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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.  
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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). 

 

 

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 β-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

𝑃𝑢𝑙𝑠𝑒 𝑡𝑟𝑎𝑛𝑠𝑖𝑡 𝑡𝑖𝑚𝑒
    [Eq1] 

 

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 PWV 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 [Eq2] (48, 113): 

 

 

𝐷𝑖𝑠𝑡𝑒𝑛𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐶𝑆𝐴𝑀𝑎𝑥−𝐶𝑆𝐴𝑀𝑖𝑛

𝑃𝑃 × 𝐶𝑆𝐴𝑀𝑖𝑛
    [Eq2] 

 

where CSAMax is the maximum cross-sectional area, CSAMin 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 β-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):  

 

𝛽 − 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 =  
𝑙𝑛(

𝑆𝐵𝑃

𝐷𝐵𝑃
)

(
𝐿𝐷𝑚𝑎𝑥 −𝐿𝐷𝑚𝑖𝑛

𝐿𝐷𝑚𝑖𝑛
)
    [Eq3] 

 

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 β-stiffness index was tested in eight patients post-myocardial infarction 

during intravenous nitroglycerin infusion, which yielded no change in β-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 β-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 β-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 (AIx) (76).  

While AIx can be measured in any conduit artery (65), AIx 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 AIx 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 AIx, most notably heart rate, through a reduction in absolute systolic 

time (173). For this reason, AIx is typically standardized at 75bpm (AIx@75) to control 

for interindividual differences in heart rate. AIx 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 AIx and reflected waves 

have demonstrated success in predicting cardiovascular disease risk, current 

recommendations for the measurement of arterial stiffness do not include AIx as a 

surrogate for stiffness, as PWV is only one of many factors that may influence AIx (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.  

 

 

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 plaque (149), compared to healthy younger adults. Segmented displacements have 

also been reported, including displacements during the initial anterograde (A1) 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]: 

 

𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑎𝑖𝑛 = 𝑎𝑟𝑐𝑡𝑎𝑛 {
[𝐿𝑃𝑜𝑠𝐼𝑀−𝐿𝑃𝑜𝑠𝐼𝑀(𝑟𝑒𝑓)]−[𝐿𝑃𝑜𝑠𝐴𝑑𝑣−𝐿𝑃𝑜𝑠𝐴𝑑𝑣(𝑟𝑒𝑓)]

𝑟𝑎𝑑𝑖𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑅𝑂𝐼 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 6th to 8th 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., AIx, 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 α-
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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 β-blockade 

(metoprolol) on CALM in five additional pigs (2). During low-dose epinephrine infusion 

(relatively greater action on β2-receptors vs α-receptors), pulse pressure decreased 

concurrent with reductions in maximal CALM displacement, whereas high-dose 

epinephrine (relatively greater action on α-receptors) greatly increased both pulse 

pressure and maximal CALM displacement. These effects were not reversed by the β1-

specific blocker metoprolol, indicating the effects were predominantly α-adrenergic 

mediated. The authors attributed these CALM modifications to the increases in blood 

pressure and α-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. 

 

 

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 β-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 VO2max, 

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 I and type III 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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CHAPTER 2: 

 

CAROTID ARTERY LONGITUDINAL WALL MOTION IS ASSOCIATED 

WITH LOCAL BLOOD VELOCITY AND LEFT VENTRICULAR 

ROTATIONAL, BUT NOT LONGITUDINAL, MECHANICS 

Published in Physiological Reports, 4(14):e12872, 2016. 
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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 

Published in Ultrasound in Medicine and Biology, [in press], 2017; doi: 

10.1016/j.ultrasoundbio.2017.04.026. 
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CHAPTER 4: 

 

CARDIAC AND HEMODYNAMIC DETERMINANTS OF CAROTID ARTERY 

LONGITUDINAL WALL MOTION 

In preparation 
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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; β=-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. 

 

 



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

 88 

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. 
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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 (2nd 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 4MHz.  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 q; 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, α = 0.05, β = 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 α = 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 (5±5 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 (Δ range: -0.19 to 0.43 mm), systolic retrograde (Δ range: -0.29 to 0.30 mm) 

and diastolic (Δ 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 (Δ range: -0.31 to 0.15 mm), systolic retrograde (Δ range: -0.39 to 

0.18 mm) and diastolic (Δ 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 25th, 50th (median), and 75th 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 25th, 50th 

(median), and 75th 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 (Δ 

range: -0.19 to 0.21 mm), systolic retrograde (Δ range: -0.34 to 0.29 mm) and diastolic (Δ 

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 25th, 50th (median), and 75th 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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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 (β = -0.025, P = 0.03). An increase in basal rotation was also 

related to increases in MAP (r = -0.35, P = 0.03; β = -1.654, P = 0.01). There was also a 

positive correlation between the change in shear rate and diastolic CALM displacement (r 
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= 0.32, P = 0.04; β = 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).  

 
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 β1-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 β-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 

α-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 



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

 105 

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: 
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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 
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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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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 q, 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 2nd 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 2nd 

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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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 (2nd 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 

mean±SD. All analyses were two-tailed, with the level of statistical significance set at α = 

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: 122±62 vs 155±60 mm/s2; 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 × time P=0.19), systolic retrograde (group × time 

P=0.59) or diastolic CALM displacement (group × 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 × time 

P=0.89) or accelerations (group × 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 × time P=0.98), systolic retrograde (group × time P=0.67), or 

diastolic CALM displacement (group × 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 × time P=0.87) or 

accelerations (group × 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. 
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FIGURE 3. Individual training responses in CALM variables over the training period for 

training groups in Study 1 (dark grey) and Study 2 (light grey), and control groups 

(black). Dashed lines represent ± 2*Typical Error change scores of the control groups 

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 yields 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-1×10-3; 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 
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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 β2-adrenoreceptor 

activation reduced CALM magnitude, while α-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 



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

 153 

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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