters (Cinthio et al. 2006; Zahnd et al.
2011) and have identified varying degrees of sensitivity
of these parameters to health status; however, the
physiologic determinants of CALM parameters remain
to be determined. We previously reported that CALM
displacements follow a predictable pattern that can be
segmented into directional phases during the systolic
and diastolic portions of the cardiac cycle. During
systole, these phases correspond to physiologic events
occurring both at the local CCA (i.e., the blood velocity
wave) and upstream at the heart ({.e., left ventricular
rotation parameters) (Au et al. 2016). These “active” sys-
tolic events may be confounders in interpreting inter-
individual variation in CALM traces, as both CCA blood
flow patterns and left ventricular rotation change with age
and health status (Burns et al. 2008; Hirata et al. 2000,
Takeuchi et al. 2007). Therefore, we were interested in
the relationship between the relatively “passive”
diastolic phase of CALM and its sensitivity to aging
and arterial health status. We found that there is a
consistent diastolic pattern in CALM, which we
describe as a late, second anterograde displacement
followed by a return to a reference position near the
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end of the cardiac cycle (Fig. 3). Although all CATLM pa-
rameters were associated with age in a multivariate
model, diastolic, versus systolic, CALM parameters had
the best fit (R* values ranging from 26.7% to 33.1%)
and best generalizability (shrinkage ranging from 1.1%
to 12.5%), and were also better able to distinguish be-
tween healthy older adults and those with documented
CAD in a group comparison (Fig. 4f-h).

Traditional measures of arterial stiffness in the
radial plane increase with age across different ranges
of blood pressures {Engelen et al. 2015; Reference
Values for Arterial Stiffness’ Collaboration 2010). We
found similar structural changes in both the central
elastic arteries (¢cfPW'V) and local CCA (distensibility,
IMT) in older adults, which was mirrored by
reductions in both systolic and diastolic CALM
displacements. Only two previous studies have
compared CALM in older versus younger healthy
adults {Golemati et al. 2003; Zahnd et al. 2011),
similarly finding reduced total displacements in small
cohorts. These reductions in motion magnitude may be
due to structural remodeling of the vascular wall with
age, including altered reguolation of matrix
metalloproteinases {Wang and Lakatta 2002), increases
in vascular smooth muscle cell stiffness (Qiu et al.
2010), increases in inflammation (Mahmud and Feely
2005) and increased sympathetic tone (Giannattasio
et al. 2005). Of particular note, one research group has
recently reported that CALM displacements are reduced
in response to increased sympathetic activity in a
porcine model (Ahlgren et al. 2012, 2015), likely
implicating the age-related increase in sympathetic ac-
tivity as aregulatory factor in the reduction of longitudi-
nal wall displacement. Our group has recently proposed
an integrative model suggesting that local hemody-
namics and upstream left ventricular function may ac-
count for inter-individual differences in CALM
displacement magnitades (Au et al. 2016), which is
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partially supported by our cross-sectional observations tory factors may also affect the observed differences in
with aging and CAD. In the context of this model, diastolic CALM parameters. For example, the age-
age- and/or disease-related changes in systemic regula- related increase in CCA diameter (Engelen et al. 2015;
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Polak et al. 1996), increase in left ventricular torsion
(Tavakoli and Sahba 2013) and decrease in left ventric-
ular diastolic filling (Hollingsworth et al. 2012) may
indirectly affect the anterograde, retrograde and dia-

stolic phases of CALM, respectively. However, none
of these mechanistic changes have yet been linked to re-
ductions in CALM in controlled experimental studies,
inviting an exciting new field of future research.
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Table 3. Multiple regression analysis for significant predictors of CALM parameters
CALM parameter Model information B 8 P
Systolic CALM
Anterograde CALM Model B = 6.7%, shrinkage = 74.0%
Age —0.002 —0.24 <0.01
Weight 0.002 0.13 0.05
Retrograde CALM Model & = 20.5%, shrinkage = 7.8%
Age —0.004 —0.44 <0.01
Heart rate —0.003 —0.14 0.02
Maximum CALM Model # = 15.8%, shrinkage = 16.2%
Age —0.004 —0.37 <0.01
Heart rate —0.005 —0.19 <0.01
Shearing angle Model & = 8.9%, shrinkage = 0:25%
Mean arterial pressure —0.340 —0.30 <0.01
Diastolic CALM
Diastolic CALM displacement Model B = 26.9%, shrinkage = 12.5%
Age —0.006 —0.46 <0.01
‘Weight —0.003 —0.18 <0.01
Heart rate —0.005 —0.18 <0.01
MDV Model B2 = 27.2%, shrinkage = 1.1%
Age —0.041 —0.52 <0.01
MIDV Model B = 33.1%, shrinkage = 2.02%
Age —0.079 —0.53 <0.01
Weight —0.039 —0.19 0.01
MIDA Model B = 26.7%, shrinkage = 2.32%
Age —1.49 —0.51 <0.01

MDV = mean diastolic velocity; MIDA = maximum instantaneous diastolic acceleration; MIDV = maximum instantaneous diastolic velocity.

Although it is tempting to liken the reductions in
longitudinal displacement to the increases in arterial stiff-
ness with age, our data indicate otherwise. We observed
linear relationships among CALM parameters, arterial
stiffness and age similar to previous reports (Taivainen
et al. 2017; Zahnd et al. 2012}, but when accounting for
both anthropometrics and arterial stiffness, we found
that CALM was uniquely related to age independent of
arterial stiffness. Functionally, increases in radial plane
arterial stiffness contribute to increases in blood
pressure by reducing the pressure buffering capacity of
the central elastic arteries, as well as shifting the
reflected pressure wave earlier in the cardiac cycle and
increasing pressure angmentation (Phan et al. 2016). It
is unlikely that CAILM parameters contribute to the
same etiology of age-related increases in blood pressure
similar to that of increasing pulse wave velocity, as
CALM and radial distension occur in different planes.
However, Yli-Ollila et al. (2016a, 2016b) recently
reported a relationship between longitudinal motion and
the distending pressure wave through principal
component analysis, warranting further studies in more
heterogeneous samples of adults. In theory, CALM may
have a role in vascular aging and the etiology of
atherosclerosis through its relationships to wall shear
stress and endothelial health. The presence of
multiphasic motion of the arterial wall both with and
against the direction of blood flow is likely to alter wall
shear stress and endothelium-mediated nitric oxide
bioavailability in major conduit arteries, where CALM
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has previously been observed (Cinthio et al. 2006). In
particular, wall shear stress during late systole may be
severely underestimated because of the opposing direc-
tions of blood flow and the arterial wall, rather than stan-
dard assumption of a stationary wall. Although it is
unknown exactly how alterations in the repetitive,
cyclical action of longitadinal shear forces affect vascular
wall health over the life span, this is certainly something
that should be considered given high inter-individual
variability in trace pattern in otherwise healthy adults
(Yli-Ollila et al. 2013).

The measurement of arterial stiffness is an attractive
measure of CVD risk for clinical use because of its ability
to identify and reclassify risk for future cardiovascular
events in otherwise healthy adults (Ben-Shlomo et al.
2014). However, arterial stiffness has not reached wide-
spread clinical use, in part, because of the requirement
of significant operator skill and the lack of integration
of arterial stiffness measurement devices in clinical set-
tings. These limitations are comsiderably reduced for
CALM, which has the potential to offer information
similar to that provided by arterial stiffness, while using
non-invasive medical imaging equipment already in place
in many clinical locations (i.e., ultrasound). Our results
support this idea, providing preliminary evidence that
diastolic CALM parameters are more sensitive to the
presence of CAD than traditional stiffness measures or
systolic CALM parameters. Few studies have examined
the relationship of CALM to overt CVD, though all report
promising results. In particular, plaque burden has been
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found to affect both the magnitude and pattern of CALM
compared with younger, healthy adults (Svedlund and
Gan 2011; Tat et al. 2016). Furthermore, Svedlund
etal. (2011) reported that maximum CALM displacement
was an independent predictor of major cardiovascular
events i adults with suspect CAD (Svedlund et al
2011). Although this is strong evidence to support the
use of CALM parameters in CVD risk stratification, it
should be noted that total CALM displacement is a sys-
tolic parameter, likely confounded by left ventricular sys-
tolic function (Au et al. 2016), which would explain the
strong value in predicting future CVD events. It would
be interesting to extend our findings on diastolic CALM
parameters to event prediction, to study CALM indepen-
dent of left ventricular function.

Limitations

Although we had a large sample of healthy adults,
we did not include a cohort of middle-aged adults or
woen, which would be beneficial to improve the gener-
alizability of our models between CALM parameters and
age. However, we appeared to have adequate ranges of
arterial stiffness and CALM magnitudes in which to study
simple linear relationships. The sample size of our CAD
group was small, and larger samples are needed to
confirm reductions in diastolic CALM parameters in
comparison to healthy age-matched controls. Further-
more, participants with CAD were medicated, with
79% on statins, 50% on beta-blockers and 43% on
angiotensin-converting enzyme inhibitors. The use of
beta-blockers likely accounts for the bradycardia in the
CAD group, although it is unknown whether heart rate-
or blood pressure-altering medication would have an
impact on motion in the longitudinal direction. Although
one group has suggested that longitudinal wall motion is
related to the distending pressure wave (Y1i-Ollila et al.
2016a, 2016b), there are no available experimental or
paced studies that assess the dependence of CALM on
heart rate or blood pressure. It should be noted that
~14% of recruited participants were not included in the
analysis because of poor image quality, primarily
because of out-of-plane imaging and high echo back-
scatter at the far wall of the CCA, highlighting that
some degree of operator skill is needed for accurate
recordings.

CONCLUSIONS

All CALM parameters are reduced with age, with
diastolic CALM parameters being further reduced in in-
dividuals with CAD. CALM parameters were also related
to age, independent of arterial stiffness, although CALM
and stiffness themselves were linearly related in a simple
model. Contrary to previously published reports on a
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variety of CALM parameters, diastolic, rather than sys-
tolic, CALM miay offer unique arterial wall information
that is independent of arterial stiffness, with additional
sensitivity to CVD status. As the mechanisms underlying
reduced diastolic CALM displacement and velocity with
aging and disease are currently unknown, future work
should evaluate whether these differences are linked to
structural or functional changes within the vascular
wall, as well as further investigate the relationship be-
tween radial and longitudinal arterial stiffness in humans.
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ABSTRACT

Carotid artery longitudinal wall motion (CALM) has recently attracted interest as a
potential indicator of arterial health; however, the regulation of CALM is poorly
understood. We conducted a series of studies aimed at manipulating pulse pressure (PP),
left ventricular (LV) motion, and carotid shear rate, which have been previously
suggested to regulate various components of CALM pattern and magnitude. To determine
the regulatory influences on CALM, fifteen healthy males (22+2 years) were exposed to
three acute interventions: the Serial Subtraction Test (SST), the Cold Pressor Test (CPT),
and exposure to sublingual nitroglycerin (NTG). The SST elicited increases in PP
(P<0.01), apical LV rotation (P<0.01), and carotid shear rate (P<0.01), with no changes
in CALM (P>0.05). Similarly, the CPT elicited increases in PP (P=0.01), basal LV
rotation (P = 0.04) and carotid shear rate (P=0.01), with no changes in CALM (P>0.05).
Conversely, exposure to NTG elicited no change in PP (P=0.22), basal (P=0.65) or apical
LV rotation (P=0.45), but did decrease carotid shear rate (P<0.01), without altering
CALM (P>0.05). When all three interventions were pooled, there was a proportional
relationship between changes in LV basal rotation and changes in systolic retrograde
CALM (r=-0.35, P=0.03; B=-0.025, P=0.03). These findings suggest that while the
systolic, but not diastolic, CALM pattern is influenced by LV mechanics, discrete
changes in LV rotation and shear rate do not generate detectable changes in CALM.
Future investigations should focus on evaluations of diastolic-phase CALM components,
which may provide additional value to characterizing arterial wall properties independent

of LV rotation and pulse pressure.
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INTRODUCTION

Distension of the central elastic arteries is primarily influenced by local pulse
pressure (PP), vasomotor tone and the structural characteristics of the arterial wall. While
much previous research has focused on vascular measures dependent upon radial
distension (e.g., arterial distensibility, Young’s modulus, pulse wave velocity) (37), there
have been few studies that have acknowledged longitudinal displacement of the arterial
wall. Carotid artery longitudinal wall motion (CALM) is biphasic (oscillating
displacement with and against blood flow) (7), equal in magnitude to that of radial
distension (26), and has recently been suggested to complement traditional stiffness
measures in the prediction of cardiovascular disease risk (4, 46).

Much of the physiological regulation of CALM remains undetermined, despite
arguments presented for the influence of PP (1, 42, 43), left ventricular (LV) rotation (3),
and local wall shear stress (2, 3). While the above factors have been proposed and
initially tested in a porcine model (1, 2), no study to date has experimentally altered local
hemodynamics and LV mechanics in order to investigate the regulation of the CALM
pattern in humans. Our lab has previously theorized a structural ventricular-vascular
coupling model where systolic CALM is comprised of two components: anterograde
motion, which represents the summation of anterograde-influencing shear forces caused
by the local forward blood velocity wave and retrograde-influencing left ventricular (LV)
rotation; and retrograde CALM, which is primarily induced by LV rotation (3). While our
previous cross-sectional observational assessments provide some support for this theory,

additional in vivo stimulus-response designs are necessary to verify causal links.
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The purpose of this study was, therefore, to investigate the role of potential
regulators of systolic CALM using an acute interventional model in humans. In order to
examine the physiologic factors that influence the systolic CALM pattern, we performed
a series of experiments intended to acutely alter PP and LV rotation through sympathetic
activation (i.e., increases in blood pressure using either a serial subtraction test [SST], or a
cold pressor test [CPT]) and local common carotid artery (CCA) shear rate through
vascular smooth muscle relaxation (i.e., endothelial-independent vasodilation through
sublingual nitroglycerin administration [NTG]). We hypothesized that increases in PP and
LV rotation would be associated with increases in the systolic retrograde components of
the CALM pattern, whereas increases in local CCA shear rate would be associated with
increases in the systolic anterograde components of the CALM pattern, building upon our

previously suggested model for structural ventricular-vascular coupling.

METHODS
Participants and ethical approval

Fifteen young healthy men (age: 22+2 years) were recruited for this study. All
participants gave verbal and written consent prior to enrolment in the study. The study
protocol was approved by the Hamilton Integrated Research Ethics Board and conforms
to the Declaration of Helsinki concerning the use of human subjects as research

participants.
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Protocol Overview

All participants arrived at the lab between the hours of 0700 and 1000 in the
fasted state, having refrained from caffeine, alcohol and vigorous physical activity for the
past 12 hours. After 10 minutes of supine rest, the remainder of the protocol was
completed with the participant in the left lateral decubitus position to facilitate acquisition
of cardiac ultrasound images. In a single testing session, participants performed the three
interventions (SST, CPT and NTG) in sequence with 10 minutes of rest in between each
intervention. Two trained sonographers performed simultaneous ultrasound assessments
to determine CALM and LV rotation before, during and after each intervention.
Participants’ heart rate and blood pressure were continuously monitored with single-lead
ECG (PowerLab model ML 795; AD Instruments, Colorado Springs, CO, USA) and beat-
to-beat finger blood pressure on the left hand (Finometer MIDI, Finapres Medical

Systems; Amsterdam, The Netherlands), respectively.

Table 1. Participant characteristics and resting
cardiovascular variables (n=15)

Variable Mean + SD
Age (yr) 2242
Height (cm) 18047
Body mass (kg) 81.9+11.0
Systolic blood pressure (mmHg) 11448
Diastolic blood pressure (mmHg) 63+4
Mean blood pressure (mmHg) 8245
Resting heart rate (bpm) 58411
Resting CCA variables
Intima-media thickness (mm) 0.57+0.09
Diastolic lumen diameter (mm) 5.9+0.5
Shear rate (1/s) 209+74
Resting L'V variables
Stroke volume (mL) 57+11
Cardiac output (L/min) 439+1.12
Relative wall thickness 0.37+£0.06
LV mass (g) 188+40
LV mass index (g/m?) 03.2+16.4

Values are means + SD; CCA = common carotid
artery; LV = left ventricular
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Serial Subtraction Test: After baseline measurements were acquired, participants were
given a standard set of instructions to complete the SST (20). During the test, 25 four-
digit numbers were serially projected onto the ceiling for five seconds, allowing the
participant to complete the test in the left lateral decubitus position. Participants were
instructed to subtract the number ‘13’ from each four-digit number, and then speak the
answer in full within the five-second time limit. Study investigators provided immediate
verbal feedback only when incorrect answers were given. Post-SST images were

acquired within 10 seconds of test completion.

Cold Pressor Test: An ice bath with a temperature of 0.9£0.5 °C was prepared for the
CPT. After the acquisition of baseline images, the participants were asked to immerse
their right hand into the ice water up to wrist level until volitional cessation of the test
(20). A maximum test duration of two minutes was established by the study investigators,
but not revealed to participants. Images were obtained at 60 seconds of test duration and

immediately within 10 seconds of hand removal.

Nitroglycerin: After baseline images were obtained, a sublingual spray of 0.4mg
nitroglycerin was administered to participants. Vascular and cardiac images were
assessed at six minutes post-administration, as previous studies have identified peak

plasma NTG concentrations around this time, with a 2.5-minute half-life (23, 28).
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Carotid artery longitudinal motion: CALM was assessed at the right CCA 2-5 cm
proximal to the carotid bifurcation at an acquisition rate of 102.5 fps with a 12 MHz
linear array probe connected to a high-resolution ultrasound machine (Vivid q, GE
Medical Systems), as previously described (3, 4). Participants were asked to briefly hold
their breath during image acquisition while images were recorded for three to six heart
cycles, keeping the carotid bifurcation at the left side of the image. Images were stored
offline for later analysis using an in-house speckle-tracking algorithm, gated to the R-
spike of the ECG recording (MatLab, The MathWorks, Natick, MA) (36). A reference
kernel block was positioned on the intima-media layer of the far CCA wall so that the
lower edge of the kernel was placed on the media-adventitia interface. CALM
displacement traces were then visualized for local maxima and minima point detection
(MatLab, The MathWorks) as previously described (3, 4). In brief, CALM traces were
segmented into three primary motion phases: systolic anterograde CALM (the first
systolic anterograde movement to the peak systolic anterograde displacement), systolic
retrograde CALM (the peak systolic anterograde displacement to the peak retrograde
displacement), and diastolic CALM (the peak retrograde displacement to the local
diastolic anterograde plateau). Displacements were digitally filtered (2" order, dual pass
butterworth, Fc = 10Hz) and differentiated into velocity and acceleration traces for peak
detection. For graphical representation of CALM, displacement traces were linearly
interpolated to 100 discrete points to account for variable cardiac cycle length, and

ensemble averaged between participants.
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Carotid artery shear rate: Immediately after CALM image acquisition, mean blood
velocity was acquired 2-5 cm proximal to the right carotid bifurcation using the same
ultrasound unit (Vivid q; GE Medical Systems) in duplex mode with the pulse wave set
at 4AMHz. The audio signals from the pulsed wave blood velocity signals were processed
using a spectral analyser (Neurovision 500M TCD; Multigon Instruments, Yonkers, NY,
USA). During acquisition, velocities were sampled from across the entire lumen of the
CCA at an angle of < 60° and processed to determine a continuous intensity-weighted
mean, which was acquired with an analogue-to-digital data acquisition system for further
analysis (PowerLab; AD Instruments). Shear rate was calculated as 8 * mean blood

velocity / end-diastolic lumen diameter (24).

Left ventricular measurements: A 1.5-3.6 MHz phased-array probe was connected to a
second ultrasound unit (Vivid g; GE Medical Systems) and was used to collect images for
determination of LV measurements following current guidelines for conventional
variables (17) as well as for LV mechanics (33). The basal plane was defined as the
highest plane in which the mitral leaflets were visible, while the apical plane was defined
as the imaging plane closest to the apex with no visible papillary muscles, as previously
described (32). Following acquisition, images were stored offline and analysed using
commercially-available software (EchoPAC 110.0.2; GE Medical Systems, Horten,
Norway). Due to the short time frame for data collection during the interventions, LV
volumes were estimated from M-Mode analysis at the basal level of the LV from PLAX

views. 2D speckle tracking was used to assess basal and apical rotation from short-axis
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views, which were then exported to a custom data processing software (2DStrainAnalysis
Tool, Stuttgart, Germany) for further processing. We were unable to calculate total LV
twist due to different heart rates and blood pressures during basal and apical image
acquisition after the SST and CPT, and therefore report LV basal and apical rotation

separately.

Statistical Analysis: Statistical analyses were performed using IBM SPSS Statistics for
Macintosh (version 20.0.0; IBM Corp., Armonk, N.Y., USA). A priori sample size was
estimated based on Weiner et al. (2012) with an effect size of 0.89 to find blood pressure-
mediated differences in LVT (two tailed, a = 0.05, B = 0.8). Data were assessed for
normality using the Kolmogorov-Smirnov test and were found to be normally distributed.
Upon review of the heart rate and blood pressure data, the post-test time point for the
CPT had significant interindividual variability and instead, we acquired and analysed data
at the 60 sec time point for our primary objectives. Therefore, paired Student’s t-tests
were used to assess differences between time points within each test (SST: baseline vs
post; CPT: baseline vs 60sec; NTG: baseline vs 6 minutes) on the outcome measures.
Pearson’s correlations were used to examine whether the magnitude of change in CALM
variables were related to magnitude of change in potential regulatory control systems
(i.e., PP, LV rotation, CCA shear rate), pooled across interventions. Since a limitation to
these correlations is that participant data are represented in triplicate, a ‘robust’ regression

was performed using the vcs(cluster) option in STATA (v14.2; College Station, TX) to
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account for clustered data in the model. For all analyses, the acceptable level of

significance was set at a. = 0.05.

RESULTS
Participant characteristics are presented in Table 1. All participants were
normotensive at the time of study (< 140/90 mmHg). The changes in CCA and LV

variables across each intervention are presented in Table 2.

Responses to the Serial Subtraction Test (SST)

All participants completed the SST, and had a range of incorrect responses to the
test (55 errors, range 0 to 17). By the end of the SST, PP and heart rate were
significantly elevated by +9+7 mmHg and +15+11 bpm, respectively (P < 0.05 vs
baseline) (Figure 1A and 2A). Compared to baseline, basal rotation remained unchanged
(P = 0.10) while apical rotation (P < 0.01), cardiac output (P = 0.03) and ejection fraction
(P <0.01) increased (Figure 4A and 4B; Table 2). There were no changes in end-diastolic
volume (P = 0.68) or stroke volume (P = 0.08), but a significant decrease in end-systolic
volume (P = 0.05). Mean blood velocity (P < 0.01) and CCA shear rate (P < 0.01) were
also elevated at test completion. Conversely, all CALM displacements were unchanged
during the post-test time point (P > 0.05) with heterogeneous changes in systolic
anterograde (A range: -0.19 to 0.43 mm), systolic retrograde (A range: -0.29 to 0.30 mm)

and diastolic (A range: -0.28 to 0.42 mm) CALM displacements (Figure 3A; Table 2).
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Responses to the Cold Pressor Test (CPT)

One participant voluntarily ceased the test in the first 20 seconds due to
discomfort, and was excluded from analysis, resulting in a total sample size of n=14.
Similarly to the SST, at the end of the CPT, PP and heart rate were elevated by +12+12
mmHg and +4+13 bpm, respectively (P < 0.05) (Figure 1B and 2B). However, the
changes in blood pressure and heart rate varied substantially at the end of the SST,
resulting in a wide range of individual responses . Therefore, data at the 60sec time point
was used for the primary analysis, with moderate increases in PP (+8+10 mmHg; P <
0.01) and heart rate (+11+£10 bpm; P < 0.01). Compared to baseline, basal rotation
increased (P = 0.04), while apical rotation (P = 0.63), cardiac output (P = 0.09) and
ejection fraction (P = 0.22) remained unchanged (Figure 4C and 4D; Table 2). There were
no changes in LV volumes or stroke volume (P > 0.05). CCA end-diastolic lumen
diameter increased (P = 0.03), concomitant with an increase in CCA shear rate (P = 0.01)
(Table 2). While the time-normalized CALM pattern was right-shifted due to the increase
in heart rate (Figure 3B), there were no consistent changes in any CALM displacements
at the 60sec time point (P > 0.05), which was attributable to the heterogeneous changes in
systolic anterograde (A range: -0.31 to 0.15 mm), systolic retrograde (A range: -0.39 to

0.18 mm) and diastolic (A range: -0.35 to 0.16 mm) CALM displacements (Table 2).
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FIGURE 1: Changes in pulse pressure compared to baseline during: A) the Serial
Subtraction Test; B) the Cold Pressor Test; and, C) the Nitroglycerin spray. Boxes
represent the 25™, 501 (median), and 75" percentiles. The 10sec Post time point indicates
the heart rate response immediately after the test. The cross indicates the mean and the
bars represent the 95% confidence interval. The arrows represent the time point at which
the main outcomes were measured. *p<0.05 different from baseline.
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FIGURE 2: Changes in heart rate compared to baseline during: A) the Serial Subtraction
Test; B) the Cold Pressor Test; and, C) the Nitroglycerin spray. The 10sec Post time point
indicates the heart rate response immediately after the test. Boxes represent the 25™, 50™
(median), and 75" percentiles. The cross indicates the mean and the bars represent the
95% confidence interval. The arrows represent the time point at which the main outcomes
were measured. *p<0.05 different from baseline.
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FIGURE 3: Group-averaged CALM traces at baseline (solid lines) and during (dashed
lines): A) post SST; B) 60sec into the CPT; and, C) 6 minutes post-NTG. All traces are
time-normalized to 100% of the cardiac cycle.
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Responses to sublingual nitroglycerin (NTG)

Three participants did not perform the NTG intervention, and were excluded from
analysis (n=12). PP remained unchanged at all time points (P > 0.05), while heart rate
remained slightly elevated after 90 seconds post-spray until test completion at 6-minutes
(+4£4 bpm; P < 0.05) (Figure 1C and 2C). At 6 minutes post-spray, there were no
changes in either basal (P = 0.65) or apical (P = 0.45) rotation (Figure 4E and 4F), with
no change in either cardiac output (P = 0.90) or ejection fraction (P = 0.19) (Table 2).
However, end-diastolic (P < 0.01), end-systolic (P < 0.01), and stroke volumes (P = 0.03)
were all reduced at the 6 minute time point. CCA end-diastolic lumen diameter increased
(P < 0.01), with a concomitant decrease in CCA shear rate (P < 0.01). While there was a
right-shift in the time-normalized CALM trace (Figure 3C), there were no differences in
CALM displacements (P > 0.05) with heterogeneous changes in systolic anterograde (A
range: -0.19 to 0.21 mm), systolic retrograde (A range: -0.34 to 0.29 mm) and diastolic (A

range: -0.48 to 0.13 mm) CALM displacements (Table 2).
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FIGURE 4: Left ventricular basal and apical rotation during the SST (A-B), CPT (C-D),
and NTG (E-F). Boxes represent the 25", 50" (median), and 75" percentiles. The cross
indicates the mean and the bars represent the 95% confidence interval. Basal rotation is
presented as negative values. *p<0.05 different from baseline.
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Table 2. Carotid artery and left ventricular variables during experimental manipulation

Variable SST (n=15) CPT (n=14) NTG (n=12)
Baseline Post Baseline 60 sec Baseline 6 min

Carotid variables
Ant CALM (mm) 0.27+0.16 0.30+0.19 0.24+0.15 0.25+0.13 0.23+0.13 0.21+0.14
Ret CALM (mm) 0.53+0.15 0.62+0.21 0.50+0.17 0.45+0.18 0.49+0.17 0.42+0.13
Dias CALM (mm) 0.56+0.18 0.62+0.22 0.52+0.18 0.45+0.23 0.50+0.26 0.39+0.16
Max CALM (mm) 0.62+0.15 0.71+0.22 0.59+0.13 0.53+0.19 0.57+0.22 0.48+0.13

MIDV (mm/s) 53+1.7 6.0+£2.2 5.1£2.0 4.4+2.0 4.6+2.6 3.7+1.7
MIDA (mm/s?) 131£33 148+52 127+39 113+42 119+50 97+38
LDd (mm) 5.9+0.5 5.7+£0.4 5.9+0.5 6.2+0.6* 5.9+0.6 6.4+0.6*
MBYV (cm/s) 20.9+4.5 23.8+4.9* 18.5+4.3 23.3+6.0* 19.9+3.6 17.3+3.0*
Shear rate (1/s) 290+74 334+76* 253+69 305+81* 274+70 220+47*
LV variables

Basal rotation (°) -1.8+2.3 -3.0£3.3 -3.3+£2.2 -4.5+2.4%* -3.2+2.6 -2.9+3.6
Apical rotation (°) 9.4+3.2 12:3£4:5% 10.2+3.7 10.7+4.1 9.9+4.1 8.8+3.7
CO (L/min)¥ 4.57+1.12 5.04+1.18%  4.07+0.96 4.73+1.50 4.58+1.06 4.61+0.88
EDV (mL)t 126+£22 125+23 120£15 124+26 123£19 108+20%*
ESV (mL)+ 50+14 43+14* 50+9 52+12 48+11 42+£11%*
SV (mL)¥ 76+13 82+13 71£10 72+19 7411 66+12%
EF (%)T 60+7 66+6* 59+5 58+6 61+5 62+6
E/e’ 5.44+0.81 5.92+1.23 N/A N/A 5.534+0.92 5.31+1.04

Values are means + SD. Ant CALM = systolic anterograde CALM displacement; Ret CALM = systolic retrograde
CALM displacement; Dias CALM = diastolic CALM displacement; Max CALM = maximum CALM displacement;
MIDV = maximum instantaneous diastolic velocity; MIDA = maximum instantaneous diastolic acceleration; LDd =
lumen diameter at end-diastole; MBV = mean blood velocity; PBV = peak blood velocity; CO = cardiac output;
ESV = end-systolic volume; EDV = end-diastolic volume; SV = stoke volume; EF = ejection fraction. *p<0.05
different from baseline. TCPT n=8.

Pooled effects of interventions

To evaluate the intervention effects at an individual level, all interventions were
pooled and correlations were assessed between CALM displacements and potential
regulatory factors. An increase in systolic retrograde CALM was related to an increase in
basal rotation (r = -0.35, P = 0.03; basal rotation is presented in negative degree units)
(Figure 5). This relationship was also supported by the ‘robust’ regression to account for
clustered data and conditions, where increases in rotation were associated with increases
in systolic retrograde CALM (B =-0.025, P = 0.03). An increase in basal rotation was also
related to increases in MAP (r = -0.35, P = 0.03; p = -1.654, P = 0.01). There was also a

positive correlation between the change in shear rate and diastolic CALM displacement (r

100



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

=0.32, P = 0.04; p = 0.0009, P = 0.01) but no association between the changes in either

PP or heart rate with the changes in any CALM variable (P > 0.05).
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FIGURE 5: Scatterplots indicating the pooled relationship between the change in
retrograde CALM and: A) the change in left ventricular basal rotation; B) the change in
pulse pressure; C) the change in common carotid artery shear rate; and, D) the change in
heart rate. Dark grey circles represent data from the SST, light grey circles represent data
from the CPT, and open circles represent data from the NTG. Basal rotation is presented
as negative values. Dashed lines represent the 95% confidence interval.
DISCUSSION

In this study, we successfully manipulated LV rotation and CCA shear rate in
humans in a series of interventions through acute changes in sympathetic activity and

vascular smooth muscle relaxation. There were no concomitant changes in PP, LV

rotation, or CCA shear rate and systolic or diastolic CALM with any intervention,
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however, when pooling the available data, we identified an effect of LV basal rotation on
systolic retrograde CALM. These observations provide experimental evidence for a link
between LV motion and systolic CALM consistent with our structural ventricular
vascular coupling theory, although also suggest a moderating influence of LV rotation
rather than a direct control mechanism. These findings help set a foundation for the
determination of the physiological causes of CALM, and have important implications for
the interpretation of changes in the CALM pattern with interventions and over time.

The regulation of CALM in healthy humans is poorly understood. The general
CALM pattern has been well described over the last decade (7, 8, 26, 40), though only
recently has data emerged to explain the origins of the biphasic motion commonly
observed in healthy adults (2, 3, 42). We have recently proposed a model based on data
related to the timing of CALM, LV, and local blood flow events whereby shear rate is a
primary determinant of the systolic anterograde components of the CALM pattern, and
LV rotation mechanics are the dominant influence of the systolic retrograde component
(3). In the present study, we extended our previous observations to an experimental model
where absolute changes in LV basal rotation were found to be related to absolute changes
in systolic retrograde CALM displacement. Structurally, the right CCA branches from the
brachiocephalic artery and the ascending aorta, and is connected to the LV at the
ventriculo-aortic junction, which is a transition zone between the LV myocardium and
fibrous annulus (9). The direct effect of LV motion on CALM would theoretically act at
the ventriculo-aortic junction when the LV base descends towards the LV apex during

systole (30), and may be estimated from left ventricular rotation mechanics (3). The role
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of LV rotation on CALM is supported by findings that suggest a distal loss of centrally-
generated kinetic energy, including cross-sectional correlations between participant
height and CALM (3, 41), and observations of a progressive attenuation of the magnitude
of total CALM along the length of the CCA (44). While our ‘robust’ regression analyses
are novel, it is important to note we did not observe this effect discretely within each of
the interventions, possibly due to underpowered effects. However, as we were sufficiently
powered to detect changes in PP and LV rotation, it is possible the effect of LV rotation
on CALM is not as strong as our theory would initially suggest, and may only moderate
the influence of another factor.

Contrary to our hypothesis, in the current study, neither increases or decreases in
CCA shear rate were related to changes in systolic anterograde CALM. We are not aware
of any previous observations to support the theory that local arterial blood shear rate is a
primary determinant of systolic anterograde CALM, although one previous study found
no relationship between shear rate and CALM in pigs (2). Our timing data indicates there
are simultaneous competing influences of the arrival of the forward blood velocity wave
and initiation of LV rotation (3), which may complicate in vivo study of the regulation of
anterograde CALM during the systolic phase, and may explain the absence of relationship
between systolic anterograde CALM and shear rate. It would be of interest to investigate
experimental models capable of eliciting independent changes in LV rotation and arterial
shear rate in order to more accurately study the validity of our structural coupling theory.

In the current study, we sought to experimentally manipulate PP, LV rotational

mechanics, and local arterial shear rate, to test their regulatory influence on CALM
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displacements. While the SST and CPT both produce reliable pressor responses (15, 27)
and increases in muscle sympathetic nerve activity (10), they have different underlying
physiological control systems, which we hypothesized would allow us to probe
differential regulation of CALM. The SST elicits a mental stress response through the
HPA-axis, which primarily activates Pi-adrenoreceptors located in cardiac tissue,
resulting in both cardiac chronotropic and inotropic effects (6, 29). We observed an
increase in apical rotation, which may be due to greater B-receptor density in the LV apex
compared to the base (21). Increases in rotation were observed with increased LV
contractility (i.e., increased cardiac output and ejection fraction) without substantial
increases in peripheral vascular resistance or metabolic demand, similar to previous
observations in humans (29). Previously, acute increases in afterload have been
associated with reduced apical rotation (5), however, the systolic blood pressure increase
in our study was markedly lower (+25mmHg vs +35mmHg), which in combination with
increased LV contractility, may explain the differences in LV rotational mechanics.
Similar to the SST, the CPT results in a well-documented neurogenic pressor
response (14), primarily resulting in an increase in peripheral vascular resistance through
a-adrenoreceptor mediated peripheral vasoconstriction (12), without increases in cardiac
output due to increased afterload. We observed considerable inter-individual variability in
the magnitude of heart rate and blood pressure responses, consistent with previous reports
of ‘vascular’ versus ‘myocardial’ responders to the CPT (16). While increases in blood
pressure have previously been associated with reduced LV rotation (5), we observed

increased basal LV rotation in response to the CPT. Due to the time-sensitive nature of
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data collection during the CPT, we were only able to measure LV functional outcomes in
eight participants and may have been underpowered to detect changes in LV contractility.
We also observed increased blood velocity at the CCA despite increased lumen diameter,
which would suggest a change in LV outflow, and therefore contractility, which has a
positive relationship with LV rotation (11). While both the SST and CPT were successful
in eliciting acute changes in LV rotation and local CCA shear rate, we did not observe
any changes in the magnitude of CALM displacements as a direct result of the
interventions, contrary to our initial hypotheses. A more complex association may exist
between LV rotation and retrograde CALM, and should be probed further with more
isolated models of variable manipulation.

In comparison to the sympathetic-mediated tests, NTG is a known exogenous
donor of nitric oxide, and is routinely used to assess endothelial-independent vasodilatory
capacity. Sublingual NTG administration has also previously been shown to induce
reductions in systemic vascular resistance, and increase cardiac output through elevations
in heart rate in the supine position (34, 35). We observed reductions in end-systolic, end-
diastolic and stroke volumes, consistent with previously described decreases in venous
tone, which suggest reduced venous return and therefore reduced LV preload (18, 19, 22).
However, reductions in end-diastolic volume were small (~15mL) and did not acutely
modify LV rotation similar to previous work using in vivo unloading conditions (i.e.,
heating, saline infusion) (11, 31, 39). We did observe an increase in CCA lumen diameter
and a reduction in CCA shear rate, indicative of an acute effect on the frictional forces

acting on the local carotid wall. While we were able to modify local shear rate
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independent of LV rotation, this reduced CCA shear rate did not change the systolic
anterograde component of CALM, contrary to our hypothesis. These potential effects
were likely further complicated by a direct effect of endothelium-independent smooth
muscle relaxation, which may have opposed the hypothesized reduction in systolic
anterograde CALM. As the CCA has a relatively low proportion of vascular smooth
muscle compared to the peripheral vasculature, it would be interesting to study the effects
of NTG on arterial longitudinal wall motion in the conduit arteries where vasodilatory
effects may be more pronounced.

The current findings have important implications for analysis and interpretation of
the CALM pattern in humans. Previous investigations of CALM outcome variables have
largely focused on assessments of maximal wall displacements (13, 25, 45, 46), without
considering the regulatory factors determining the timing and magnitude of the biphasic
displacement. Our results indicate that it may be valuable to consider the phases of the
CALM pattern rather than maximal displacement, as the systolic phase may be influenced
by multiple upstream factors, and therefore, may not discretely and exclusively represent
local vascular properties. In comparison, we did not find any changes to diastolic CALM
displacement, velocity or acceleration with manipulation of PP, LV rotation or CCA shear
rate during any intervention. We have previously provided support for the measurement
of diastolic CALM variables as indices of arterial health in a large sample of healthy
adults and individuals with coronary artery disease (4). The present findings support the
validity of diastolic CALM as an indicator of vascular health, suggesting independence

from blood pressure and LV motion in an acute model. Given the complex control
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mechanisms that may regulate the systolic CALM pattern, we suggest that future studies
should preferentially investigate the diastolic CALM Kinetics to provide physiologically

relevant information of arterial wall health.

Limitations: As the interventions were not randomized during the single visit, we
did not control for cross-over effects for the CPT or NTG. However, as the purpose of
this study was to study the direct relationship between potential regulatory factors and
CALM, we were not interested in the effects of the interventions per se, but rather, the
controlled degree of change in LV rotation or carotid artery shear rate, which we
hypothesized would have a discrete structural coupling effect with CALM. We caution
interpretation on the acute effects of the CPT and NTG administration, as our findings
seem to differ from more tightly controlled models of afterload and preload dependence
of left ventricular rotation (5, 38), and may be due to the delayed psychophysiological
responses to the SST. In order to probe the influence of non-responders to the
interventions in our analysis of variance, we repeated analyses with the top 50% of
responders (n = 7), which yielded no differences in results compared to the full sample.
While we did not investigate the influence of sex on these control mechanisms, we have
previously found that the CALM pattern does not significantly differ between men and
women (4); however, studies on sex-based differences are warranted in this novel field of
research. Finally, the narrow age range in this study may not be generalizable to older

populations; however, we aimed to minimize the confounding influence of increased
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vascular stiffness in our hypothesis testing by studying a relatively homogenous group of

young men.

CONCLUSION

In summary, we were able to successfully manipulate PP, LV rotation, and CCA
shear rate with a series of acute physiological interventions in healthy men, which
revealed an influence of LV basal rotation on the systolic retrograde CALM component.
This evidence supports our structural ventricular-vascular coupling theory, though also
suggests a moderating influence of LV rotation on CALM, rather than a direct role as
originally hypothesized. Given the complex relationship between LV mechanics and the
local CCA shear environment during systole, diastolic CALM variables may hold more
promise in describing characteristics of the arterial wall independent of discrete
manipulations of blood pressure and LV motion, and may provide benefit to quantify

CALM and study its role in vascular health.
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CHAPTER 5:
THE EFFECT OF EXERCISE TRAINING ON CAROTID ARTERY

LONGITUDINAL WALL MOTION
In preparation
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ABSTRACT

Purpose: Carotid artery longitudinal wall motion (CALM) is a novel indicator of arterial
wall structure and is stable over time in healthy adults. Cross-sectional studies indicate
differences in CALM between healthy versus individuals at elevated risk for
cardiovascular disease; however, there have been no interventional studies examining
changes in CALM with exercise training.

Methods: We examined the effect of 12 weeks of exercise training on CALM in data
available from two studies. CALM was assessed before and after each intervention using
high resolution ultrasound. Study 1 included moderate-intensity continuous training (45
minutes cycling at ~70% maximal heart rate; n=9), or sprint-interval training (3x20
second ‘all-out’ cycle sprints interspersed with 2 minutes of cycling at 50W; n=7) in
sedentary men, compared to controls (n=4). Study 2 involved higher-repetition, lighter-
load, resistance exercise training (3 sets of 20-25 repetitions; n=15), or lower-repetition,
heavier-load, resistance exercise training (3 sets of 8-12 repetitions; n=15) in previously
trained men, compared to activity-matched controls (n=16).

Results: At baseline, systolic retrograde CALM (P=0.05) and diastolic CALM
acceleration (P=0.05) were elevated in men with a history of resistance exercise training
compared to sedentary men. The general CALM pattern was unaltered after the training
period for all conditions, with no differences in systolic or diastolic CALM magnitudes,
velocities or accelerations (P>0.05).

Conclusion: We demonstrate no changes in the CALM pattern with 12 weeks of

continuous, interval or resistance exercise training. However, physical activity status may
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influence the systolic and diastolic components of the CALM pattern in healthy men. The
normative responses established in this study lay the foundation for studies investigating

training effects on CALM variables in individuals at elevated risk for cardiovascular

disease.
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INTRODUCTION

Carotid artery longitudinal wall motion (CALM) has recently emerged as a novel index of
vascular structure (9, 37, 40). Importantly, CALM is less technically demanding to
measure in comparison to, for example, arterial stiffness, and may be predictive of
vascular risk (6, 27, 29, 41). High frame rate ultrasound imaging of the common carotid
artery (CCA) reveals a biphasic movement pattern of the arterial wall, with longitudinal
motion occurring in both the anterograde (i.e., in the direction of blood flow) and
retrograde (i.e., against blood flow) directions (21). While the physiological determinants
of this motion are poorly understood, a complex regulatory control model has been
proposed that involves contributions from local shear stress, pulse pressure, and cardiac
motion (3, 4, 38, 39).

CALM-derived indexes of vascular structure have been studied in both animal and
cross-sectional human studies (2, 6, 28, 31, 32, 41), but there have been no interventional
studies in humans, and in particular, no studies examining the impact of exercise
interventions on CALM indices. Different exercise training modes have different positive
effects on the vasculature, likely driven by differences in the hemodynamic stimulus
generated during and after the exercise bouts. Bouts of moderate-intensity continuous
training (MICT) elicit acute, sustained increases in cardiac output and mean arterial
pressure, with increased conduit artery oscillatory shear stress contributing to training-
induced changes in conduit artery endothelial function (7) and arterial structure (24). In
comparison, bouts of resistance exercise training (RET) offer an intermittent challenge to

the central vasculature, primarily though large increases in blood pressure (16), which, in
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turn, affect left ventricular mechanics (35) and challenge the pressure-buffering capacity
of the central elastic arteries (8). There is some debate as to whether RET adversely
affects the central vasculature (5, 18), though the effects seem largely dependent on the
volume and intensity of resistance exercise, as well as measurement method. These
observations are relevant to the emergence of alternative ‘higher-repetition, lighter-load’
(HR-RET) protocols shown to provide similar musculoskeletal benefits to traditional
‘lower-repetition, heavier-load” (LR-RET) protocols (20, 25), both of which we have
recently shown to have beneficial effects on central arterial stiffness (5). Finally, low-
volume sprint-interval training (SIT), involving brief bouts of intense intermittent
exercise separated by recovery periods, occupies a sort of middle ground on the
continuum between traditional endurance and resistance exercise training. In terms of the
vascular stimulus, SIT is characterized by intermittent elevations in cardiac output and
oscillatory shear stress against the vessel wall. However, there have been limited reports
on the efficacy of SIT to promote vascular adaptations in healthy men (23, 26).

Given the varied acute hemodynamic stimuli conferred by MICT, RET and SIT,
these diverse training models offer a method of assessing the impact of differing exercises
on the vasculature, from which we might infer potential mechanisms underpinning
changes. We have previously documented the metabolic and fitness-related improvements
from a range of exercise training models, demonstrating some of the physiological
changes occurring with each training type (11, 20). As CALM measurements have
previously been established as a stable vascular variable (1), capable of providing unique

vascular health information (6, 41), we aimed to determine whether CALM variables can

120



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

be similarly modified by exercise training. Therefore, we conducted a retrospective
analysis of CALM data that was previously obtained from two exercise-training studies
(Study 1: MICT vs SIT; Study 2: HR-RET vs LR-RET). We sought to describe the effects
of 12-weeks of continuous, resistance, or interval exercise training on CALM variables
compared to healthy, activity- and age-matched men, hypothesizing that exercise training

would increase CALM magnitudes over the training period.

METHODS

Participants and ethical approval

A total of 75 men were recruited for two separate exercise training studies, the details of
which have previously been reported (11, 20): Study 1) 12-weeks of MICT vs SIT in
sedentary men (n=27); and Study 2) 12-weeks of HR-RET vs LR-RET in previously
resistance-trained men (n=48). An activity-matched control group was included in each
study. Two participants dropped out due to reasons unrelated to the studies. Due to poor
image quality (poor backscatter or out-of-plane motion), seven participants were excluded
from analysis, resulting in a final sample of n=20 (Study 1) and n=46 (Study 2). Both
studies were approved by the local Hamilton Integrated Research Ethics Board and

conformed to the Declaration of Helsinki regarding humans as research participants.
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Table 1. Baseline participant characteristics

Study 1 Study 2

Variable MICT SIT SED-CTL HR-RET LR-RET EX-CTL

(n=9) (n=7) (n=4) (n=15) (n=15) (n=16)
Age (yr) 27+8 24+5 23+3 2343 2342 24+2
Height (cm) 177+10 176+176 177+4 180+8 181+6 179+5
Body mass (kg) 80.7+18.7 82.1+82.1 73.1+15.1 86+18 84+11 81.1+9.2
BMI (kg/m?) 25.7+4.9 26.2+4.9 23.3+3.9 26.3+3.9 25.8+3.0 25.3+23
SBP (mmHg) 112+8 117+117 109+10 123+7 122+13 116+7
DBP (mmHg) 67+7 68+68 65+6 65+9 70£11 62+£4*
MAP (mmHg) 85+5 87+87 83+6 88+4 87+11 84+4
Resting HR (bpm) 64+12 65+65 64+11 64+8 58+8 60+8

SBP = systolic blood pressure; DBP = diastolic blood pressure; MAP = mean arterial pressure; HR = heart
rate. Data are mean£SD; *p<0.05 different from LR-RET.

Experimental Methods

The experimental methods and time points of vascular assessment were identical for both
studies. For all experimental testing sessions, participants arrived fasted at the lab, after
refraining from food, alcohol and caffeine for >10 hours, and moderate-to-vigorous
intensity activity for >24 hours. Participants rested in the supine position for 10 minutes
prior to any data collection. Heart rate was continuously monitored with single-lead ECG
(PowerLab model ML 132; AD Instruments, Colorado Springs, CO, USA), and supine
blood pressures were assessed using an automated oscillometric cuff in triplicate at the
right brachial artery (Dinamap Pro 100; Critikon LCC, Tampa, FL). All measures were

taken at baseline and after 12 weeks of exercise training for both studies.

Carotid artery longitudinal wall motion: Longitudinal motion was assessed at the right
common carotid artery (CCA) in the supine position, as previously described (4, 6). A 12
MHz linear-array probe connected to a high-resolution ultrasound machine (Vivid g, GE
Medical Systems, Horten, Norway) was used to image the far wall of the CCA 1-2 cm

proximal to the carotid bifurcation in the lateral plane. Participants were asked to briefly
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hold their breath during image acquisition, and three to six heart cycles were recorded at
102.5 fps with a standard depth of 2.5 cm. CALM was measured using an in-house
speckle tracking algorithm (MatLab, The MathWorks, Natick, MA) (31). Gated to the R-
spike on the ECG, a reference kernel block was manually positioned so that the lower
edge was placed on the media-adventitia interface of the far wall of the CCA to assess
motion of the intima-media. Day-to-day measurements of CALM magnitude in our lab

indicate good reproducibility (CV=7.8%; n=10) (4).

CALM Point Selection: Figure 1 demonstrates the pooled average CALM traces for Study
1 and Study 2, with points A-E identified as a guideline for the following descriptions.
CALM traces were visualized for semi-automated point selection for the following events
(4, 6): A) the onset of retrograde motion was determined as the first movement of the wall
in retrograde direction; B) the anterograde shoulder was determined as the first movement
in the anterograde direction, or the local positive peak of the 2" derivative in the absence
of a clear local minimum; C) the peak anterograde displacement was determined as the
maximal displacement in the forward direction, or the local negative minimum of the 2"
derivative in the absence of a clear local maximum; D) the peak retrograde displacement
was determined as the maximal displacement in the retrograde direction; and E) the
diastolic anterograde displacement was determined as the first anterograde plateau during
diastole. For data presentation, all traces were linearly interpolated to 100 discrete points
to account for variable cardiac cycle length, and averaged between participants at each

time point, though all traces were analysed using the raw displacement data.
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Anterograde

Retrograde

Longitudinal
Displacement (mm)

Systole Diastole

% Cardiac cycle

FIGURE 1: Baseline CALM pattern for Study 1 (solid) and Study 2 (dotted). Analysis
points A-E correspond to local maxima and minima that remain consistent between
individuals to allow for displacement calculations: systolic anterograde CALM (B-C),
systolic retrograde CALM (C-D), and diastolic CALM (D-E). *p=0.05 systolic retrograde
CALM different from Study 2.

CALM Phases: The absolute total CALM displacement (maximum CALM) was
determined as the difference between peak anterograde and peak retrograde displacement
of the arterial wall. The CALM pattern was also divided into systolic CALM (anterograde
[point C — point B], retrograde [point D — point C]) and diastolic CALM (diastolic
displacement [point E — point D]), all reported in absolute values. To calculate diastolic
velocities and accelerations, displacements were digitally filtered (2" order, dual pass

butterworth, Fc = 10Hz) and differentiated into first and second derivatives for peak

detection.
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Study 1: MICT and SIT
Participants completed 12-weeks of either MICT (n=9), SIT (n=7) or a non-training
control period (SED-CTL; n=4) in a between-groups repeated-measures design, as
previous described (11, 26). Training groups completed 30 supervised exercise sessions
in a controlled environment, while the control group was asked to continue their current
sedentary lifestyle over the 12 weeks. Participants were identified as sedentary based on
an International Physical Activity Questionnaires (IPAQ) score of <600 MET
minutes/week. As participants were sedentary at baseline, the training groups progressed
from one exercise session in the first week, to two sessions the second week, and three
sessions for the remaining weeks.

Maximal oxygen uptake (VO2peak) was determined by an incremental ramp test
to exhaustion on an electronically braked cycle ergometer (Lode Excalibur V 2.0,
Groningen, The Netherlands) as previously described (11). All supervised exercise
training sessions began with a two-minute warm-up and ended with a three-minute cool-
down. MICT consisted of 45 minutes of continuous leg cycling (Ergo Race, Kettler,
Ense-Parsit, Germany) at ~70% HRmax (~55% VO2peak). Absolute workloads were
increased as needed over the 12 weeks to maintain the desired relative heart rate. SIT
consisted of three, 20-second ‘all-out’ sprints (Velotron, RacerMate, Seattle, WA, USA)

against 5.0% body mass, interspersed with two minutes of active recovery at 50 watts.
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Study 2: HR-RET and LR-RET

Participants completed 12-weeks of either HR-RET (n=15), LR-RET (n=15) or non-
structured exercise control period (EX-CTL; n=16) in a between-groups repeated-
measures design, as previous described (4, 20). Participants in RET and EX-CTL groups
had a history of resistance training, which was defined as having engaged in RET more
than two sessions per week, for at least the past two years. The EX-CTL group was asked
to maintain current exercise habits in order to prevent deconditioning effects over the
study period.

Participants randomized to the RET protocols performed whole-body exercise
four times per week, separated as two workouts: 1) inclined leg press, seated row, bench
press, cable hamstring curl and front planks; and 2) shoulder press, bicep curls, triceps
extension, wide grip pull downs and knee extension. Three sets per exercise were
performed until volitional failure. The HR-RET group performed 20-25 repetitions per set
(~30%-50% of 1RM), while the LR-RET group performed 8-12 repetitions per set
(~75%-90% of 1RM), with 1RM testing reassessed at 4, 7 and 10 weeks to ensure the
progression of RET stimulus. In addition to the exercise training, both RET groups also
consumed 30g of whey protein (BioPRO, Davisco Foods International, Le Seur, MN)

twice per day.

Statistical Analysis: Statistical analyses were performed using IBM SPSS Statistics for

Macintosh (version 20.0.0; IBM Comp., Armonk, N.Y., USA). Data were checked for

normality using the Shapiro-Wilk test. To assess inter-study differences in participant
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physical activity status, baseline data were pooled between groups within each study to
compare baseline values using independent Student’s t-tests. Group analysis revealed
differences in CALM magnitudes between studies, and therefore, separate analyses for
training effects were conducted for Study 1 and Study 2. We employed 3 x 2 (group x
time) Mixed ANOVAs with Tukey’s HSD post-hoc tests to assess changes in outcome
variables over time between groups in Study 1 and Study 2. All data are reported as
meanxSD. All analyses were two-tailed, with the level of statistical significance set at o =

0.05.

RESULTS

Participant characteristics for both studies are presented in Table 1. The CALM patterns
observed were consistent with previously published reports, with a biphasic anterograde-
retrograde displacement in systole, followed by a return to the reference position by the
end of the cardiac cycle (Figure 1). Local maxima and minima (CALM points A-E) were
identified in all individuals, which allowed for standardized selection of systolic
anterograde, systolic retrograde and diastolic CALM displacement. When groups were
pooled within studies at baseline, there were inter-study differences in resting systolic
blood pressure (Study 1 vs 2: 113+9 vs 120+10 mmHg; P<0.01), systolic retrograde
CALM (Study 1 vs 2: 0.44+0.20 vs 0.55+0.21 mm; P=0.05), and CALM maximum
instantaneous diastolic acceleration (Study 1 vs 2: 122462 vs 155460 mm/s?; P=0.05).

Due to these known differences in baseline CALM, analysis was performed separately on
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Study 1 and Study 2 to avoid the confounding effect of differences in baseline arterial

structure and prior history of physical activity.

Study 1: Effects of aerobic exercise training

When plotted on the same relative time scale, CALM retained the same general pattern
within a group over the training period for MICT, SIT and SED-CTL (Figure 2A). No
changes in systolic anterograde (group x time P=0.19), systolic retrograde (group x time
P=0.59) or diastolic CALM displacement (group x time P=0.98) were observed over the
training period for either MICT or SIT compared to SED-CTL (Table 2). Similarly, there
were no changes in maximum instantaneous diastolic CALM velocities (group x time

P=0.89) or accelerations (group x time P=0.13) across the training period.

Study 2: Effects of resistance exercise training

When plotted on the same relative time scale, CALM retained the same general pattern
over the training period for HR-RET, LR-RET and EX-CTL (Figure 2B). No changes in
systolic anterograde (group x time P=0.98), systolic retrograde (group x time P=0.67), or
diastolic CALM displacement (group x time P=0.87) were observed over the training
period for either HR-RET or LR-RET compared to EX-CTL (Table 3). There were no
changes in maximum instantaneous diastolic CALM velocities (group x time P=0.87) or

accelerations (group x time P=0.98) across the training period.
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FIGURE 2: Group-averaged CALM traces for A) Study 1: moderate-intensity continuous
training (MICT) vs sprint-interval training (SIT) vs sedentary control (SED-CTL), and B)
Study 2: higher-repetition resistance exercise training (HR-RET) vs lower-repetition
resistance exercise training (LR-RET) vs exercising control (EX-CTL), at baseline (solid)
and post 12-weeks training (dashed) time points. All traces are expressed as a percentage
of a single cardiac cycle, gated to the R-spike of the ECG-recording.

Pooled exercise training responses

As this is the first study to investigate potential changes to the CALM pattern over an
intervention period, we were interested in the range of responses generated by the
different exercise interventions. Figure 3 shows individual training responses in CALM

displacements, velocities, and accelerations, coded by exercise training or control

conditions. Dashed lines indicated the expected variability in measurement, presented as
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+2*Typical Error of the change scores within the control conditions. The above noted
absence of training responses is also reflected in these plots, with no discernible grouping
of training conditions, with most falling within the expected limits of error for change

Scores.

Table 2. CALM variables in Study 1: Endurance and sprint-interval exercise training

Variable MICT SIT SED-CTL
Baseline 12-wks Baseline 12-wks Baseline 12-wks

0.27+0.12 0.31+0.21 0.39+0.19 0.31+0.14 0.22+0.12 0.21+0.18

Systolic Anterograde

CALM (mm)

Systolic Retrograde 037+0.14  038+0.15  043+024  034+0.18  0.60+0.19  0.58+021
CALM (mm)

Diastolic CALM (mm) ~ 0.51£0.27  0.50£040 039029  036+030  0.78£031  0.74:032
Max CALM (mm) 056022  0.62+034  053:022  049+022  0.81£025  0.74+031
MDV (mm/s) 3.73£279  336£2.05 227133  192+1.12  462+152  4.08+1.29
MIDV (mmvs) 586£414  510+2.88  3.70£247  3.37£229 831309  7.07+2.81
MIDA (mm/s?) 12872 14467 8942 8940 168+38 12650

CALM = carotid artery longitudinal wall motion; MDV = mean diastolic velocity; MIDV = maximum
instantaneous diastolic velocity; MIDA = maximum instantaneous diastolic acceleration. Data are
mean+SD; no significant group x time interactions or main effects.

Table 3. CALM variables in Study 2: Higher-repetition and lower-repetition resistance exercise training

Variable HR-RET LR-RET EX-CTL
Baseline 12-wks Baseline 12-wks Baseline 12-wks
Systolic Anterograde 028+0.11 0314021  0.39+£027 0404025  031+£0.17  0.33+0.20
CALM (mm)
Systolic Retrograde 052£0.18 054021  0.60£026  0.58£0.19  0.53£0.18  0.56+0.15
CALM (mm)
Diastolic CALM (mm)  0.62+0.25  0.62+026  0.63£0.34  0.61+022  057+022  0.58+0.26
Max CALM (mm) 0.67+021  0.67+023  0.76£0.27 0724022  0.64+0.18  0.68+0.18
MDV (mm/s) 402:1.60  3.76+1.50  3.73£1.96  3.63+1.44  337+£131  3.20+1.06
MIDV (mms) 6.61£2.74  6.77+284  652+3.98  6.45+2.65  6.11£2.36  5.85+2.40
MIDA (mm/s?) 161%55 157448 16275 162451 142+48 140+40

CALM = carotid artery longitudinal wall motion; MDV = mean diastolic velocity; MIDV = maximum
instantaneous diastolic velocity; MIDA = maximum instantaneous diastolic acceleration. Data are
mean+SD; no significant group x time interactions or main effects.
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FIGURE 3. Individual training responses in CALM variables over the training period for
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over the training period.
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DISCUSSION

This is the first study to examine CALM in response to various exercise training
interventions in humans. We report baseline differences in systolic retrograde CALM and
diastolic CALM acceleration in men with different physical activity histories; however,
there were no changes in the CALM pattern over the 12-week interventions. This general
conclusion was the same regardless of training or control conditions, with no changes in
the magnitude of systolic or diastolic CALM variables. While it is not clear whether
changes in other regulatory processes, such as local blood flow or left ventricular
adaptations, impacted our ability to observe changes in CALM magnitude, we
demonstrate no changes in CALM variables in response to exercise training in healthy
men.

Recent work from multiple groups has shown that CALM variables change with
age and health status in a wide range of populations (6, 28, 29, 31, 41). However, these
cross-sectional studies have observed groups with wide discrepancies in health and/or age
status, typically comparing older individuals and clinical populations to idealized younger
healthy adults. Only one study has performed a longitudinal follow-up of CALM patterns
in humans, finding that motion displacements were stable over a 4-month period in free-
living adults (1). Previous studies suggest that CALM vyields reproducible information of
arterial physiology that could indicate differences in health status among humans. As
such, the measurement of CALM may hold promise as a feasible non-invasive monitoring
tool for changes in arterial health. Nonetheless, no studies have previously investigated

how CALM changes with lifestyle interventions in humans. In the present study, we
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investigated the effects of four types of exercise training modes in a large sample of
healthy men. Concomitant with the retention of the general shape of the CALM pattern,
we did not observe any differences in the magnitude of motion displacement or velocity
over the 12-week training period. Our data indicate that it may be difficult to change the
CALM pattern in healthy men, even with highly structured exercise programs of varying
intensities with documented cardiometabolic benefits (5, 11, 20, 26). Stability in arterial
health is similarly observed in the measurement of carotid intima-media thickness, which
is resistant to changes with exercise training over similar time frames (33). Given that
cross-sectional carotid intima-media thickness is a stable indicator of arterial wall
structure and is highly predictive of cardiovascular events (15), it may be of interest to
measure CALM variables for long-term risk prediction, in addition to monitoring
transient changes in arterial wall health.

Currently, there is no consensus of what comprises a ‘favourable’ CALM pattern,
although some studies suggest retrograde-dominant patterns (32) and greater absolute
displacement magnitudes (6, 29) may be associated with superior vascular function. In the
present study, it may be that these men were at near-optimal health when entering the
training program, possibly limiting the chronic central vascular adaptations to structured
exercise, especially within the time frame of the interventions. Individuals at greater risk
for cardiovascular disease may have a greater capacity for change and do appear to
undergo structural arterial remodelling with exercise training (13, 19). Previous exercise
training studies in healthy adults have demonstrated a tendency for improvements in

central, rather than peripheral, stiffness (12, 30), although conflicting reports also exist
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(22, 34). Future studies should assess the impact of exercise interventions on CALM in
populations with known central vascular dysfunction in order to probe the possible
implications for vascular health, similar to traditional indicators of arterial structure and
function (13).

We have previously demonstrated that the CALM pattern may be closely linked to
the local shear pattern at the CCA and the rotation of the left ventricle (4), in addition to
being related to local arterial stiffness (6). Other groups have suggested that the general
CALM pattern may be explained by the distending blood pressure wave (3, 38, 39),
although these hypotheses may be equally confounded by left ventricular contraction
kinetics (14) and/or arterial stiffness (17), respectively. Changes in left ventricular motion
and arterial stiffness, in addition to local changes in the intrinsic stiffness properties of the
CCA, make it difficult to interpret differences in CALM between individuals, and within
an individual over time. In this group of healthy men, we have shown through other
publications that local CCA distensibility was not altered over the training period (5, 26),
possibly explaining the absence of change in CALM magnitudes with exercise training.
We propose that future exercise training studies adopt an integrative measurement
approach when examining longitudinal changes in CALM to aid trace interpretation.

We observed baseline differences in CALM between study cohorts, possibly
indicating an effect of long term exercise training history on resting CALM magnitudes,
which could reflect the different training statuses of the participants from each study. The
participants in Study 2 had a history of RET, and we have previously reported baseline

CCA distensibility acquired from both study cohorts (5, 26), which was greater in men
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with a history of RET compared to their sedentary counterparts (5.5£1.5 vs 4.9+1.0
mmHg*x103; P=0.04). Local CCA distensibility has previously been correlated with
indices of systolic and diastolic CALM (6, 29), which may account for some of this
difference. Future studies may benefit from incorporating both local blood flow and left
ventricular measurements into the design of chronic intervention studies in order to
comprehensively assess the potential regulatory factors controlling the CALM pattern in

humans (4).

Limitations: Owing to the relatively small sample size of the MICT and SIT training
conditions, and the moderate range of published coefficients of variation for CALM
variables (10, 36), Study 1 was likely underpowered to detect small changes in CALM
over the training period. Generally, the inclusion of a non-training control group mitigates
some of the variability in detecting changes over time, however, within this study, data
dropout within the control group was high, which could falsely increase variability in
control responses. To ensure an underpowered control group did not mask any potential
training effects, all analyses were repeated excluding the control group, which did not
alter our results. Whey protein was supplied to participants in Study 2, though
supplementation during training would not affect baseline differences between studies.
Lastly, as this sample was restricted to healthy men, our findings may not be

generalizable to women, or individuals at greater cardiovascular risk.
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CONCLUSION

In a novel assessment of the responses of CALM to four different exercise training
programs in healthy men, we demonstrate baseline differences in systolic retrograde
CALM and diastolic CALM acceleration between men with different chronic physical
activity status. Systolic and diastolic CALM variables were unchanged, however, after 12
weeks of supervised endurance, resistance and sprint interval training. The responses
established in this study are important for several reasons and lay the foundation for
studies investigating training effects on CALM variables in individuals with, for example,
elevated cardiovascular disease risk. As blood flow, blood pressure and left ventricular
information may be key to interpreting possible shifts in CALM magnitude over time, we
propose that future studies use an integrative measurement approach to study the
regulatory factors impacting the stability and/or propensity for change in this novel

arterial motion variable.
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CHAPTER 6:

GENERAL DISCUSSION

142



Ph.D. Thesis — J. S. Au; McMaster University - Kinesiology

6.1 Discussion Overview
The study of carotid artery longitudinal wall motion (CALM) is a topic of growing
interest in vascular physiology with many unanswered questions. While the biphasic
motion trace has been well described (12, 48), there have been few studies to probe
potential health applications for the non-invasive measurement of CALM. Two main
limitations of the previous investigations have been the lack of experimental data from
human models to study the regulation of wall motion, and the lack of comprehensive
examinations of potential confounders that may impede interpretation of CALM
information for cardiovascular disease (CVD) risk prediction and assessment. These
factors must be explored before meaningful conclusions can be drawn from longitudinal
wall motion data obtained from individuals across a wide range of vascular health.
Therefore, the broad aims of this thesis were to examine the regulatory control of
CALM in humans, to evaluate the relationship between CALM and established measures
of arterial stiffness, and to assess the use of CALM as a novel vascular variable to
monitor changes in arterial health. Through a series of studies, we have provided
preliminary experimental support for a structural ventricular-vascular coupling theory
(Chapters 2 and 4), which informed the use of diastolic CALM variables to infer vascular
health information in both cross-sectional (Chapter 3) and prospective intervention
(Chapter 5) studies in humans. This broad discussion will focus on the major
contributions of this work by addressing the challenges in studying CALM, the

limitations to the measurement and interpretation of 2D arterial wall motion traces, as
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well as the necessary future directions this field must take to further advance the study of

CALM as a novel indicator of arterial health.

6.2 Individual variability in CALM patterns: Segmentation method
The fundamental limitation to interpreting the CALM pattern in humans has been the
large inter-individual variability in healthy adults. These observations were best described
by Yli-Ollila et al. (2013), who reported three basic patterns in a small sample of healthy
adults. The three basic patterns originally identified were: primarily anterograde
displacement, primarily retrograde displacement, and oscillating anterograde-retrograde
displacement (48). Our findings in Chapter 3 largely support these original observations,
yet extended the work by characterizing modest variability in systolic anterograde and
systolic retrograde CALM displacements within an otherwise homogenous group of 161
healthy younger adults. The identified inter-individual variability in wall displacement
makes it difficult to characterize and interpret differences in CALM patterns between
individuals. Furthermore, the standard peaks and inflection points in the traditional radial
plane distension trace do not correlate to events in any of the three typical CALM
patterns. While some research groups have simplified CALM variables into maximal
displacement over a cardiac cycle (16, 28, 53, 54), this method disregards important
features such as the nuanced information available through more detailed assessments of
the pattern and direction of the CALM trace.

To address individual variability, we (5, 38) and others (1, 12, 13, 25, 26) have

attempted to segment the complex CALM trace into basic elements based on the
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assessment of timing and magnitude of local maxima and minima in the systolic and
diastolic phases of the trace. In Chapter 2, we present physiological data to support the
segmentation process and suggest that discrete physiological events may be regulatory
determinants of the CALM pattern, which we described through a structural ventricular-
vascular coupling theory (5). Specifically, the timing of CALM event data provides
correlational evidence that the timing of the systolic anterograde component is related to
the forward blood velocity wave, the timing of the systolic retrograde component is
related to left ventricular (LV) rotation, and that some variables representing the diastolic
component may be more representative of intrinsic wall stiffness due to the fact that it has
less overlap with the active systolic events. These relationships between local blood
velocity and LV events have previously been theorized to explain some CALM pattern
observations (12, 48), although the study in Chapter 2 was the first to support the theory
with human data. While the cross-sectional correlative nature of our study limited our
ability to make conclusions related to a direct coupling effect, the timing data did support
the segmentation of the CALM pattern into a dual-function system, where anterograde
and retrograde components can be interpreted based on physiological events (Chapter 2,
Figure 5). This method is similar to the one employed in arterial pulse wave analysis
where forward and backward propagating waves summate to form the central pressure
waveform, which explains inter-individual variability across different ages and health
statuses (20). We were able to apply this segmentation process to a large sample of adults
in Chapter 3, and our findings indicated this method generated an assessment approach

that has sensitivity to older age independent of traditional measures of arterial stiffness.
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While the aforementioned segmentation method has foundations in physiological
events and informs understanding of regulatory control of CALM, there are still
limitations to its use. CALM has been demonstrated to attenuate along the length of the
common carotid artery (CCA) even within a 3 cm ultrasound window (52), and has been
observed to be smaller in magnitude in taller individuals when imaging is standardized to
the carotid bifurcation (5, 49). Therefore, while CALM segmentation provides an
approach that can be used to standardize measurements within different movement
patterns, the anatomical location of image acquisition is a potential confounder for
interpretation of any variables representing the magnitude of CALM events. Recently,
other methods have been proposed to account for image location and displacement
attenuation including an attenuation coefficient (52), radial-axial excursion (36, 49) and
polynomial curve fitting (36, 49). However, these methods have limited physiological
rationale and will require careful consideration of regulatory control of the CALM pattern

before describing any characteristics of vascular health.

6.3 Regulation of CALM and systolic confounders

Previous studies have postulated that CALM may be influenced by the forward blood
velocity wave, blood pressure, arterial stiffness and LV motion (12, 48), although few
studies have investigated these factors through experimental design. In the only published
experimental reports, Ahlgren et al. used a porcine model in a series of studies to examine
the effects of catecholamines on CALM (2-4). These authors observed [2-adrenoreceptor

activation reduced CALM magnitude, while a-adrenoreceptor activation increased
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CALM magnitude (2), both independent of arterial wall shear stress (4). While intriguing,
subtle differences between pig and human cardiovascular anatomy raise the need for
replication of these investigations in human models (15, 40).

We addressed these issues in Chapter 4 through a series of human model acute
interventional studies aimed at examining the regulation of CALM in the context of our
structural ventricular-vascular coupling theory outlined in Chapter 2. We found a modest
relationship between pressure-related changes in LV basal rotation and systolic retrograde
CALM, without relationships between arterial wall shear stress and systolic anterograde
CALM. In contrast to the studies conducted by Ahgren et al. (2), we were unable to elicit
discrete mean changes in CALM with a pressor stimulus. One factor determining these
differences might be that we were only able to increase pulse pressure 20-30% with non-
invasive methods, whereas Ahlgren et al. were able to elicit a 60% increase in pulse
pressure with catecholamine infusion. Consideration should also be given to other
systemic factors that are affected by a 60% increase in pulse pressure, such as the direct
effect of sympathetic activation on vascular smooth muscle constriction (11), and
afterload-related changes in LV mechanics (34). Given that arterial distension is highly
regulated by pulse pressure (9), it is somewhat surprising that CALM is not similarly
affected by the modest increase in pulse pressure we achieved. It may be that with
increases in pulse pressure and radial distension, the orientation of elastin and collagen
fibres in the vascular wall, which are aligned circumferentially to accommodate vessel
distention with high intraluminal pressures (29, 47) do not translate to changes in CALM.

The arterial wall is highly resistant to tearing along the axial plane (29), suggesting there
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are few longitudinally-oriented fibres that would naturally slide along the length of the
wall during arterial distension; though this theory has not previously been tested. The
blood pressure-dependency of CALM should be further investigated, as traditional
measures of radial-plane arterial stiffness are all dependent upon blood pressure, to some
degree (22).

In our structural ventricular-vascular coupling theory, we hypothesized that the
LV was a primary regulator of retrograde CALM in humans. This idea stemmed from
observations of motion attenuation along the length of the CCA (52) and reports that
CALM decreased with increasing participant height (49), indicating a loss of kinetic
energy distal to the heart. Given that the aortic root descends towards the apex in the
same plane as CALM during systole (32), we postulated that LV motion would be a
variable of interest in controlling the CALM pattern in the proximal vasculature. While
the model we proposed in Chapter 2 (Figure 5) places emphasis on the role of LV rotation
in retrograde CALM, our experimental data do not fully support a direct influence of LV
motion on CALM. In Chapter 4, we were able to simulate isolated increases in LV apical
rotation and basal rotation, but were unable to detect companion changes in systolic
retrograde CALM using our within-subjects design. However, when pooling all responses
together, we observed an effect of LV basal rotation on systolic retrograde CALM,
consistent with our coupling theory. Rather than a direct control mechanism, LV rotation
may have a moderating effect on systolic retrograde CALM, which may be driven by
another variable. Pulse pressure has been suggested to account for some variability in the

CALM pattern (2, 4, 50, 51), although elevations in pressure are inherently linked to other
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systemic changes, including that of LV contractility, compression of the intima-media
complex, and vascular smooth muscle constriction through sympathetic activation.
Furthermore, we did not observe any correlations between pulse pressure and any CALM
variable in our acute intervention studies. The exact role of LV motion in the regulation
of CALM needs to be further developed through tightly controlled experimental designs.
We theorized the direct role of shear stress on the vascular wall in Chapter 2
through observations of event timing; however, this relationship is not supported by
experimental data. In both Chapter 2 and Chapter 4, we were unable to observe
correlations between carotid shear rate and systolic anterograde CALM, similar to other
groups (4), even when CCA shear rate was reduced through nitroglycerin administration.
This lack of experimental support for links between shear stress and CALM may be
explained by the dual-system model proposed in Chapter 2, where there are competing
influences from both the forward blood velocity wave and the onset of LV rotation on
CALM during the early systolic period. With observational designs, it may be difficult to
separate these opposing factors, and therefore describe the independent effects of shear
rate on systolic anterograde CALM in humans. This issue, as well as the issues in
interpreting the direct impact of LV rotation, necessitates the use of more tightly
controlled models to isolate the local shear environment from a structural coupling effect.
It may be possible to investigate this in humans with abnormal cardiovascular physiology,
such as in cases of premature ventricular contractions (LV contraction before complete

filling) (27) or patients with LV assist devices (continuous blood flow without LV
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contraction) (19), although the prevalence of comorbidities in these populations would be

a major limitation to these human models.

6.4 Does CALM reflect arterial stiffness properties?

The measurement of CALM may offer a feasible tool to study arterial properties and
cardiovascular health in clinical settings, as it only requires non-invasive ultrasound with
minimal acquisition time, minimal operator skill, and relatively automated analyses. In
fact, the driving interest behind CALM has been the potential for a technically feasible
novel index of arterial health that provides unique information for arterial stiffness and
CVD risk prediction. This goal has been met with mild success in previous reports. Most
notably, small maximum CALM displacements predicted the 1-year occurrence of a
major adverse cardiovascular event, controlled for intima-media thickness (IMT) and
radial strain, in patients with suspect coronary artery disease (35). Maximum CALM
displacement has also been related to age and pulse pressure independent of local CCA
distensibility in adults with periodontal disease (54). However, as mentioned above,
maximum CALM displacement disregards the pattern and direction of motion, and may
not be physiologically relevant to arterial stiffness information. Currently, there is only
one large cross-sectional report of systolic anterograde and retrograde CALM, of which
retrograde CALM was weakly correlated to cfPWV and CCA distensibility in a sample of
middle-aged healthy adults (36). However, given our findings from Chapter 2 and
Chapter 4, systolic CALM variables may be confounded to some degree by other factors,

and may not be optimal indices of arterial properties.
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To address ambiguity in which CALM variables hold promise as indicators of
vascular health, we designed the study in Chapter 3 to measure both systolic and diastolic
CALM in a large sample of healthy adults. While there were independent associations
between systolic CALM and age when controlling for cfPWV and CCA distensibility,
there were clear advantages to using diastolic CALM displacement, velocity and
acceleration in comparison to systolic CALM variables. In addition, both simple
correlations and multivariate regression models for the associations between diastolic
CALM variables and age were superior in strength compared to previous reports (36, 54).
These findings are in line with our ventricular-vascular coupling theory in Chapter 2,
where we hypothesized that diastolic CALM would be relatively free of systemic
confounders, and may better represent intrinsic wall properties than systolic CALM. It is
likely that the anterograde CALM displacement commonly observed during early diastole
is partly attributable to a passive return to resting wall tension and sometimes results in an
overshoot of the reference position, indicating a passive elastic component in the
longitudinal plane of the arterial wall. Compared to traditional measures of arterial
stiffness (e.g., cfPWV and CCA distensibility), which are based on indexes related to
systolic distension, diastolic indices of passive elements might contribute additional value
to describe arterial wall health without confounding adjustments for distending pressure.

While the results of the study described in Chapter 3 demonstrate that several
diastolic CALM variables are sensitive indices of aging and coronary artery disease
status, these outcomes are still limited in part by systolic CALM displacement. Discrete

assessment of diastolic displacement of the arterial wall is not completely independent
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from the preceding retrograde ‘stretch’ that occurs during systole, and therefore may be a
poor method of standardizing motion among vessels of different stiffness properties. The
measurement of diastolic velocity and acceleration may better describe the passive return
to resting longitudinal tension and may be less dependent on the preceding magnitude of
systolic motion. Despite these limitations, there may still be value in assessing diastolic
displacement, as the arterial wall overshoots the reference position in late diastole,
resulting in unique displacement and velocity information compared to the systolic phase.
This assertion is likely expressed in the greater model strength of diastolic CALM
displacement compared to systolic retrograde CALM displacement for predicting age in

Chapter 3.

6.5 Sensitivity of CALM to change with exercise training interventions

With the data to support the use of diastolic CALM variables as potential indicators of
arterial health status, we were then interested in whether these variables could be
impacted by a health intervention in humans. Chronic exercise training is known to
improve vascular stiffness not only in individuals with poor vascular health (18), but also
in otherwise healthy adults (6, 14, 30, 31), thereby supporting our hypothesis that CALM
may by similarly affected by exercise training. In Chapter 5 we investigated whether
diastolic CALM variables would be similarly improved by four types of exercise training
in healthy men. Given that CALM displacement magnitudes are smaller with older age
and disease status, we hypothesized that CALM magnitudes would increase with exercise

training as an indicator of vascular health improvement. While these interventions were
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conducted with high quality methods, including age- and activity-matched control groups,
we did not observe any changes in systolic or diastolic CALM variables over the 12 week
training period for any training program examined.

The potential reasons for the absence of observations of any exercise effects are
discussed in Chapter 5, including potential ceiling effects, lack of parallel changes in
local CCA distensibility (6, 31), and variability in measurement; however, the most
interesting aspect of these studies was the baseline difference in systolic retrograde
CALM and diastolic CALM acceleration between resistance-trained men and their
sedentary counterparts. Exercise is a potent stimulus for physiological changes driven by
pressure-, metabolic-, and energy-dependent perturbations during a bout of exercise.
When performed repeatedly over time, these perturbations often result in positive changes
to vascular health (17, 18). Even so, not all health indices improve with exercise training.
For example, carotid IMT is difficult to change with exercise training in healthy
populations (37, 41), and is better able to delineate differences in cardiovascular risk
when examined discretely (42) rather than with repeated measurements over time (23).
The stability of carotid IMT with exercise training is likely related to the structural
mechanisms that change wall thickness over time, such as collagen:elastin ratio and
vascular smooth muscle cell hypertrophy. A similar response may exist for CALM
variables, though the structural and regulatory determinants of longitudinal wall motion
are yet unknown. While short-term (e.g., 12-weeks) exercise training may not have been
sufficient to impact CALM, there may be an effect of long-term (e.g., 2-years) exercise

training, as seen through baseline differences between men with and without history of
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resistance exercise training. Resistance exercise is a potent cardiovascular stimulus
characterized by cyclic elevations in blood pressure (24) which challenge LV output (45)
and arterial tissue mechanics (10). The CALM pattern in resistance-trained men may have
been chronically influenced by altered local wall structural properties or LV morphology
as a result of training history, although we were unable to compare these factors between
participant groups. In future studies, it would be interesting to extend these incidental
findings to a full observational design to examine the impact of long-term cardiac and
hemodynamic changes with resistance exercise training on the CALM pattern in healthy

adults.

6.6 Future Directions: Keep CALM and Carry On
The studies presented in this dissertation represent the first experimental investigations of
several CALM variables and regulatory factors in humans. As such, there are numerous
basic physiological studies that should be conducted in the future to further probe the
regulation and control of the CALM pattern across the lifespan as well as with the
development of atherosclerosis and arteriosclerosis. These future study designs should
use the scientific framework set by research in the measurement of arterial stiffness as an
investigation model, carefully studying the role of neural, hormonal, mechanical and
anatomical factors in the regulation of CALM in both human and animal models.

For example, while there are reports on the relationship between pulse pressure
and CALM (2, 50, 51), a mechanical link between the pressure waveform and CALM has

not been proposed. The relationship between blood pressure and radial-plane stiffness has
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been extensively studied, with an established two-phase stress-strain relationship
involving offloading tension from elastin to collagen elements (44), as well as support for
pressure- vs. structural-dependent changes in arterial stiffness through vasoactive drug
experimentation (33). It is currently unknown whether longitudinal displacement of the
arterial wall is similarly affected by a two-phase stress-strain relationship, or if it is
pressure-dependent. Our results from Chapter 4 challenge the notion of any dependence,
although more tightly controlled studies using advanced methodology (e.g., vasoactive
drugs, lower-body negative/positive pressure, saline-loading) and greater magnitude
changes in pulse pressure are needed the provide further evidence.

Although orientations of extracellular matrix proteins have been investigated in
other contexts, there have been no focused studies of the effect of fibre orientation on
longitudinal wall displacement. Our observations indicate CALM is controlled by factors
beyond that of fibre orientation during vessel distension, though this has been neither
confirmed nor refuted in ex vivo models. A methodological limitation to ex vivo
investigation is longitudinal retraction of excised arteries (46), which makes it difficult to
simulate in vivo longitudinal wall displacements.

The focus of this thesis was on displacement of the intima-media complex, but it
is also possible to measure adventitial motion as well as intramural shear strain between
vascular wall layers. While we did not report any relationships between intramural shear
strain and traditional measures of arterial stiffness in Chapter 3, previous studies indicate
that shear strain may be a valuable measure of arterial wall structure (2, 12). However,

methodological and theoretical concerns limit the utility of a single shear strain value for
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use in clinical comparisons. It is well reported that CALM patterns can be either
anterograde-oriented or retrograde-oriented, which would result in either positive or
negative shear strain values, respectively. Given that the direction of CALM may be
controlled by different physiological processes, it may not be possible to compare
positive and negative shear strain values. Nonetheless, a measure of intramural forces
could be a valuable indicator of wall stress, and has not been thoroughly investigated in
tissue mechanics models. Future studies should continue to evaluate the physiological
relevance of intramural shear strain and how it might relate to long-term remodelling of
the vascular wall with age and atherosclerosis.

Of clinical relevance, there are no data indicating when changes in CALM
magnitude occur in the development of atherosclerosis and arteriosclerosis in natural
aging. It is generally accepted that changes in arterial stiffness precede development of
cardiovascular disease by enabling conditions where vascular disease can flourish (21). It
would be of interest to include measures of CALM in large prospective population studies
to investigate the time course of changes in CALM direction and magnitude previously
observed in cross-sectional studies (7, 36, 39). CALM can be easily assessed from
ultrasound cineloops at the CCA bifurcation, and therefore may be a candidate for
retrospective analysis of population databases, given the appropriate resources.

Finally, the role of exercise training in modifying the pattern and magnitude of
CALM is left undetermined from our studies. Building upon our findings in Chapter 5, it
would be of value to examine the effects of exercise training on CALM in a population

with elevated arterial stiffness. Our findings were likely limited by a ceiling-effect for
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improvements in vascular health, as the study participants began exercise training with
high levels of baseline health with normal vascular function. Assessing the sensitivity of
CALM to exercise training or other lifestyle interventions in populations at risk for CVD
would provide stronger support for the measurement of diastolic CALM alongside

traditional measures of arterial stiffness.

6.7 Conclusions

Throughout this dissertation, there have been numerous instances where we state that
CALM is a ‘novel’ variable of arterial health, a phrase that is increasingly being used in
scientific literature to exaggerate results in research articles (8, 43). However, given the
dearth of literature on CALM and the increasing interest in developing sensitive and
feasible prediction tools to identify individuals at risk for CVD, our results make
important contributions to the field of vascular research and have the potential to re-shape
how we study mechanical behaviour of the arterial wall. We have provided standardized
methods and recommendations to study CALM in humans, as well as evidence to support
the physiological determinants of CALM as part of a structural ventricular-vascular
coupling effect. We identified diastolic CALM variables as outcomes of interest due to
their independent relationship with age and theoretical separation from the forward blood
velocity wave and LV rotation, and suggest the inclusion of assessment of diastolic
CALM variables in future studies as a measure of vascular health. Finally, in the first
intervention study to test the sensitivity of CALM to lifestyle changes, we did not find

any changes in diastolic CALM after 12 weeks of four different modes of exercise
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training in healthy men, but did observe increases in systolic retrograde CALM
displacement and diastolic CALM acceleration in men with a history of resistance
exercise training. The normative values we establish both for the measurement CALM
across the lifespan as well as for the expected variability in exercise training responses
will be valuable for future studies investigating changes in CALM with health
interventions in populations at risk for CVD. Through this series of studies, our novel
findings suggest that CALM represents a complicated regulatory system related to both
arterial wall structure and ventricular-vascular coupling, which has clinical value to

complement traditional measures of arterial stiffness in humans.
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Creative Commons Legal Code

Attribution 3.0 Unported

CREATIVE COMMONS CORPORATION IS NOT A LAW FIRM AND DOES NOT PROVIDE LEGAL
SERVICES. DISTRIBUTION OF THIS LICENSE DOES NOT CREATE AN ATTORNEY-CLIENT
RELATIONSHIP. CREATIVE COMMONS PROVIDES THIS INFORMATION ON AN "AS-IS” BASIS.
CREATIVE COMMONS MAKES NO WARRANTIES REGARDING THE INFORMATION PROVIDED,
AND DISCLAIMS LIABILITY FOR DAMAGES RESULTING FROM ITS USE.

License

THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERMS OF THIS CREATIVE
COMMONS PUBLIC LICENSE ("CCPL" OR "LICENSE"). THE WORK IS PROTECTED BY COPYRIGHT
AND/OR OTHER APPLICABLE LAW. ANY USE OF THE WORK OTHER THAN AS AUTHORIZED
UNDER THIS LICENSE OR COPYRIGHT LAW IS PROHIBITED.

BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, YOU ACCEPT AND AGREE TO BE
BOUND BY THE TERMS OF THIS LICENSE. TO THE EXTENT THIS LICENSE MAY BE CONSIDERED
TO BE A CONTRACT, THE LICENSOR GRANTS YOU THE RIGHTS CONTAINED HERE IN
CONSIDERATION OF YOUR ACCEPTANCE OF SUCH TERMS AND CONDITIONS.

1. Definitions

a. "Adaptation" means a work based upon the Work, or upon the Work and other pre-existing works,
such as a translation, adaptation, derivative work, arrangement of music or other alterations of a
literary or artistic work, or phonogram or performance and includes cinematographic adaptations or
any other form in which the Work may be recast, transformed, or adapted including in any form
recognizably derived from the original, except that a work that constitutes a Collection will not be
considered an Adaptation for the purpose of this License. For the avoidance of doubt, where the
Work is a musical work, performance or phonogram, the synchronization of the Work in timed-
relation with @ moving image ("synching") will be considered an Adaptation for the purpose of this
License.

b. "Collection™ means a collection of literary or artistic works, such as encyclopedias and
anthologies, or performances, phonograms or broadcasts, or otherworks or subject matter other
than works listed in Section 1(f) below, which, by reason of the selection and arrangement of their
contents, constitute intellectual creations, in which the Work is included in its entirety in unmodified
form along with one or more other contributions, each constituting separate and independent works
in themselves, which together are assembled into a collective whole. A work that constitutes a
Collection will not be considered an Adaptation (as defined above) for the purposes of this License.

c¢. "Distribute” means to make available to the public the original and copies of the Work or

Adaptation, as appropriate, through sale or other transfer of ownership.

"Licensor" means the individual, individuals, entity or entities that offer(s) the Work under the

terms of this License.

"QOriginal Author" means, in the case of a literary or artistic work, the individual, individuals, entity

or entities who created the Work or if no individual or entity can be identified, the publisher; and in

addition (i) in the case of a performance the actors, singers, musicians, dancers, and other persons
who act, sing, deliver, declaim, play in, interpret or otherwise perform literary or artistic works or
expressions of folklore; (i) in the case of a phonogram the producer being the person or legal
entity who first fixes the sounds of a performance or other sounds; and, (iii) in the case of
broadcasts, the organization that transmits the broadcast.

"Work" means the literary and/or artistic work offered under the terms of this License including

without limitation any production in the literary, scientific and artistic domain, whatever may be the

Qo

®

—n
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mode or form of its expression including digital form, such as a book, pamphlet and other writing; a
lecture, address, sermon or other work of the same nature; a dramatic or dramatico-musical work;
a choreographic work or entertainment in dumb show; a musical composition with or without
words; a cinematographic work to which are assimilated works expressed by a process analogous
to cinematography; a work of drawing, painting, architecture, sculpture, engraving or lithography; a
photographic work to which are assimilated works expressed by a process analogous to
photography; a work of applied art; an illustration, map, plan, sketch or three-dimensional work
relative to geography, topography, architecture or science; a performance; a broadcast; a
phonogram; a compilation of data to the extent it is protected as a copyrightable work; or a work
performed by a variety or circus performer to the extent it is not otherwise considered a literary or
artistic work.

. "You" means an individual or entity exercising rights under this License who has not previously

violated the terms of this License with respect to the Work, or who has received express
permission from the Licensor to exercise rights under this License despite a previous violation.

. "Publicly Perform” means to perform public recitations of the Work and to communicate to the

public those public recitations, by any means or process, including by wire or wireless means or
public digital performances; to make available to the public Works in such a way that members of
the public may access these Works from a place and at a place individually chosen by them; to
perform the Work to the public by any means or process and the communication to the public of
the performances of the Work, including by public digital performance; to broadcast and
rebroadcast the Work by any means including signs, sounds or images.

. "Reproduce” means to make copies of the Work by any means including without limitation by

sound or visual recordings and the right of fixation and reproducing fixations of the Work, including
storage of a protected performance or phonogram in digital form or other electronic medium.

2. Fair Dealing Rights. Nothing in this License is intended to reduce, limit, or restrict any uses free from
copyright or rights arising from limitations or exceptions that are provided for in connection with the
copyright protection under copyright law or other applicable laws.

3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants You a
worldwide, royalty-free, non-exclusive, perpetual (for the duration of the applicable copyright) license to
exercise the rights in the Work as stated below:

a.

b.

o

to Reproduce the Work, to incorporate the Work into one or more Collections, and to Reproduce
the Work as incorporated in the Collections;

to create and Reproduce Adaptations provided that any such Adaptation, including any translation
in any medium, takes reasonable steps to clearly label, demarcate or otherwise identify that
changes were made to the original Work. For example, a translation could be marked "The original
work was translated from English to Spanish," or a modification could indicate "The original work
has been modified.";

to Distribute and Publicly Perform the Work including as incorporated in Collections; and,

. to Distribute and Publicly Perform Adaptations.

. For the avoidance of doubt:

i. Non-waivable Compulsory License Schemes. In those jurisdictions in which the right to
collect royalties through any statutory or compulsory licensing scheme cannot be waived,
the Licensor reserves the exclusive right to collect such royalties for any exercise by You of
the rights granted under this License;

i. Waivable Compulsory License Schemes. In those jurisdictions in which the right to collect
royalties through any statutory or compulsory licensing scheme can be waived, the Licensor
waives the exclusive right to collect such royalties for any exercise by You of the rights
granted under this License; and,

. Voluntary License Schemes. The Licensor waives the right to collect royalties, whether
individually or, in the event that the Licensor is a member of a collecting society that
administers voluntary licensing schemes, via that society, from any exercise by You of the
rights granted under this License.

The above rights may be exercised in all media and formats whether now known or hereafter devised.
The above rights include the right to make such modifications as are technically necessary to exercise the
rights in other media and formats. Subject to Section 8(f), all rights not expressly granted by Licensor are
hereby reserved.

https://creativecom mons.org/licenses/by/3.0/legalcode
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4. Restrictions. The license granted in Section 3 above is expressly made subject to and limited by the
following restrictions:

a. You may Distribute or Publicly Perform the Work only under the terms of this License. You must
include a copy of, or the Uniform Resource Identifier (URI) for, this License with every copy of the
Work You Distribute or Publicly Perform. You may not offer or impose any terms on the Work that
restrict the terms of this License or the ability of the recipient of the Work to exercise the rights
granted to that recipient under the terms of the License. You may not sublicense the Work. You
must keep intact all notices that refer to this License and to the disclaimer of warranties with every
copy of the Work You Distribute or Publicly Perform. When You Distribute or Publicly Perform the
Work, You may not impose any effective technological measures on the Work that restrict the
ability of a recipient of the Work from You to exercise the rights granted to that recipient under the
terms of the License. This Section 4(a) applies to the Work as incorporated in a Collection, but this
does not require the Collection apart from the Work itself to be made subject to the terms of this
License. If You create a Collection, upon notice from any Licensor You must, to the extent
practicable, remove from the Collection any credit as required by Section 4(b), as requested. If You
create an Adaptation, upon notice from any Licensor You must, to the extent practicable, remove
from the Adaptation any credit as required by Section 4(b), as requested.

If You Distribute, or Publicly Perform the Work or any Adaptations or Collections, You must, unless
a request has been made pursuant to Section 4(a), keep intact all copyright notices for the Work
and provide, reasonable to the medium or means You are utilizing: (i) the name of the Original
Author (or pseudonym, if applicable) if supplied, and/or if the Original Author and/or Licensor
designate another party or parties (e.g., a sponsor institute, publishing entity, journal) for attribution
("Attribution Parties") in Licensor's copyright notice, terms of service or by other reasonable means,
the name of such party or parties; (ii) the title of the Work if supplied; (iii) to the extent reasonably
practicable, the URI, if any, that Licensor specifies to be associated with the Work, unless such
URI does not refer to the copyright notice or licensing information for the Work; and (iv) , consistent
with Section 3(b), in the case of an Adaptation, a credit identifying the use of the Work in the
Adaptation (e.g., "French translation of the Work by Original Author," or "Screenplay based on
original Work by Criginal Author"). The credit required by this Section 4 (b) may be implemented in
any reasonable manner; provided, however, that in the case of a Adaptation or Collection, at a
minimum such credit will appear, if a credit for all contributing authors of the Adaptation or
Collection appears, then as part of these credits and in a manner at least as prominent as the
credits for the other contributing authors. For the avoidance of doubt, You may only use the credit
required by this Section for the purpose of attribution in the manner set out above and, by
exercising Your rights under this License, You may not implicitly or explicitly assert or imply any
connhection with, sponsorship or endorsement by the Original Author, Licensor and/or Attribution
Parties, as appropriate, of You or Your use of the Work, without the separate, express prior written
permission of the Criginal Author, Licensor and/or Attribution Parties.

Except as otherwise agreed in writing by the Licensor or as may be otherwise permitted by
applicable law, if You Reproduce, Distribute or Publicly Perform the Work either by itself or as part
of any Adaptations or Collections, You must not distort, mutilate, modify or take other derogatory
action in relation to the Work which would be prejudicial to the Criginal Author's honor or
reputation. Licensor agrees that in those jurisdictions (e.g. Japan), in which any exercise of the
right granted in Section 3(b) of this License (the right to make Adaptations) would be deemed to be
a distortion, mutilation, modification or other derogatory action prejudicial to the Original Author's
honor and reputation, the Licensor will waive or not assert, as appropriate, this Section, to the
fullest extent permitted by the applicable national law, to enable You to reasonably exercise Your
right under Section 3(b) of this License (right to make Adaptations) but not otherwise.

=

o

. Representations, Warranties and Disclaimer

UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIES IN WRITING, LICENSOR OFFERS
THE WORK AS-IS AND MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY KIND
CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTCRY OR OTHERWISE, INCLUDING,
WITHOUT LIMITATION, WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A PARTICULAR
PURPOSE, NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER DEFECTS,
ACCURACY, OR THE PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT DISCOVERABLE.
SOME JURISDICTIONS DO NOT ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, SO SUCH
EXCLUSION MAY NOT APPLY TO YOU.
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6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO
EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL,
INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS
LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

7. Termination

a.

=

This License and the rights granted hereunder will terminate automatically upon any breach by You
of the terms of this License. Individuals or entities who have received Adaptations or Collections
from You under this License, however, will not have their licenses terminated provided such
individuals or entities remain in full compliance with those licenses. Sections 1, 2, 5, 6, 7, and 8 will
survive any termination of this License.

Subject to the above terms and conditions, the license granted here is perpetual (for the duration of
the applicable copyright in the Work). Notwithstanding the above, Licensor reserves the right to
release the Work under different license terms or to stop distributing the Work at any time;
provided, however that any such election will not serve to withdraw this License (or any other
license that has been, or is required to be, granted under the terms of this License), and this
License will continue in full force and effect unless terminated as stated above.

8. Miscellaneous

a.

=

O

—h

Each time You Distribute or Publicly Perform the Work or a Collection, the Licensor offers to the
recipient a license to the Work on the same terms and conditions as the license granted to You
under this License.

Each time You Distribute or Publicly Perform an Adaptation, Licensor offers to the recipient a
license to the original Work on the same terms and conditions as the license granted to You under
this License.

. If any provision of this License is invalid or unenforceable under applicable law, it shall not affect

the validity or enforceability of the remainder of the terms of this License, and without further action
by the parties to this agreement, such provision shall be reformed to the minimum extent
necessary to make such provision valid and enforceable.

. No term or provision of this License shall be deemed waived and no breach consented to unless

such waiver or consent shall be in writing and signed by the party to be charged with such waiver
or consent.

. This License constitutes the entire agreement between the parties with respect to the Work

licensed here. There are no understandings, agreements or representations with respect to the
Work not specified here. Licensor shall not be bound by any additional provisions that may appear
in any communication from You. This License may not be modified without the mutual written
agreement of the Licensor and You.

The rights granted under, and the subject matter referenced, in this License were drafted utilizing
the terminclogy of the Berne Convention for the Protection of Literary and Artistic Works (as
amended on September 28, 1979), the Rome Convention of 1961, the WIPO Copyright Treaty of
1996, the WIPO Performances and Phonograms Treaty of 1996 and the Universal Copyright
Convention (as revised on July 24, 1971). These rights and subject matter take effect in the
relevant jurisdiction in which the License terms are sought to be enforced according to the
corresponding provisions of the implementation of those treaty provisions in the applicable national
law. If the standard suite of rights granted under applicable copyright law includes additional rights
not granted under this License, such additional rights are deemed to be included in the License;
this License is not intended to restrict the license of any rights under applicable law.

Creative Commons Notice

Creative Commons is not a party to this License, and makes no warranty whatsoever in connection
with the Work. Creative Commons will not be liable to You or any party on any legal theory for any
damages whatsoever, including without limitation any general, special, incidental or consequential
damages arising in connection to this license. Notwithstanding the foregoing two (2) sentences, ff

Creative Commons has expressly identified itself as the Licensor hereunder, it shall have all rights and

obligations of Licensor.

https://creativecom mons.org/licenses/by/3.0/legalcode
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Except for the limited purpose of indicating to the public that the Work is licensed under the CCPL,
Creative Commons does not authorize the use by either party of the trademarik “Creative Commons”
or any related trademark or logo of Creative Commons without the prior written consent of Creative
Commons. Any permitted use will be in compliance with Creative Commons' then-current trademark
usage guidelines, as may be published on its website or otherwise made available upon request from
time to time. For the avoidance of doubt, this trademark restriction does not form part of this License.

Creative Commons may be contacted at https.//creativecommons.org/.
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Personal use

Authors can use their articles, in full or in part, for a wide range of scholarly, non-
commercial purposes as outlined below:

* Use by an author in the author’s classroom teaching (including distribution of copies,
paper or electronic)

Distribution of copies (including through e-mail) to known research colleagues for their

personal use (but not for Commercial Use)

Inclusion in a thesis or dissertation (provided that this is not to be published

commercially)

Use in a subsequent compilation of the author's works

Extending the Article to book-length form

Preparation of other derivative works (but not for Commercial Use)

Otherwise using or re-using portions or excerpts in other works

These rights apply for all Elsevier authors who publish their article as either a subscription
article or an open access article. In all cases we require that all Elsevier authors always

include a full acknowledgement and, if appropriate, a link to the final published version
hosted on Science Direct.
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