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Abstract 

Recent advances in cardiac ultrasound allow for the effective assessment of left 

ventricular (LV) rotation. LV rotation makes systole more efficient, and significantly aids 

diastolic filling. To date little information exists on LV rotation in endurance-trained 

individuals across the lifespan. Therefore, the purpose of this series of investigations was 

to describe the effects of endurance training and age on LV rotation. In the first 

investigation, resting LV rotation was assessed with echocardiography and speckle-

tracking analysis in 52 athletes ranging in age from 24-76. Athletes were divided into 

young (≤ 44 years) and older (> 45 years). Neither peak torsion (Old: 16.8±6.4°; Young: 

15.0±4.4°) or peak recoil rate (Old: -127.8±48.2°/s; Young: -106.4±39.6°/s) were 

significantly different between young and old athletes, suggesting preservation of cardiac 

function with lifelong exercise training. In an attempt to discern the impact of aging on 

exercising LV rotation, speckle-tracking analysis was used to compare heart transplant 

recipients (HTR, age: 61 ± 9 years) with recipient (RM, age: 60 ± 12 years) and donor 

(DM, age: 35 ± 8 years) age-matched individuals. In response to exercise, DM 

significantly increased peak torsion and peak recoil rate, whereas RM could not. Despite 

having a heart 25 years younger, LV rotation in HTR was similar to RM, suggesting 

accelerated aging of the cardiac allograft. Considering pre-transplant etiology, surgery 

and medications, it is encouraging that HTR responded similarly to healthy RM. In the 

third experiment, the relationship between preload reduction with lower body negative 

pressure (LBNP) and LV recoil was compared in normally active and endurance-trained 

individuals. The major finding of this investigation was that in response to LBNP, 

normally active individuals were able to increase LV recoil rate; whereas LV recoil rate 
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slowed in endurance athletes during preload reduction. This training mediated LV 

rotational difference may be an additional mechanism which can help explain the higher 

incidence of orthostatic intolerance in athletes. Together, these findings add significantly 

to the small number of investigations examining LV rotation in endurance-athletes and 

contribute to the foundation for future experiments in this emerging area of research. 
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CHAPTER ONE: Introduction 

     Due to myocardial fiber orientation, the human heart functions in three planes of 

motion: longitudinal, radial and circumferential (12, 13). All three motions are evident 

during systole and diastole, and are inextricably linked in their response to alterations in 

preload, afterload and heart rate (3, 14). This collection of experiments will support the 

notion that the proceeding systolic contraction plays a crucial role in subsequent diastolic 

events, particularly for circumferential function (9). As will be outlined, the early nature 

of left ventricular (LV) diastolic circumferential untwisting makes it unique compared to 

longitudinal or radial relaxation (2, 11). Rapid early untwisting begins during 

isovolumetric relaxation, suggesting a crucial role for LV circumferential rotation in the 

generation of early diastolic pressure gradients and ultimately LV filling (8, 9). 

     Until recently, cardiac imaging techniques have predominantly provided indices of 

longitudinal and radial function. Relatively new technological advances in cardiac 

ultrasound allow for the non-invasive assessment of LV rotation in humans at rest and 

during exercise (5, 7). Therefore, the following experiments were conducted in an 

attempt to better understand cardiac adaptations to endurance-training and aging with a 

particular focus on LV circumferential rotation.    

1.1 Statement of the Problem 

     Years of exercise training results in numerous cardiac adaptations, with the most 

evident being larger end-diastolic volumes and stroke volumes at rest and during exercise 

(4, 6, 15, 16). A greater amount of LV filling at a similar heart rate is indicative of 

enhanced diastolic function, and is a prevalent finding amongst endurance-trained 

individuals (4, 16).  
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     Diastolic filling may be reduced in healthy older individuals, but can be preserved 

with life-long aerobic exercise training (1, 10). Since LV circumferential untwisting has 

an influence on early diastolic filling, identifying alterations to untwisting are important 

in order to understand the cardiac adaptations which occur in response to endurance-

training and aging. Accordingly, the primary objectives of this collection of experiments 

were to: 1) describe the influence of lifelong endurance-training on LV rotation; 2) 

identify resting and exercise LV rotational responses of a relatively young heart placed in 

an older body following heart transplantation; 3) investigate the role of LV untwisting in 

endurance-trained athletes as a mechanism contributing to orthostatic intolerance. 

     Chapter two presents the current literature pertaining to the study of LV 

circumferential rotation. Chapter three discusses the first experiment which involved an 

examination of the impact of ultra-marathon training on LV rotation in athletes ranging 

from age 24-76. Chapter four presents an investigation on LV rotation in heart transplant 

recipients. In this unique model of aging, resting and exercise LV rotational responses of 

heart transplant recipients were compared with those of individuals matched to the age of 

the transplant recipient, as well as those matched to the age of the donor heart. Chapter 

five discusses findings from the final investigation which compared LV rotational 

responses in endurance-trained individuals with normally active individuals during 

orthostatic stress in an attempt to better understand orthostatic intolerance in endurance 

athletes. Finally, chapter six provides an overview of the knowledge that was gained from 

this collection of experiments, as well as a discussion regarding the impact of this 

information for future investigations. 
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1
CHAPTER TWO: Review of Literature 

     Recent technological advances in echocardiography provide the ability to quantify left 

ventricular (LV) function across its three planes of motion: longitudinal, radial and 

circumferential (61). Tissue Doppler along with speckle-tracking imaging and analysis 

allow for the assessment of myocardial shortening (strain), rates of shortening (strain 

rates) as well as tissue velocities, and tissue displacements (linear and angular) 

throughout the cardiac cycle. One of the most intriguing outcomes from these 

technological advancements is the ability to quantify LV rotation.  

     As will be discussed in this brief review, the importance of measuring LV rotation lies 

in its potential for early detection of pathology (25), the ability of torsion techniques to 

provide regional information, as well as the importance of LV rotation as an indicator of 

active diastolic relaxation (6). Torsion and diastolic recoil may be of particular 

importance when the cardiac cycle is abbreviated during exercise. Therefore, this review 

will consider the potential implications and uses for the study of LV circumferential 

rotation in health and disease.  

                                                 
1
 A version of this chapter has been published as: BT Esch and DER Warburton (2009). Left Ventricular 

Torsion and Recoil: Implications for Exercise Performance and Cardiovascular Disease. Journal of Applied 

Physiology 106: 362-369 used with permission. 
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2.1 Left Ventricular Torsion and Recoil  

2.1.1 Mechanics of Torsion 

     Atrial-ventricular plane displacement has recently been shown to account for 

approximately 60% of stroke volume (8). The remaining contribution to stroke volume is 

from radial compression and LV circumferential twisting. Left ventricular twisting was 

first described by Harvey in 1628 (26). Looking from the ventricular apex, during systole 

the apex rotates counter-clockwise whereas the LV base rotates clockwise resulting in 

torsion (figure 2.1) (20, 40). Untwisting occurs in the opposite direction during early 

diastole resulting in diastolic recoil. 
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Figure 2.1. Left ventricular torsion. 

The LV on the left is shown in diastole; the LV on the right depicts (viewed from the 

apex) the counterclockwise rotation of the apex, and clockwise rotation at the base during 

systole. Note: the vertical lines on the LV do not represent fiber orientation, but are to 

illustrate the direction of torsion. 

 



 8 

     For the purposes of this review, twisting and untwisting are the rotational 

deformations (measured in degrees) for either the apex or base of the heart, and torsion 

and recoil are the net difference between the apex and base. Rotation is used as a blanket 

term to include both systolic and diastolic indices of LV circumferential motion. Left 

ventricular torsion and recoil are a result of the dynamic interaction between obliquely 

oriented epicardial and endocardial fibers wound oppositely (56). Streeter et al. elegantly 

showed the transition in myocardial fiber orientation in stages from the endocardium to 

the (relatively) perpendicular mid-wall, and then to the opposite angles toward the 

epicardium (56). The left-handed helix of the epicardium dominates rotational motion 

due to its longer lever arm from the center of the LV. The endocardial layer, with a right-

handed helix, moves together with the epicardium, though providing some opposition to 

epicardial motion (75). As a result of torsion, epicardial and endocardial sarcomere 

shortening in all directions tends to be equilibrated during ejection, resulting in reduced 

stress between myocardial fibers (2). Systolic twist acts to limit myocardial energy 

expenditure by creating high interventricular systolic pressures with minimal muscle 

shortening resulting in efficient LV contraction (3). The resultant recoil of the LV has 

important implications for diastolic filling. It should be duly noted that each systolic 

contraction has a significant impact on the following diastole (45). In fact, the elastic 

recoil which occurs during early diastole is thought to be a result of the vigorous 

contraction and compression of cardiac proteins such as titin (21, 31). The potential 

energy stored in the spring-like titin is unleashed during diastole; aiding myocardial 

relaxation and diastolic filling (21, 31). A portion of the energy released during recoil 
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may also be generated from the release of sheer strains built up between the endocardial 

and epicardial layers (33, 48). 

     The effective filling pressure of the LV is the difference between left atrial pressure 

and LV pressure; also known as the transmitral pressure gradient. During systole, LV 

pressures are high, and the mitral valve is closed. After systolic contraction, LV pressures 

begin to fall, the aortic valve closes and isovolumetric relaxation commences resulting in 

a further drop in LV pressure. Once left atrial pressure is greater than LV pressure the 

mitral valve opens and early diastolic filling occurs. The rate of blood flow into the LV 

during early diastole is directly proportional to the transmitral pressure gradient (12, 34). 

Early diastolic filling occurs until left atrial and LV pressures are approximately at 

equilibrium, then finally, atrial contraction occurs. During systole, the apex twists in a 

counterclockwise direction to aid with the ejection of blood. However, the rapid recoil 

(untwisting) of the myocardium, approximately 40% of which occurs during 

isovolumetric relaxation, has significant effects on both LV and transmitral pressures 

(44). Rapid untwisting during isovolumetric relaxation is crucial in the development of 

low LV pressures (44). Delayed or prolonged untwisting results in ineffective recoil, with 

little benefit to the transmitral pressure gradient (20, 44, 47). Rapid myocardial 

untwisting in early diastole has been shown to contribute to the occurrence of diastolic 

suction, whereby minimum LV pressure may become relatively negative (or increasing 

chamber dimension despite declining pressures) (64). A lower LV pressure (assuming a 

constant left atrial pressure) results in a greater transmitral filling gradient, and a higher 

rate of flow (12, 34). Therefore, any perturbation that could affect the rate of untwisting 

either acutely (e.g. reduced end-systolic volume) or chronically (e.g. endurance-training) 
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could significantly impact transmitral filling, end-diastolic volume (EDV), and ultimately 

stroke volume. 

2.1.2 Diastolic Filling Rates, Transmitral Pressures and LV Rotation during Exercise 

     An elevated heart rate during exercise results in reduced diastolic filling time (23). 

Consequently, diastolic function (and diastolic filling rate) must be augmented during 

exercise in order to attain the same LV EDV in a shorter amount of time. Endurance-

trained athletes have larger increases in LV EDV and stroke volume compared to 

untrained individuals and therefore, they must have a more dramatic increase in diastolic 

filling and function during exercise (23, 70). Doppler echocardiography has been used to 

show an increase in the early diastolic peak filling velocity with exercise, and a greater 

increase in endurance athletes compared to normal individuals (13, 59). These findings 

are all indicative of enhanced filling rates in endurance athletes during exercise. 

Numerous mechanisms could contribute to greater LV filling and EDV in endurance 

athletes including greater blood volumes (14, 68), increased LV compliance (38), reduced 

diastolic ventricular interactions (17), as well as potentially greater increases in the 

transmitral pressure gradient and LV rotation with exercise. 

     Increased early diastolic filling velocities during exercise suggest an increase in the 

transmitral pressure gradient. Numerous researchers have shown the transmitral pressure 

gradient (or the intraventricular pressure gradient measured from apex to base) to be 

increased during exercise (9, 44, 52). In the animal model, Cheng et al (1992) 

demonstrated an increase in the transmitral pressure gradient as a result of a reduced 

minimal LV pressure without a significant change in left atrial pressure (9). Due to the 

reductions in minimal LV pressure, there was a downward shift in the diastolic portion of 
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the pressure-volume relationship during exercise compared to rest. The net result was an 

increased LV EDV and stroke volume despite a shorter diastolic filling time (9). Similar 

increases in the transmitral pressure gradient as a result of reductions in minimal LV 

pressure have been shown in humans during dobutamine infusion (65). 

     Recently, Notomi et al. (2006) have demonstrated that ventricular torsion and recoil 

increase during submaximal exercise in healthy individuals (44). Interestingly, these 

authors demonstrated a sequential time course between peak diastolic untwisting rates, 

the peak intraventricular pressure gradient (an indicator of diastolic suction) (42), and 

peak early diastolic filling velocity (figures 2.2 and 2.3). The sequential nature of their 

findings suggests the important contribution of each phase on the following step; that is, 

untwisting aids in generating the pressure gradient, and the pressure gradient is essential 

for peak diastolic filling velocity. 
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Figure 2.2. Mean left ventricular rotational velocity at rest in healthy individuals. 
The data is presented over time as a percentage of systolic duration, where 0% is end-

diastole (onset of QRS interval) and 100% is aortic valve closure. The vertical lines 

signify valve timing (MC = mitral valve closure, AO = aortic valve opening, AC = aortic 

valve closure, MO = mitral valve opening) as well as aortic (EJ = peak aortic ejection 

velocity) and mitral (Pk-E = peak early mitral filling velocity) peak flow velocities. At 

rest and during exercise, the peak IVPG was found to occur between MO and Pk-E. 

Generally, positive values are indicative of systolic twisting and negative values are 

indicative of untwisting in diastole. This figure was adapted from Notomi et al. (2006) 

(44). 
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Figure 2.3. Mean LV rotational velocity during sub-maximal exercise in healthy 

individuals. 

The symbols are the same as in figure 2.2  
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Notomi and colleagues (2006) also reported that during exercise the greatest relative 

increase in proportional contribution to stroke volume is from LV circumferential motion 

(44). It should be noted that the participants in the study by Notomi et al. (2006) were 

exercising at a relatively low intensity (heart rate of approximately 112 beats per 

minutes) for a short period of time. Others have also shown increases in torsion and recoil 

with low intensity acute exercise, or after exercise (41, 63). Stuber et al. (1999) found no 

differences in resting LV torsion and recoil between healthy normal individuals and 

competitive rowers, however, no exercise data was obtained (57). In contrast Nottin et al. 

(2008) found apical rotation and LV torsion to be reduced in elite cyclists (48). They 

suggest that there findings may be related to differences in heart rates between athletes 

and non-athletes, or to structural adaptations of the myocardium. Interestingly, Nottin et 

al. found differences between endocardial and epicardial torsion in their control group, 

but no such transmural differences in the athletes (48). They also suggested that a lower 

torsion at rest in the athletes may allow for a greater torsion reserve during exercise; 

however, exercise torsion was not measured in their investigation. Interestingly, Rovner 

et al. (2005) demonstrated that the presence of higher intraventricular pressure gradients 

(i.e., greater LV suction) was directly related to VO2max (52). There has yet to be a 

systematic assessment of LV torsion and recoil during incremental or steady state 

prolonged exercise, and there have been no systematic comparisons between endurance-

trained athletes, sedentary individuals, and cardiac patients. A partial explanation for the 

lack of rotational data during exercise is due to the technical difficulty of obtaining high 

quality ultrasound images during high ventilations and heart rates. However, the work of 

Cheng and colleagues (1992) as well as Notomi et al (2006), suggest that LV torsion and 
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recoil may play a significant role in the augmentation of diastolic function seen during 

exercise (9, 44). 

2.2 Measurement of Ventricular Torsion  

     Quantification of LV torsion and recoil in humans has been conducted primarily with 

three methods: implanted myocardial markers, magnetic resonance image (MRI) tissue 

tagging, and echocardiography (tissue Doppler and speckle-tracking). Implanted 

radiopaque metallic markers or sonomicrometers in the myocardium can be established 

during clinically indicated cardiac surgery, but the invasive nature of this procedure 

makes them rare if not unnecessary in humans (considering the newer non-invasive 

technologies). 

     Magnetic resonance imaging is the current gold-standard for measuring LV rotation 

(46). To track the degrees of rotation throughout the cardiac cycle, the myocardium is 

“tagged” using a unique pulse sequence to manipulate the longitudinal magnetization of 

the myocardium (49, 76). Analyzing the movement of tissue tags provides quantification 

of the dynamic behavior of the myocardium. The technique of tagged MRI has been used 

in numerous investigations to assess torsion and recoil in a wide range of populations (20, 

40, 46, 49). The assessment of LV torsion and recoil with MRI requires the acquisition of 

cross-sectional (short axis) images at both the LV apex and base (level of the mitral 

valve). The major advantages of MRI derived torsion measurements are the spatial 

resolution and precision of the tissue tagging. High quality MRI images with tissue 

tagging can also allow for separate assessments of the endocardium and epicardium (39). 

Conversely, the temporal resolution is relatively slow compared to echocardiographic 

methods. As with echocardiography, MRI techniques are still limited by a two 
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dimensional image. The spatial constraints of the magnet as well as the accessibility and 

affordability of MRI make it less practical than echocardiography for many researchers.   

     Recently, developments have been made to allow for the assessment of torsion and 

recoil using two-dimensional and Doppler echocardiography (for a review see (60)). 

Numerous recent publications have demonstrated the abilities of slightly different 

methods of analysis to arrive at a similar outcome (1, 43, 46). Myocardial tissue 

velocities can be tracked at the base and apex in the short-axis plane allowing for the 

determination of rotational velocities (46). The tissue Doppler technique of assessing 

torsion has been shown to correlate well with MRI (r=0.84 (46)); however, as with all 

Doppler recordings there is concern about angle dependency. Two-dimensional 

ultrasound speckle tracking has been proposed as a less angle and velocity dependent 

measure of LV torsion (29, 43). Structures smaller than the wavelength of the ultrasound 

beam cause constructive and destructive interference which results in speckle patterns 

within the tissue (43). Speckle motion is highly related to myocardial motion, particularly 

when small displacements are involved (as in circumferential rotation) (29, 43). The 

speckles are tracked throughout the cardiac cycle in order to quantify the rotational 

displacement of the myocardium (43). After manually tracing the endocardial boarder, 

computer software is used (for example EchoPAC, GE Healthcare) to automatically 

select “speckles” and then track them frame by frame using the sum of absolute 

difference algorithm (37). As with MRI, short axis, two-dimensional images are required 

at the apex and base (mitral valve level) (60). Circumferential motion (in degrees) and 

rates of rotation (degrees/second) are provided by the software for both a mean measure, 

and for six equidistant regions around the circumference. Recently, Hui et al. have shown 



 17 

the ability of 2-D derived speckle-tracking to quantify transmural (endocardium and 

epicardium) torsions (33). Speckle tracking has been shown to correlate very well with 

MRI in humans (r=0.93) (43) and sonomicrometry in canines during both rest and 

dobutamine infusion (29). The advantages of tissue speckle tracking for the assessment of 

LV rotation include the relatively high temporal resolution, the possibility of acquiring 

images during exercise (with careful controls) and the general accessibility of 

echocardiography. With respect to temporal resolution, the frame rates chosen are 

important with a range of 50-90Hz generally suggested for resting humans (6). With low 

frame rates the myocardial motion is too large frame to frame, and with frame rates that 

are too high, the opposite occurs. In both cases, the automated software can not 

accurately track the myocardium (6). The disadvantages of speckle-tracking derived LV 

rotation include the reliance on adequate image quality, and the attempt to track a three-

dimensional motion with a two-dimensional image. As opposed to MRI where slices of 

the LV can be chosen very precisely, a limitation exists with echocardiography derived 

torsion, particularly when measuring the apex. Data acquisition at the apex is generally 

guided by acquiring a sample “below the papillary muscles” which can cause 

measurements to be taken at varying proximities to the true apex.  

     Most studies reporting torsion and twist provide details regarding inter and intra-

observer variability (which is normally between 5 and 10%), but little has been reported 

to date regarding the reproducibility of speckle-tracking or Doppler derived torsion at rest 

or exercise. Kim et al. (2007) reported that speckle-tracking was feasible in only 35% of 

volunteers tested, however, others have reported higher success rates (36). Speckle 

tracking derived torsion and twist depend on numerous factors which require technical 
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care making the acquisition of high quality images at the appropriate LV levels 

susceptible to error (or low feasibility). 

2.3 Factors That Affect LV Rotation 

     Numerous factors have been implicated in altering LV rotation. Changes in preload, 

afterload, contractility, heart rate, and sympathetic activation have been shown to alter 

rotation. Dong et al (1999) manipulated preload, afterload, and contractile state (via 

dobutamine infusion) independently in an isolated canine heart preparation (15). The 

directly proportional relationship between torsion and LVEDV and the inversely 

proportional relationship between torsion and end-systolic volume in the study by Dong 

et al. (1999) exhibit the volume dependency of LV torsion (15). In fact, many others have 

shown a low end-systolic volume to be the strongest predictor of  increases in untwisting 

rate and diastolic suction (45, 64, 67). In the same investigation, Dong et al. (1999) fixed 

LVEDV and end-systolic volume during dobutamine infusion. Dobutamine resulted in an 

elevated peak systolic pressure and an increase in LV torsion and recoil, demonstrating 

the force dependent nature of LV rotation (15). Although Cheng et al. (1992) did not 

measure torsion directly; they demonstrated that generation of a lower minimal LV 

pressure was affected by both heart rate and sympathetic stimulation (9). Conversely, 

Wang et al. found no relationship between heart rate and peak untwisting rates in heart 

failure patients (67).  

2.3.1 Factors Affecting LV Torsion during Acute Exercise and Exercise Training 

     Given that the previously discussed factors have been shown to affect LV rotation and 

minimum LV pressure generation, let us consider the exercising human model. Heart 
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rate, venous return, contractility, and sympathetic stimulation all increase with the onset 

of exercise. Conversely, due to an elevation in cardiac output, systolic blood pressure (a 

commonly used surrogate for ventricular afterload) increases throughout exercise. As 

previously discussed, an elevation in afterload is detrimental to LV torsion. However, the 

adverse effects of an elevated afterload are likely offset by an increase in all of the other 

factors that affect torsion. Therefore, it is not surprising that numerous investigators have 

shown torsion to increase with exercise (41, 44, 63). 

     Examining the factors that affect LV rotation, and knowing that these factors generally 

increase during acute exercise, the question then becomes ‘does chronic endurance 

training result in changes to these factors, ultimately increasing LV rotation during 

exercise?’ It has been established that endurance exercise training results in an increased 

blood volume (11, 14, 71). Increased blood volume is one of the major adaptations to 

endurance training and it has a direct impact on LV EDV and stroke volume (69). Taken 

independently, due to higher LV EDV, endurance athletes would be expected to have 

greater LV rotation compared to untrained individuals during exercise (15). Using 

systolic blood pressure as a surrogate for afterload, Gledhill et al. (1994) demonstrated 

that at matched heart rates, endurance athletes have a significantly reduced systolic blood 

pressure (23). Based on differences in afterload alone, endurance-trained athletes would 

exhibit higher degrees of LV torsion and recoil during exercise. Thus, training induced 

changes in total blood volume and/or afterload may account for higher LV torsion and 

recoil during exercise.  

     Small increases in contractility have been shown to occur with exercise training (53, 

70) which would influence the force dependency of torsion in endurance-trained athletes. 



 20 

Altered LV torsion and recoil as a result of chronic exercise training may also be due to 

changes in heart rate. Intrinsic heart rate has been shown to be reduced in endurance 

athletes (35), and lower resting heart rates have been shown to be related to reduced 

resting torsion in athletes (48). As well, peak heart rates have been shown to be reduced 

in trained individuals (73). Despite potentially having lower resting and peak heart rates, 

the greater heart rate reserve found in athletes may prove to be beneficial for increasing 

torsion with exercise.  

     Concentric hypertrophy caused by pressure overload has been shown to have 

detrimental consequences for LV torsion (57). Resting LV torsion and recoil were found 

to be reduced in elite cyclist who exhibited an increase in end-diastolic diameter, wall 

thickness, and LV mass (48). It is possible that structural adaptations to the endocardium 

or epicardium may have resulted in these rotational changes in athletes. However, the 

effects of training induced LV eccentric hypertrophy on LV torsion and recoil during 

exercise have yet to be determined.  

     Interestingly, Dorfman and colleagues (2008) have shown that cardiac deconditioning 

induced by 18 days of head-down tilt resulted in reduced LV untwisting (16). However, 

individuals undergoing head-down tilt were able to increase LV untwisting rates by 

exercising in the supine position (16), emphasizing the important influence of exercise 

training on LV recoil. 

2.3.2 Factors Affecting LV Torsion during Prolonged Exercise 

     To date, no studies have examined the effects of sustained (one or more hours) 

exercise on LV rotation. However, numerous investigations have shown alterations in 

parameters that affect LV rotation or could be a consequence of reductions in LV 
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rotation. It has been clearly established that reductions in ejection fraction and 

contractility can occur following prolonged exercise (generally longer than 4 hours) (55, 

72) and both reductions in contractility and higher end-systolic volumes have been 

related to reductions in LV torsion and recoil (15, 64). As discussed above, sympathetic 

stimulation can directly influence LV rotation, and the cardiac response to sympathetic 

activation has been shown to be blunted after prolonged strenuous exercise (55, 72). In 

addition, indices of diastolic function such as Doppler tissue velocity and early diastolic 

filling velocity are often reduced following prolonged exercise which may also indicate 

reductions in the early transmitral filling gradient (22, 55, 72). Whether these factors 

contribute to reduced LV rotation or are a consequence of it, it seems highly plausible 

that LV torsion and recoil are altered following prolonged exercise. This remains an area 

which requires further research to confirm these hypotheses. 

2.4 The Effects of Age and Gender on LV Torsion 

2.4.1 Torsion across the Lifespan 

     Important functional changes occur in the myocardium from infancy to late adulthood. 

Some of these alterations are directly related to LV rotation. Notomi and colleagues 

(2006) assessed LV torsion and twisting velocities in individuals from nine months to 49 

years and found that with advancing age there was an increase in LV torsion and 

untwisting velocity (47). However, when torsion was normalized for LV length, there 

was a decline in torsion and untwisting velocity during childhood (3-10 year olds) with 

an increase to above infant levels in middle aged adults (35-49 years old) (47). 

Interestingly, Notomi et al. (2006) found that in infancy, both basal and apical rotation 

were counterclockwise during systole, but throughout childhood and adolescents basal 
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systolic rotation gradually became more clockwise resulting in ventricular torsion (47). 

As well, the timing of LV untwisting in infancy was less effective than in adults since the 

majority of untwisting in infants occurs in conjunction with or after mitral valve opening. 

A delay which prevents a larger contribution of LV untwisting to reduced transmitral 

gradients (47). Several other investigations examining older individuals have shown LV 

torsion to be maintained or increased compared to younger adults (5, 28, 50). However, 

others have shown intraventricular pressure gradients to be reduced in the elderly (51). 

Indeed, Burns et al. (2007) found LV torsion to be elevated in older males at rest, yet the 

augmentation (or reserve) of torsion during exercise was shown to be significantly less in 

the older cohort (5). Lumens et al. found reduced endocardial circumferential shortening 

in elderly individuals (39). They suggested that reduced endocardial function would 

result in less opposition to the dominant epicardium ultimately causing elevated rotation. 

It has been proposed that endocardial function is more likely to reduce with age due to 

the sub-endocardium’s greater susceptibility to fibrosis and/or subclinical reductions in 

perfusion (7, 66). The finding of reduced sub-endocardial function and increased torsion 

in older individuals occurred despite no abnormalities in ejection fraction or LV mass, 

indicating measurements of torsion may be important for the early detection of 

cardiovascular dysfunction (39).  Further details examining the effects of exercise on LV 

torsion in individuals of all ages warrants further investigation. 

2.4.2 Sex Differences 

     Numerous investigations examining LV rotation have included both male and female 

participants (29, 44, 47, 50). However, because the data was pooled, any potential sex 

differences remain unknown. Differences in sympathetic activity, systolic function, LV 
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chamber compliance and blood volume between females and males may result in some 

disparities in LV rotation (18, 27, 32, 54, 74). If the assessment of torsion is to become an 

important clinical and research tool, normative data in a wide range of populations, 

including females, must be identified. 

2.5 LV Rotation and Cardiac Dysfunction 

     The importance of quantifying LV rotation lies in its potential for guiding clinical 

treatment. Measurements of peak torsion, the time of peak torsion as well as the rate and 

time of peak untwisting provide further insight into pathology beyond traditional clinical 

measures such as ejection fraction and Doppler indices of diastolic function. Numerous 

explanations for alterations in LV torsion in cardiac patients have been proposed, 

including: 1) remodeling of the myocardium causing less mechanically advantageous 

orientation for contraction; 2) degradation of the extracellular matrix which aids in the 

storing of potential energy during systolic contraction to be released during early diastole 

(4, 62). It is also possible that alterations in regional myocardial blood flow (e.g. the 

endocardium) or electrical activation may result in altered patterns of LV rotation in 

cardiac patients. Therefore, the ability to easily quantify and track changes in LV rotation 

may provide further insights into cardiac structure and function beyond traditional 

measures. As an example, Hansen et al. (1987) have shown that despite no change in 

ejection fraction, reductions in torsion and torsion rate were found in patients undergoing 

acute cardiac allograft rejection (25). As the patients recovered, torsion returned to pre-

rejection levels. In addition, LV torsion has been shown to be increased in diabetics 

(Type 1 and 2) (10, 19), and it is suggested that this may be a precursor to the myocardial 

alterations found in diabetic cardiomyopathy (10). 
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     Reductions in peak and peak rates of torsion and recoil have been shown to be reduced 

in heart failure patients with a reduced ejection fraction (20). In dilated cardiomyopathy, 

alterations of the timing of diastolic untwist have been shown to occur, whereby less 

rotation occurs in the isovolumetric phase of diastole, resulting in less effective 

untwisting (62). Conversely, Wang et al. (2007) have shown that heart failure with 

preserved ejection fraction have normal LV twist and untwist (67). The differences 

observed between patients with systolic and diastolic heart failure may lie in differences 

in chamber geometry or in the inability of patients with systolic heart failure to reduce 

their end-systolic volume (48).  

     Patients with systolic heart failure and non-uniform electromechanical contraction are 

candidates for cardiac resynchronization therapy (CRT) (24). Recent investigations have 

shown the ability of speckle-tracking derived strain in different regions 

(circumferentially) to aid in the placement of  pacing leads, that is, target the area of 

greatest delay in contraction (58). Investigators have shown that the degree to which 

circumferential shortening is synchronized can be used to predict which patients will 

respond to CRT (30), while others have shown no change in LV torsion following CRT 

despite improvements in ejection fraction (77). There is no doubt that the 

multidimensional (longitudinal, radial, and circumferential) and regional (around the 

circumference of a 2-D image) information provided by tissue Doppler and speckle-

tracking analysis is of great benefit for the advancement of CRT treatment and outcomes. 

More research is required in this emerging area of research to help identify the predictive 

and evaluative powers of assessing LV rotation in patients undergoing CRT. 
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     Individuals with chronic aortic stenosis have been shown to display elevated peak LV 

torsion compared to healthy controls (57). Numerous investigations have demonstrated 

increased LV torsion in the face of chronically increased afterload, which has been 

attributed largely to wall thickening and altered fiber orientation (40, 57). However, those 

with aortic stenosis exhibit delayed diastolic untwisting, where a greater proportion of 

untwisting occurs after mitral valve opening, indicating less effective diastolic recoil and 

reduced early diastolic filling (40, 57). 

     The above discussion provides a few examples of how measures of LV rotation can be 

used to provide additional insights into myocardial structure and function which go 

beyond basic traditional imaging measures. The further potential of LV rotational 

analysis may be seen during physiological stress as the heart may adequately compensate 

for dysfunction at rest, yet be limited and exposed during exercise. As an example, 

Notomi et al. (2006) found elevated resting torsion in patients with hypertrophic 

cardiomyopathy compared to healthy individuals, but the patients were unable to 

augment torsion and untwisting with exercise (44). Therefore, the importance of 

incorporating measures of LV rotation into standard stress-echocardiography may 

provide clinicians with further insight into cardiac dysfunction. 

2.6 Scaling of LV Rotation 

     An important issue in the assessment of LV rotation, particularly when comparing 

different populations, is the normalization of data. Be it athletes, children, or cardiac 

patients, heart size will have an impact on LV rotation. Normalizing torsion to LV length 

has been proposed as a method for comparing different groups (47). As well, others have 

shown torsion to be related to the ratio of LV wall thickness to LV radius, a measure 
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which could potentially be incorporated into a normalization of torsion allowing 

comparisons across groups (39).  

2.7 Conclusions 

     Left ventricular rotation has important implications for diastolic function both at rest 

and during exercise. The timing and magnitude of rotation have direct influences on the 

development of transmitral pressure gradients and ultimately LV filling. Recently 

advances in technology have made the quantification of LV rotation more available as 

both a research and clinical tool.  The importance of assessing LV torsion lies in the 

ability to quantify ventricular function more accurately spatially (over different planes of 

motion and regions of the heart) and temporally (e.g. for mechanical synchrony or for 

examining myocardial motion in comparison to valve events). Measuring LV rotation 

may become an important clinical tool as it appears to be more sensitive to dysfunction 

than some of the traditional echocardiography measures. 
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1
CHAPTER THREE: Left Ventricular Torsion and Recoil in Young and Old 

Endurance-Trained Athletes 

3.1 Introduction 

     Healthy aging is generally associated with preserved left ventricular (LV) systolic 

function and reduced diastolic function (27, 28). In older individuals, relaxation is 

prolonged, peak early mitral filling velocities (E) are reduced, and the LV is less 

compliant compared to younger individuals (1, 24, 26, 28). 

     Endurance training improves diastolic function in athletes as demonstrated by larger 

E, higher mitral annular velocities in early diastole (E’) and greater ventricular 

compliance (18, 25). Controversy exists regarding changes in diastolic function in older 

athletes. Some investigators have shown that years of training cannot offset age 

associated reductions in diastolic function (2, 12). However, others have shown the 

ability of lifelong endurance training to mitigate the deleterious effects of age on diastolic 

function, whereby senior athletes exhibit similar diastolic function to sedentary 

individuals four decades younger (1, 25, 26).  

     LV torsion is the result of counter-clockwise circumferential rotation at the apex and 

clockwise rotation at the base when viewed from the apex (5, 31). Torsion allows for 

optimal myocardial shortening and the efficient ejection of blood (3). In diastole, the 

potential energy stored during myocardial shortening is rapidly unleashed in the form of 

diastolic recoil (combined ventricular untwisting at the apex and base) (13, 15). 

                                                 
1
 A version of this chapter will be submitted for publication as: BT Esch, JM Scott, R Shave, K George, D 

Oxborough, RB Thompson, MJ Haykowsky and DER Warburton. Left Ventricular Torsion and Recoil in 

Young and Old Endurance-Trained Athletes. 
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Approximately 40% of LV recoil occurs during the isovolumic phase, making recoil 

crucial to the development of low LV pressures, and ultimately early LV filling (22).   

     LV torsion is elevated with increasing age, leaving little torsion reserve for exercise 

(4, 23, 24). Conversely, sedentary older individuals exhibit reduced rates of recoil as well 

as prolonged, less effective recoil (23, 24, 33). However, the effect of years of endurance 

training on LV torsion and recoil in older individuals is unknown. Therefore, we 

examined the impact of prolonged endurance training on LV torsion and recoil in older 

athletes. We hypothesized that endurance training would preserve LV torsion and recoil 

in older athletes so that it is similar to younger athletes. 

3.2 Methods 

3.2.1 Participants 

     We recruited 66 athletes between the ages of 24 and 76 to undergo resting two-

dimensional echocardiography. All athletes were ultra-marathon runners and were 

participating in the 2008 Western States Endurance Run in California, USA (160km). 

Athletes were examined at the race site over two days prior to competition. Institutional 

ethics were obtained from the University of British Columbia (appendix A) as well as the 

Western States medical committee. All participants provided written informed consent 

prior to participation. Individuals with inadequate image quality or known cardiovascular 

disease were excluded from analysis. 

3.2.2 Protocol 

     Each participant underwent M-mode, two dimensional and Doppler echocardiography 

(Vivid-i, GE Healthcare) while in the left lateral decubitus position. Limb-lead 
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electrocardiography and automated blood pressure were recorded during 

echocardiographic evaluation. Conventional parasternal long axis M-mode recordings of 

the LV as well as the aortic and mitral valves were obtained. Parasternal short axis 

images of the LV were acquired at the mitral valve level (base) and distal to the papillary 

muscles (apex). An apical four chamber view was also acquired in order to quantify LV 

end-diastolic volume, end-systolic volume and ejection fraction (30). Internal LV length 

was measured in the four chamber view, from the apex to the level of the mitral annulus. 

Pulsed Doppler recordings were made with the cursor placed at the tips of the mitral 

leaflets in order to quantify E and atrial (A) filling velocity. Septal E’ was recorded using 

tissue Doppler imaging. The echocardiography data was acquired in the order listed 

above. 

     Height and mass were measured for each participant and body surface area was 

calculated (10). The athletes also completed a training history questionnaire documenting 

their training habits. 

3.2.3 Data Analysis 

      In order to quantify aortic valve closure and mitral valve opening time, the temporal 

relationship between the onset of the QRS complex and valve opening and closure was 

measured. The M-mode recordings of the LV were also used to measure posterior wall 

thickness and internal cavity dimension in systole. Using EchoPAC software (GE 

Healthcare, USA), speckle-tracking analysis was applied to the short axis basal and apical 

images in order to quantify rotation, rotation rates, as well as circumferential and radial 

strain and strain rates (appendix B). Speckle-tracking analysis was conducted on the 

entire width of the myocardium, and separately on the endocardial (inner most 
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myocardium) and epicardial (outermost myocardium) layers. To calculate peak torsion 

and recoil as well as the rates of each, instantaneous rotations and rotation rates at the 

base were subtracted from apical values. The ratio of peak recoil rate/peak torsion was 

calculated for each individual in order to quantify the amount of recoil that occurred for a 

given amount of torsion. The absolute time difference between peak basal and peak 

apical rotation was calculated for each participant. Apical 4-chamber images were also 

analyzed with speckle-tracking in order to quantify longitudinal strain and strain rates. To 

allow group comparisons and averaging between data collected at different heart rates 

and frame rates, all data was normalized to a percentage of systole by cubic spline 

interpolation (Matlab, Mathworks,USA). All data began from the onset of the QRS (0%), 

with aortic valve closure equivalent to 100% and diastole occurring from 100% onwards. 

This normalization of event timings allowed for the quantification of the time peak 

rotation and rotation rates occurred, as well as the differences in the timings of apical and 

basal peak rotations. EchoPAC software automatically provides a tracking quality score 

between one (ideal) and three (non-tracking). Only images with a score of two or less 

were included in the analysis. All two dimensional and speckle-tracking data were 

averaged over three cardiac cycles and analyzed by a single technician. 

     From the mitral and tissue Doppler data, E/A and E/E’ were calculated. LV mass (8) 

and LV mass index (calculated as LV mass/BSA
1.5

) were also determined for each 

participant. Total systolic duration was calculated as the time in milliseconds (ms) from 

the onset of the QRS complex to aortic valve closure, while total diastolic duration was 

considered to be the remaining time from aortic valve closure to the onset of the next 

QRS. To provide an index of afterload, wall stress was calculated as: 0.334 x systolic 
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blood pressure x LV internal systolic dimension /posterior systolic wall thickness (1 + 

posterior systolic wall thickness/LV internal systolic dimension) (29).  

3.2.4 Statistics 

     An independent t-test was used to compare differences between older and younger 

athletes. Linear regressions were applied to identify the relatedness of a given two 

variables. All statistics were completed using Statistica 6.0 and significance was set at 

p<0.05. 

3.3 Results 

3.3.1 Group Characteristics 

     Due to poor quality echocardiographic images we were able to successfully complete 

speckle-tracking analysis in 52 of 66 athletes (78.8%). Therefore, the data presented 

includes information from the 52 athletes with speckle-tracking analysis. To determine 

the influences of age on LV torsion and recoil, the athletes were divided into two groups 

(older athletes and younger athletes) based on the median age (44 years). The physical 

characteristics and training history of the two groups are displayed in table 3.1. The 

groups were well matched for the number of females per group, height, mass, and hours 

of running per week. By design the older athlete group was significantly older, and they 

had been running for a greater number of years compared to the young athletes (p<0.05). 

However, the distance ran per week was significantly higher in the young group (p<0.05). 
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 Older Athletes (n=25) Young Athletes (n=27) 

Males / Females 18 / 7 20 / 7 

Age (years) 53.3 ± 8.3 * 37.6 ± 5.5 

Height (cm) 173.8 ± 9.2  175.5 ± 11.2 

Mass (kg) 69.3 ± 13.0 69.6 ± 14.4 

Years Running (years) 18.9 ± 10.9* 12.9 ± 8.3 

Distance Run/Week (km) 82.5 ± 33.6* 105.7 ± 34.2 

Hours of Running/Week (hrs) 12.3 ± 4.7 11.9 ± 4.9 

 

Table 3.1: Participant physical characteristics and training history  

* indicates significantly different from young athletes (p<0.05) 
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     Table 3.2 displays basic hemodynamic and cardiac characteristics of the two groups. 

There were no group differences in blood pressure, LV mass index, end-systolic volume, 

or ejection fraction. The groups did not differ in heart rate, or systolic (older: 376 ± 33ms; 

younger: 373 ± 30ms) and diastolic duration (older: 683 ± 191ms; younger: 727 ± 

187ms). Younger athletes had a slightly higher LV mass, end-diastolic volume and wall 

stress; however, these differences did not reach statistical significance. Due to a lower E, 

older athletes had a significantly lower E/A (p<0.05). In addition, older athletes 

demonstrated a lower septal E’ (p<0.05). The groups did not differ with respect to E/E’. 

LV length was not different between young and old athletes. 
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 Older Athletes Young Athletes 

Heart Rate (beats/min) 56 ± 8 56 ± 10 

Systolic Blood Pressure (mmHg) 122 ± 16  116 ± 12  

Diastolic Blood Pressure (mmHg) 79 ± 11  78 ± 8 

LV Mass (g) 189 ± 49 196 ± 50 

LV Mass Index (g/m
3
) 77 ± 13 78 ± 13 

End Diastolic Volume (mL) 138 ± 28 148 ± 44 

End Systolic Volume (mL) 63 ± 18 65 ± 18 

Ejection Fraction (%) 55 ± 6 56 ± 5 

Wall Stress (10
3
 dynes/cm

2
) 52 ± 14 55 ± 18 

Mitral E (m/s) 0.68 ± 0.18 0.77 ± 0.14 

Mitral A (m/s) 0.56 ± 0.12 0.52 ± 0.11 

E/A 1.23 ± 0.18* 1.53 ± 0.42 

Septal E’ (m/sec) 0.10 ± 0.02* 0.12 ± 0.02 

E/E’ 7.0 ± 1.9 6.7 ± 1.4 

 

Table 3.2: Hemodynamic and cardiac characteristics  
* indicates significantly different from young athletes (p<0.05)  
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3.3.2 LV Rotation and Rotation Rates 

     Peak basal rotation and the time at which peak basal rotation occurred were not 

different between groups. Peak apical rotation was significantly higher in older athletes 

compared to younger athletes (p<0.05); however, the time of peak apical rotation did not 

differ. Although there was a trend towards higher peak torsion in the older group, peak 

torsion and the time of peak torsion did not differ between groups (figure 3.1). The time 

difference between the occurrence of peak apical and peak basal rotation was not 

different between groups (older: 25.2 ± 21.7ms, younger: 27.2 ± 19.8ms). Older athletes 

completed a significantly greater percentage of their recoil at the time of mitral valve 

opening (51.0 ± 28.1%) compared to younger athletes (37.6 ± 16.7%, p<0.05). 
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Figure 3.1. Peak LV rotation at the base, apex, as well as peak torsion in older 

athletes (black bars) and young athletes (white bars).  

Values are group means ± standard deviation. * indicates groups are significantly 

different (p<0.05). 
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     There were no group differences for peak basal rotation rate in either systole or 

diastole; however, peak apical rotation velocity was higher in older athletes in both 

systole and diastole. The groups’ mean timings of peak basal and apical rotation rates did 

not differ during systole or diastole. Peak torsion and recoil velocities did not differ 

between groups (figures 3.2 and 3.3). Peak torsion velocity occurred earlier in older 

athletes (p<0.05), whereas there was no group difference in the time of peak recoil 

velocity. The groups did not differ in the ratio of peak recoil rate/peak torsion.  
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Figure 3.2. Peak LV systolic rotation rates at the base, apex, as well as peak systolic 

torsion velocity in the older athletes (black bars) and young athletes (white bars). 

Values are group means ± standard deviation. * indicates groups are significantly 

different (p<0.05). 
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Figure 3.3. Peak LV diastolic rotation rates at the base, apex, as well as peak 

diastolic recoil velocity in the older athletes (black bars) and young athletes (white 

bars). Values are group means ± standard deviation. * indicates groups are significantly 

different (p<0.05). 
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3.3.3 Endocardial and Epicardial Rotation  

     Successful speckle-tracking analysis was completed on both the endocardium and 

epicardium in 32 of 52 athletes (12 older athletes, 20 younger athletes). The rotation and 

rotation rate results, as well as circumferential strain for the endocardium and epicardium 

are shown in table 3.3. Peak apical rotation and peak apical circumferential strain were 

higher in the endocardium of older athletes compared to younger athletes (p<0.05). 

Endocardial basal rotation and strain were not different between groups. Apical epicardial 

rotation was also higher in the older athletes; however, there were no group differences 

for epicardial basal rotation, or circumferential strain at the apex or base. 
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 Older Athletes Young Athletes 

Endocardium   

Base Rotation (degrees) -8.2 ± 2.9  -7.0 ± 2.6  

Apex Rotation (degrees) 17.1± 6.2*  10.5 ± 3.8 

Base Circumferential Strain (%) -23.9 ± 4.6 -21.9 ± 3.1 

Apex Circumferential Strain (%) -38.1 ± 4.6* -30.8 ± 3.8 

Epicardium   

Base Rotation (degrees) -5.2 ± 2.4 -4.8 ± 2.4 

Apex Rotation (degrees) 9.9 ± 3.7* 6.4 ± 3.2 

Base Circumferential Strain (%) -14.2 ± 2.5 -13.4 ± 2.2 

Apex Circumferential Strain (%) -18.7 ± 3.2 -16.6 ± 3.6 

 

Table 3.3: Endocardial and epicardial rotation and circumferential strain  

* indicates significantly different from young athletes (p<0.05)
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3.3.4 Myocardial Strain and Strain Rates 

     Circumferential and radial strain, as well as strain rate analysis, was completed in all 

52 athletes. The image quality of one older athlete was insufficient to analyze for 

longitudinal strain. Strain and strain rate data are summarized in table 3.4. There were no 

group differences in either basal or apical circumferential or radial peak strain. There 

were also no group differences for longitudinal strain.  

     Basal circumferential and radial peak strain rates in systole and diastole were not 

different between groups. Apical circumferential systolic and diastolic strain rates were 

not statistically different, nor was apical radial strain rate in diastole. Apical radial peak 

systolic strain rate was significantly higher in older athletes. Longitudinal strain rate was 

not different between groups in systole or diastole, although there was a trend towards the 

younger athletes having a higher peak diastolic strain rate (p=0.051). 
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Table 3.4: Left ventricular strain and strain rates  

* indicates significantly different from young athletes (p<0.05). S: systole; D: diastole  

 

 Older Athletes Young Athletes 

Circumferential Strain (%)   

Base -19.3±3.9 -18.9±3.7 

Apex -29.0±5.9 -26.7±4.8 

 Radial Strain (%)   

Base 46.9±14.0 45.7±13.4 

Apex 28.6±18.7 24.8±18.5 

Longitudinal Strain (%) -18.61±2.4 -18.4±2.7 

Circumferential Strain Rate S (%•s
-1
)   

Base -1.1±0.2 -1.1±0.2 

Apex -1.7±0.5 -2.0±0.3 

Circumferential Strain Rate D (%•s
-1
)   

Base 1.5±0.5 1.4±0.4 

Apex 2.3±0.8 2.4±0.8 

Radial Strain Rate S (%•s
-1
)   

Base 1.7±0.3 1.7±0.3 

Apex 1.5±0.6* 1.1±0.4 

Radial Strain Rate D (%•s
-1
)   

Base -1.4±0.5 -1.4±0.4 

Apex -1.6±0.6 -1.5±0.7 

Longitudinal Strain Rate S (%•s
-1
) -0.9±0.2 -0.9±0.2 

Longitudinal Strain Rate D (%•s
-1
) 1.1±0.3 1.3±0.3 
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3.3.5 Correlations 

     The correlations include data for all the athletes combined. Age was not significantly 

related to peak torsion (figure 3.4, r: 0.28) or the ratio of peak recoil rate/peak torsion. 

Additionally, age was not correlated with peak recoil rate (r: -0.25, p=0.08). Peak recoil 

rate was strongly related to peak torsion (r: -0.70, p<0.05). Systolic circumferential strain 

rate at the apex and base were related to peak untwisting rates at the apex (r: 0.45, 

p<0.05) and base (r: -0.49, p<0.05) respectively. 
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Figure 3.4. Relationship between age and peak torsion for all athletes.  

Age and peak torsion were not significantly related. 
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3.4 Discussion 

     Our main finding was that peak torsion was not increased in older athletes, nor was it 

correlated with age. Secondly, peak untwisting rate was not slower in older athletes. 

Taken together, these findings suggest that long term endurance training can preserve LV 

rotation such that older athletes’ hearts function similarly to those of younger athletes.  

3.4.1 Endurance Training, Aging and Peak Torsion 

     Previous investigations in sedentary individuals have consistently shown that 

advancing age is related to increased LV torsion and slower, prolonged untwisting rates 

(4, 19, 24, 35, 38). Previous studies on torsion and aging have found an increase in apical 

rotation to be primarily responsible for the observed increased torsion. To date, two 

primary mechanisms have been proposed to explain why LV torsion is elevated in older 

individuals: 1) more synchronous timing of peak apical and basal rotation; 2) a change in 

the relative proportion of endocardial and epicardial shortening.  

     Van Dalen (2008) and colleagues have recently demonstrated that in older individuals, 

peak basal and apical rotation occur much closer temporally compared to younger 

individuals (35). Since peak torsion is calculated as the highest instantaneous difference 

between the apex and base, if the peak values of each component are closer together, the 

resulting peak torsion will be higher. Generally, with advancing age, the time of peak 

apical rotation is delayed so that it overlaps more closely with peak basal rotation, 

ultimately resulting in higher torsion (35). The underlying mechanisms of delayed apical 

rotation remain unknown, although it has been proposed that it may be related to the 

prolonged duration of contraction observed in older myocardium (17, 35). Our data 
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showed nearly identical group time differences in the duration between peak basal and 

apical rotation. The fact that apical rotation was not prolonged in our older athletes likely 

contributed to the non-significant group difference for peak torsion. Systolic duration was 

not prolonged in the older athletes, perhaps as a result of similar group afterload (as 

indicated by wall stress). Previous aging and torsion studies have reported potentially 

higher afterload (using systolic blood pressure as a surrogate), which may result in 

prolonged contraction, delayed peak apical rotation, and ultimately more simultaneous 

apical and basal rotation causing higher peak torsion (19, 35). The fact that our older 

athletes had significantly higher apical rotation which did not translate to higher overall 

torsion, suggests that the maintained basal and apical timing delay may be partially 

responsible for this finding.      

     The second proposed mechanism contributing to elevated torsion in older sedentary 

individuals involves an alteration in the interaction between the endocardial and 

epicardial layers. The muscle fibers of the endocardium and epicardium are wound 

oppositely and obliquely, making them responsible for generating LV rotation (32, 34). 

Epicardial shortening dominates myocardial rotation due to its longer distance from the 

centre of the LV, and overcomes the oppositional forces applied by the endocardium 

(31). Lumens et al. (2006) showed that endocardial function deteriorates with age, 

resulting in less opposition of the epicardium, and ultimately higher torsion (19). The 

endocardium appears to be more susceptible to ischemic episodes and increased collagen 

deposits, which may be the mechanism for reduced endocardial function in the elderly (6, 

36). Similar to our findings of preserved rotational timings, we found no reduction in 

endocardial strain in older athletes. In fact, older athletes had higher endocardial 
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circumferential strain at the apex. In addition to preserved timing of apical rotation, it is 

likely that maintained endocardial function will better oppose epicardial dominated 

torsional motion, and result in lower peak torsion in older athletes compared to older 

sedentary individuals. Preserved endocardial function in older athletes may be explained 

by the finding in isolated myocardium that the contractile properties of the endocardium 

may be more responsive to exercise training compared to the epicardium (7, 9, 20, 21). 

This may benefit older individuals by reducing the likelihood of ischemia or collagen 

infiltration which could alter endocardial function. 

3.4.2 Endurance Training, Aging and Recoil Rate 

     Previous experiments have documented slower peak rates of recoil as well as delayed 

recoil in older individuals (4, 19, 24, 38). The peak rate of LV recoil was not reduced in 

the older athletes in this investigation, nor was the time of peak recoil. We also found that 

the recoil rate for a given amount of torsion (as quantified by the peak recoil rate/peak 

torsion) did not differ between groups, suggesting a preservation of the link that rotation 

provides between systole and diastole (22). The spring-like protein titin, appears to play 

an important role in transferring energy stored during systole to diastolic relaxation (15). 

Sedentary aging results in increased myocardial fibrosis and stiffening (1, 14, 16) which 

may be related to an increased expression of the stiffer N2B titin isoform (37). A greater 

proportion of N2B titin may reduce the active recoil properties of the myocardium by 

reducing the amount of energy transferred from systole (15). However, older individuals 

in this investigation had preserved diastolic recoil, suggesting that endurance training 

may help maintain the properties of a younger myocardium (including titin isoform ratio) 
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in older athletes. The strong correlation between recoil rate and peak torsion also suggests 

that the link between systolic and diastolic rotation is preserved in all athletes. 

     The fact that the percentage of recoil which occurred by mitral valve opening was 

higher in older athletes is further evidence to support the notion that endurance training 

has helped to preserve myocardial function in older athletes. We have previously reported 

similar results for older and younger individuals (11); however, in response to exercise, 

the older individuals drastically reduced the amount of recoil which occurred prior to 

mitral valve opening, whereas younger individuals maintained approximately the same 

amount of recoil as during rest. Only resting measures were taken in this investigation, so 

we can only speculate about what would occur during exercise. Young individuals 

increase LV peak torsion and recoil rate during exercise, whereas older individuals 

cannot (4, 11, 22). We reason that older endurance-trained individuals would likely be 

able to augment LV torsion and recoil during exercise to a greater extent than sedentary 

age-matched individuals, but still not to the same degree as young individuals. However, 

future investigations are needed to clarify the LV rotational response in older endurance 

trained athletes. 

3.4.3 Global LV Function and Myocardial Strains 

     Similar to previous investigations, we found ejection fraction, as well as 

circumferential and longitudinal strains to be similar in older and younger individuals 

(24). Although many systolic parameters were similar (including peak torsion) between 

groups, the diastolic indices of septal E’ and E/A were reduced in older athletes. Diastolic 

indices appear to be more commonly reduced with age, and this investigation would 

support the notion that not all of the deleterious effects of age can be completely offset by 
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endurance training (2, 12). It is also possible that the differences in E/A and E’ are simply 

related to lower preload in the older athletes. 

3.4.4 Limitations and Future Directions 

     The findings of this investigation should be considered with some limitations in mind. 

First, our information regarding training history was based on self-report, although all 

individuals were scheduled to run a 160km race. A more quantitative assessment of 

aerobic fitness, such as VO2 max may have been beneficial. Since our aim was to 

examine the effects of endurance-training on age related changes in LV rotation, we used 

a young athletic group to act as a comparison. The inclusion of sedentary individuals 

(both young and old) would have allowed us to contrast our findings with the effects of 

sedentary aging; however, numerous investigations have previously demonstrated the 

influence of age on LV rotation (4, 19, 22, 24, 35). Our group disparities in age were not 

as large as in many previous investigations examining aging effects on cardiac function 

(19, 24), yet we feel that since LV torsion was not significantly related to age, our results 

would have been similar had we examined more disparate groups.  

3.5 Conclusions 

     The major findings of this investigation suggest that prolonged endurance-training can 

help mitigate the adverse effects of age on LV peak torsion and recoil rate. These results 

add to the body of literature suggesting that endurance exercise training can preserve 

myocardial function in older athletes so that it is similar to younger individuals. 
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1
CHAPTER FOUR: Left Ventricular Torsion and Untwisting during Exercise in 

Heart transplant Recipients 

4.1 Introduction 

    During systole, opposite circumferential rotation of the base (clockwise) and apex 

(counter-clockwise) results in left ventricular (LV) torsional deformation which assists 

the ejection of  blood (7). Conversely, in early diastole the release of stored elastic energy 

is strongly associated with the reversal of torsion (untwisting) and rapid reductions in LV 

pressure (16, 33). Rapid, early untwisting ultimately allows the LV to fill at relatively 

low left atrial pressures (32, 42). Since almost half of ventricular untwisting occurs prior 

to mitral valve opening (32), the quantification of LV untwisting is an important measure 

of early, active relaxation (10). Rapid LV untwisting has been shown to be associated 

with the generation of intraventricular pressure gradients (IVPG), which provide an index 

of diastolic suction (31, 32). The ability to augment LV untwisting during exercise, given 

its relation to diastolic suction, is an important factor for increasing the rate of LV filling 

when diastolic time is reduced (11, 32). 

     A slow rate of ventricular untwisting may contribute to the impaired diastolic function 

observed in heart transplant recipients (HTR). The typical hemodynamic response to 

exercise in HTR includes a blunted increase in end-diastolic volume despite high LV 

filling pressures (25). The likely causes for this sub-optimal pattern of LV filling are 

cardiac denervation, immunosuppressive therapy, and a stiff vasculature (38). Ineffective 

                                                 
1
 A version of this chapter has been previously published as: BT Esch, JM Scott, DER Warburton, R 

Thompson, D Taylor, J Cheng-Baron, I Paterson, MJ Haykowsky (2009). Left Ventricular Torsion and 

Untwisting during Exercise in Heart transplant Recipients. The Journal of Physiology 587 (10): 2375-2386. 
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LV untwisting may also contribute to the reduced diastolic function commonly observed 

in HTR. 

     In response to exercise, young healthy individuals can increase LV torsion, twisting, 

and untwisting velocities (32); however, with exercise healthy older individuals (> 60 

years) generally demonstrate attenuated peak torsion, and peak untwisting rates (9). In 

HTR the donor heart is, on average, nearly two-decades younger than the recipient age 

(48); therefore, how exercise will affect LV torsion and untwisting rate in HTR is 

uncertain. We sought to compare LV torsion, untwisting rates and IVPG during sub-

maximal exercise in HTR with both young and old healthy individuals in an attempt to 

better understand the impaired diastolic function in HTR. In addition, we examined 

myocardial strain (percent shortening) and strain rates in the longitudinal, radial and 

circumferential planes in order to provide indices of cardiac function across all three 

planes of motion in addition to rotational measures. We hypothesized that, similar to 

healthy older individuals, HTR would be unable to increase peak torsion, circumferential 

strain and the peak rate of LV untwisting, and would also have lower peak IVPG than 

young individuals in response to exercise. 

4.2 Methods 

4.2.1 Ethical Approval 

     This study was approved by the University of Alberta Health Research Ethics Board 

(Biomedical Panel), and all participants provided written informed consent prior to the 

experiment. This investigation was conducted in accordance with the declaration of 

Helsinki. 
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4.2.2 Participants 

     Twenty males were recruited to complete resting and sub-maximal exercise 

echocardiographic examinations. One individual was excluded from the study due to poor 

echocardiography image quality. The participants included eight clinically stable HTR, 

and eleven healthy, activity matched controls (six matched for the recipient age (RM), 

and five matched for the donor age (DM)).  

4.2.3 Protocol 

     Each participant underwent resting and exercise cardiac ultrasound assessment while 

seated on a modified cycle ergometer (back supported at 105°). Heart rate 

(electrocardiography) and blood pressure (cuff sphygmomanometer) were recorded 

concurrently at rest and during exercise. Following resting evaluations, participants 

cycled at a power output equivalent to 80% of their ventilatory threshold. As part of a 

larger investigation, participants completed an assessment of VO2peak and ventilatory 

threshold on a separate day (43). The workload equivalent to the power output at 80% of 

ventilatory threshold allowed us to make group comparisons at the same relative intensity 

while maximizing exercise image quality. Participants cycled continuously at the set 

power output for 20 minutes, while echocardiography began after five minutes of cycling 

and lasted approximately 15 minutes. 

4.2.4 Echocardiography 

     M-mode recordings were made at both the aortic and mitral valves to quantify valve 

opening and closure times with respect to the onset of the QRS complex. Two-

dimensional transthoracic images were acquired using the parasternal short axis view at 
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the level of the base (mitral valve), mid-ventricle (papillary muscles) and apex (distal to 

the papillary muscles) with a Vivid-i cardiac ultrasound (GE Medical Systems, 

Wauwatosa, Wisconsin, USA) at high frame rates (60-90 Hz). Apical 4-chamber images 

were also obtained in each participant. Pulsed Doppler was recorded at the tips of the 

mitral leaflets to assess peak early mitral inflow velocity (E). Peak lateral mitral annular 

velocity during early diastole (E
’
) was recorded at rest and during exercise. Color M-

mode images of mitral inflow (apical 4-chamber) were also recorded for each participant. 

The data was acquired in the order listed above at a stable heart rate throughout (±2 

beats/min). 

4.2.5 Data Analysis 

     Two-dimensional and Doppler data were analyzed using EchoPAC software (GE 

Healthcare, USA). Speckle-tracking analysis was applied to the basal and apical short 

axis images in order to quantify circumferential rotation and strain as well as radial 

displacement, radial strain and the rates of change in these parameters (appendix B). 

Speckle-tracking analysis requires the manual tracing of the endocardium, and an 

adjustment of the “tracking area” to fit the width of the myocardium. Each image is 

automatically tracked from the onset of the QRS complex for one cardiac cycle and is 

scored between 1.0 (optimal) and 3.0 (non-tracking) based on tracking quality. Only 

images with a tracking score of 2.0 or less were included in the analysis.  

     Left ventricular torsion was calculated as the difference between the apical and basal 

rotations from which peak torsion, peak twisting and peak untwisting rates were derived 

(44). Radial displacements, circumferential and radial strain as well as strain rate data 

were averaged between the basal and apical slices. The rate of radial displacement, 
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towards the centre of the LV (systole) or in diastole (radial expansion), were also 

quantified. In addition, the apical 4-chamber data were analyzed with speckle-tracking to 

quantify longitudinal strain and strain rate. From the 4-chamber speckle-data, 

longitudinal contraction (systole) and lengthening (diastole) were quantified. From all 

speckle-tracking analysis, the raw data files were saved to a personal computer where 

data was averaged over 3 heart beats to produce the data in figures 1-3. Event timing was 

calculated as a percentage of systole, with the onset of QRS being 0% and aortic valve 

closure equivalent to 100%. For each participant systole occurred from 0 to 100%, 

whereas diastole was from 100% onward. Due to data being acquired at different frame 

rates and different heart rates, cubic spline interpolation (Matlab, Mathworks,USA) was 

used to determine data points at 2% increments of systolic duration throughout the 

cardiac cycle. 

     Pulsed Doppler was used to quantify E, as well as the time of E. Tissue Doppler data 

were used to assess E’, and E/E’ was calculated. E/E’ has previously been shown to be 

related to pulmonary capillary wedge pressure (47). All Doppler and two-dimensional 

(speckle-tracking included) data were analyzed and averaged over three cardiac cycles. 

IVPG were calculated with custom software using Euler’s equation with input velocity 

data from color M-mode images, as previously described (19). Briefly, the color M-mode 

image, which is composed of mitral inflow color-coded velocity data from the mitral 

leaflets to the apex, is read into a custom software program which extracts the spatial and 

temporal velocity map. Once the velocities are obtained, Euler’s equation is applied to 

calculate instantaneous pressure gradients. To provide an index of afterload, systolic wall 

stress was calculated as: (1.33 x systolic blood pressure) x (end-systolic cavity area / 
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myocardial area) (20). Mean arterial pressure, LV mass and LV volumes were calculated 

using standard formulas (13, 49). 

4.2.6 Statistics 

     A repeated measures ANOVA was applied to identify differences across intensity with 

Tukey’s post hoc comparisons (Statistica 6.0, USA). Independent t-tests were used to 

identify group differences including changes from rest to exercise. Data are presented as 

mean ± standard deviation, and significance was set at p<0.05. 

4.3 Results 

4.3.1 Participants      

     Participant characteristics are described in table 4.1. By design HTR (61 ± 9 years) 

and RM (60 ± 12 years) were significantly older than DM (35 ± 8 years). HTR were 7.4 ± 

6.2 (range 2.5-21.3) years post transplant. All HTR were on standard immunosuppressive 

therapy (43). Participants successfully completed the exercise session at a similar relative 

percentage of ventilatory threshold heart rate (HTR: 86 ± 7%; RM: 82 ± 7%; DM: 80 ± 

8%). 

 

 

 



 66 

Table 4.1: Participant characteristics. * indicates different from DM (p<0.05). 

 HTR (n=8) RM (n=6) DM (n=5) 

 

Height (cm) 173 ± 8 174 ± 10 177 ± 11 

Mass (kg) 78 ± 12 79 ± 7 78 ± 4 

Left Ventricular Mass (g) 182 ± 43 172 ± 27 

 

204 ± 60 

V02 max (mL/kg/min) 24.2 ± 10.9* 36.3 ± 10.7 

 

51.1 ± 10.4 
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4.3.2 Hemodynamics 

     There was no significant difference in resting or exercise heart rate between groups; 

however DM exhibited a greater heart rate increase with exercise compared to HTR and 

RM (p<0.05, table 4.2). There were no group differences at rest or during exercise in 

ejection fraction; however, all three groups increased ejection fraction in response to 

exercise with DM (13.2 ± 4.0 %) having greater increases than HTR (5.3 ± 4.4 %) and 

RM (7.5 ± 3.2 %, p<0.05). Neither end-diastolic nor end-systolic volumes were different 

between groups at rest; however, DM had a significantly greater increase in exercising 

end-diastolic volume compared to HTR (p<0.05, table 4.2). In addition, DM (-8.5 ± 4.0 

mL) reduced end-systolic volume more during exercise compared to HTR (0.5 ± 5.4 mL) 

and RM (-1.6 ± 3.4 mL, p<0.05). Rest and exercise data for peak E, E’, E/E’ and IVPG 

are shown in table 4.2. The change in peak IVPG from rest to exercise was 1.3-fold 

higher in DM versus HTR or RM (p>0.05, table 4.2). Mean arterial pressure was not 

different between groups at rest (HTR: 89.6 ± 7.2 mmHg; RM: 88.8 ± 6.1 mmHg; DM: 

83.5 ± 4.3 mmHg) or in response to exercise (HTR: 97.2 ± 10.0 mmHg; RM: 97.2 ± 5.4 

mmHg; DM: 98.2 ± 3.8 mmHg). Systolic wall stress was not different between groups at 

rest (HTR: 67.7 ± 12.5 dynes/cm
2
; RM: 60.6 ± 10.8 dynes/cm

2
; DM: 58.8 ± 15.2 

dynes/cm
2
) or during sub-maximal exercise (HTR: 75.0 ± 19.2 dynes/cm

2
; RM: 59.3 ± 

10.1 dynes/cm
2
; DM: 56.1 ± 20.1 dynes/cm

2
); however, it should be noted that wall stress 

was reduced in response to exercise in RM and DM, but increased in HTR. 
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 HTR (n=8) RM (n=6) DM (n=5) 

 

Heart Rate (beats/min)    

Rest 89±9.4 67±13.1 65±9.9 

Exercise 118±12.2* 110±11.2* 125±6.9* 

Change 29±15.4† 43±12.5† 60±10.2 

End-diastolic Volume (mL)    

Rest 88.9±23.0 97.5±2.6 110.1±20.1 

Exercise 103.4±27.0* 119.8±5.0* 135.8±24.2* 

Change 14.5±7.3† 22.3±3.4 25.7±6.2  

Mitral E (cm/sec)    

Rest 61.7±9.3 47.6±4.9 64.0 ± 14.1 

Exercise 96.9±22.2* 87.3±20.2* 106.0 ± 18.6* 

Change 35.2±20.6 39.7±17.2 42.0±9.7 

Lateral E
’
 (cm/sec)    

Rest 9.7±3.2 8.9±1.7 10.6±1.4 

Exercise 16.2±3.4* 13.7±2.3* 18.6±3.5* 

Change 6.5±2.5 4.8±2.1† 8.0±2.3 

E/E
’
    

Rest 7.1±3.2 5.5±1.3 6.0±0.9 

Exercise 6.3±2.0 6.4±0.9 5.7±0.5 

Change -0.8±2.0 0.9±0.9 † -0.3±0.6 

Peak IVPG (mmHg)    

Rest 2.0±0.5 1.7±0.5 2.2±0.8 

Exercise 4.7±2.1* 4.4±1.3* 5.8±1.6* 

Change 2.7±1.8 2.7±1.0 3.6±1.7 

% Untwisted at MVO    

Rest 45.1±10.8 52.9±4.1 38.3±11.5 

Exercise 28.8±22.8 27.2±19.7 39.7±12.5 

Change -16.3±24.8 -25.7±22.7† 1.4±13.4 

Peak Untwisting Rate (rads/sec)    

Rest -2.1±0.7 -2.3±0.9 -1.6±0.6 

Exercise -2.3±0.7 -3.0±1.3 -3.7±0.8* 

Change -0.2±0.9† -0.7±1.3 -2.1±0.5 

Peak Torsion (degrees)    

Rest 15.6±6.0  19.1±6.0 14.9±2.4 

Exercise 14.7±3.4 16.5±5.0 21.5±5.5 

Change -0.9±4.4† -2.6±7.0† 6.5±5.6 

 

Table 4.2: LV torsion and indices of diastolic function at rest and during exercise.  

* indicates different from rest (p<0.05), † indicates different from DM (p<0.05). 
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4.3.3 Event Timing and Speckle-tracking      

     Peak torsion in DM was significantly elevated with exercise compared to HTR and 

RM (Figure 4.1). With exercise, HTR and RM decreased peak torsion despite increased 

radial shortening (Figure 4.2). Mean torsion-displacement loops at rest and exercise 

revealed a linear systolic portion, and a non-linear diastolic portion in all groups (Figure 

4.2). 
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Figure 4.1. Left ventricular torsion at rest and exercise.  

LV torsion at rest (left) and during exercise (right) for (A) HTR, (B) RM and (C) DM. 

Torsion is represented by the red line, apical twist/untwist by the blue, and basal 

twist/untwist by the green. The change in peak torsion from rest to exercise was 

significantly greater in DM compared to RM and HTR. The black lines indicate event 

timing: AO: aortic valve opening, AC: aortic valve closure, MVO: mitral valve opening, 

PK IVPG: peak intraventricular pressure gradient, PKE: peak early filling velocity. 
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Figure 4.2. Torsion-radial displacement loops.  

Torsion-Radial Displacement Loops for (A) HTR, (B) RM and (C) DM during rest (solid 

line) and exercise (dashed line). Note the reductions in peak torsion in response to 

exercise in HTR (A) and RM (B), despite the increased radial displacement. Data begins 

and ends at the onset of the QRS complex (Q). End-systole is at aortic valve closure 

(AC). 
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     The peak rate of LV untwisting occurred prior to mitral valve opening, which 

preceded peak IVPG, and was followed by E (Figure 4.3). There were no group 

differences in the timing of peak LV untwisting, mitral valve opening or peak IVPG. The 

percentage of LV untwisting that occurred prior to mitral valve opening was similar at 

rest and exercise in DM, yet declined dramatically from rest to exercise in RM and HTR 

(table 4.2). 

      There were no group differences for the peak rate of twisting at rest and sub-maximal 

exercise; however, DM had a greater change in peak twisting velocity compared to RM. 

DM also exhibited a significantly greater increase from rest to exercise in the peak rate of 

untwisting compared to HTR and RM (p<0.05, Figure 4.3). There were no group 

differences in the rates of longitudinal or radial contraction at rest or exercise, but the 

diastolic peak rates of radial expansion and lengthening changed from rest to exercise to a 

greater extent in DM compared to HTR and RM (p<0.05, Figure 4.3). 
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Figure 4.3. Ventricular velocity curves  

Average cardiac cycles for rotational rate, radial velocity and longitudinal myocardial 

velocities at rest (left) and exercise (right) for (A) HTR, (B) RM, and (C) DM. The red 

line represents the circumferential rotation rate (rads•sec
-1

), the green line is radial 

velocity (cm•sec
-1

) and the blue line is longitudinal velocity (cm•sec
-1

). Note the increase 

in peak untwisting rate in DM compared to HTR and RM. The black lines indicate event 

timing; abbreviations are the same as for figure 1. 
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     Longitudinal and radial strains were similar between groups; however, DM had a 

significantly greater increase in systolic circumferential strain rate compared to HTR 

(p<0.05). Additionally, the diastolic circumferential strain rate increased twice as much in 

DM compared to HTR in response to exercise; but this was not statistically significant. 

For complete circumferential, longitudinal, and radial strain and strain rate data see table 

4.3. 
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Table 4.3: Systolic (S) and diastolic (D) strains. (*) different from rest, (†) different 

from DM (p<0.05). 

 HTR (n=8) RM (n=6) DM (n=5) 

 

Circumferential Strain (%)    

Rest -14.9±3.5 -19.3±3.1 -15.9±2.7 

Exercise -17.0±3.1 -22.7±5.1 

 

-21.8±2.9 

Change -2.1±4.2 -3.4±6.4 

 

-5.9±1.7 

Longitudinal Strain (%)    

Rest -10.1±3.9 -14.2±3.8 -11.8±2.1 

Exercise -13.4±4.5 -17.7±5.0 -16.9±3.2* 

Change -3.3±1.6 -3.5±5.3 -5.1±3.1 

Radial Strain (%)    

Rest 25.5±8.6 26.9±8.8 23.2±0.4 

Exercise 27.9±8.2 32.0±5.9 36.0±6.4 

Change 2.4±10.3 5.1±8.4 12.8±6.7 

Circumferential Strain Rate S (%•s
-1
)    

Rest -1.2±0.2 -1.5±0.5 -1.1±0.1 

Exercise -1.5±0.4 -2.0±0.3 -1.9±0.3* 

Change -0.3±0.4† -0.5±0.4 -0.8±0.2  

Circumferential Strain Rate D  

(%•s
-1
) 

   

Rest 1.3±0.5 1.4±0.4 1.2±0.2 

Exercise 1.9±0.5* 2.3±0.5* 2.4±0.2* 

Change 0.6±0.5 0.9±0.5 1.2±0.3 

Longitudinal Strain Rate S (%•s
-1
)    

Rest -0.8±0.2 -1.0±0.3 -0.8±0.2 

Exercise -1.1±0.4 -1.3±0.3 -1.4±0.3* 

Change -0.3±0.3 -0.3±0.4 -0.7±0.3 

Longitudinal Strain Rate D (%•s
-1
)    

Rest 0.8±0.2 0.9±0.3 0.8±0.2 

Exercise 1.6±0.6* 1.4±0.3 1.6±0.2* 

Change 0.8±0.4 0.5±0.4 0.8±0.2 

Radial Strain Rate S (%•s
-1
)    

Rest 2.0±0.4 1.8±0.4 1.2±0.2 

Exercise 2.7±0.7* 2.9±0.5* 2.4±0.5* 

Change 0.7±0.7 1.1±0.2 1.2±0.4 

Radial Strain Rate D (%•s
-1
)    

Rest -2.0±0.5 -1.6±0.3 -1.5±0.3 

Exercise -2.6±0.8 -2.7±0.4* -3.0±0.6* 

Change -0.6±1.0 -1.1±0.5 -1.5±0.6 
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     There was a significant correlation for all groups (data combined) between the change 

in end-systolic volume from rest to exercise with the change in peak rate of untwisting 

(r=0.52, p<0.05) and change in IVPG (r=-0.58, p<0.05). However, the strongest predictor 

of the ability to augment peak untwisting rate with exercise was the change in 

circumferential systolic strain rate (r=0.68, p<0.05, Figure 4.4). 
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Figure 4.4. Relationship between the change from rest to exercise in the peak rate of 

untwisting and the change of circumferential strain rate in systole.  

The data is combined for all groups (r=0.68, p<0.05). 
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4.4 Discussion 

     Our major new finding was that in response to exercise, HTR did not increase peak 

torsion or untwisting rate. Although LV peak torsion and peak untwisting rates are 

augmented in DM with exercise, RM are unable to do so. In addition, exercise resulted in 

a substantial reduction in the amount of LV untwisting that occurred prior to mitral valve 

opening in HTR and RM, while DM maintained a similar percentage of untwisting at rest 

and exercise. The blunted LV untwisting response to exercise observed in HTR, likely 

contributes to their impaired diastolic function. The similarities between HTR and RM 

during exercise are notable given that a “younger” denervated donor heart coupled with 

immunosuppressive therapy and potentially stiff vasculature functions as though it were 

25 years older. 

4.4.1 Effect of Aging on LV Torsion and Untwisting 

Rest 

     LV torsion and peak untwisting rates were similar between all groups at rest, although 

RM had the highest torsion. Previous research in healthy aging has shown resting LV 

torsion to be elevated in older individuals (9, 36), which is thought to be the result of 

reduced endocardial function (28). Normally, the sub-endocardial and sub-epicardial 

layers oppose each other during contraction due to their oblique fiber angle orientations 

(46). Greater force is generated in the epicardial layer as a result of the longer distance 

from the center of the ventricle (10, 44). This results in the direction of LV rotation 

favoring the epicardium. Lumens et al. (2006) demonstrated that in healthy aging, sub-

endocardial shortening is reduced, resulting in less opposition to epicardial contraction, 
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ultimately leading to greater LV rotation at rest (28). Specific sub-endocardial 

dysfunction may occur in older individuals due to the fact that the sub-endocardium is 

more susceptible to reductions in coronary perfusion and greater incidence of fibrosis (3, 

29). Sub-endocardial dysfunction  may also occur in HTR as a result of ischemic 

reperfusion injury or immunosuppressive therapy, however, it did not appear to affect 

resting LV torsion in this investigation (2, 26, 37).  

     DM exhibited higher E, E
’
, and IVPG at rest compared to RM and HTR (table 4.2). 

The disparities in resting diastolic function between DM and RM are likely not as great 

as previously reported since RM in the present investigation were younger than in other 

studies (40, 41). Our finding of a similar percentage of LV untwisting prior to mitral 

valve opening in all groups is supportive of previous findings suggesting isovolumic 

pressure decay is not reduced in older individuals at rest (22, 53). 

Exercise 

     Reduced endocardial function is a plausible explanation for the high resting LV 

torsions observed in RM, yet the reasons for an inability to augment torsion with exercise 

in RM are not explained by this theory. It has been proposed that a high resting torsion 

simply leaves the LV with little rotational reserve for exercise (9). However, since LV 

torsion in HTR was not elevated at rest, it is likely that the inability to increase torsion 

with exercise in HTR may differ in its mechanism from RM.   

     All groups increased E, E
’
, and IVPG in response to exercise. DM had a 33% larger 

increase in IVPG compared to RM and HTR which may be related to the greater 

increases in peak untwisting rate associated with enhance relaxation (40). The drastic 

reduction in the percentage of untwisting which occurred prior to mitral valve opening 
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during exercise in RM and HTR also may have had a significant effect on IVPG and 

ultimately change in end-diastolic volume. LV untwisting that occurs after mitral valve 

opening is less efficient as it does not contribute to isovolumic pressure decay (34). 

     Although HTR were unable to increase LV torsion with exercise to the extent DM 

could, the similarities between RM and HTR should be viewed positively from a clinical 

standpoint. Given years of immunosuppressive therapy, a stiff vasculature, and pre-

transplant heart failure it bodes well for HTR if their hearts are responding similarly to 

healthy individuals the same age. With that in mind, the inability to augment LV torsion 

and untwisting with exercise likely contributes to the exercise intolerance commonly 

observed in HTR.     

4.4.2 Potential Mechanisms for Blunted Torsion and Untwisting in HTR during Exercise 

Hemodynamic Influence 

     Although it is possible that the LV torsion response to exercise in HTR may be similar 

to that of RM because of altered endocardial function, it is likely that exercise torsion in 

HTR is not increased for different reasons than in a healthy older individual. Increasing 

end-diastolic volume has been shown to result in increased LV torsion (14). In the 

present investigation, HTR exhibited the smallest increase in end-diastolic volume which 

may be related to poor LV compliance (25). In addition, both DM and RM reduced wall 

stress in response to exercise, whereas HTR exhibited an increase in afterload, a factor 

which has been related to reductions in LV torsion (14). It is also plausible that the 

increase in LV afterload in HTR contributed to the inhibition of active relaxation, 

including LV untwisting, during exercise (17). Immunosuppressive therapy coupled with 
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pre-transplant vascular dysfunction, may play an important role in affecting how 

hemodynamics influence LV torsion during exercise in HTR. 

Insufficient Catecholamines  

     It is plausible that in the present investigation the exercise stimulus was not intense 

enough to provoke a sufficient catecholamine mediated lusitropic response in HTR (8, 

15, 38). HTR have a significantly elevated catecholamine response to high intensity 

exercise compared to healthy controls, with a relatively normal response at lower 

intensity exercise (8, 15). A higher catecholamine level may be required for a denervated 

heart to reduce end-systolic volume during exercise. A low end-systolic volume 

accomplished by forceful myocardial shortening is crucial in order for diastolic benefits 

to be transferred from systole via spring-like proteins such as titin (16, 23, 33). In the 

present investigation, HTR neither significantly reduced their end-systolic volume nor 

increased circumferential strain rate, the two factors that were most strongly related to 

increases in peak untwisting rate. It appears as though HTR are unable to take advantage 

of the link LV rotation provides between systolic and diastolic function during exercise 

(33); this inability may be related to an insufficient catecholamine stimulus.     

     Previous research examining LV rotation in HTR has demonstrated increased peak 

torsion and untwisting rates in response to dobutamine infusion (21, 30). These 

investigations may further suggest an insufficient catecholamine response to exercise in 

the present investigation.  In contrast to exercise, dobutamine administered to HTR 

results in enhanced relaxation and a reduction in LV end-diastolic pressure (51). Low 

intensity exercise may simply not provide a sufficient or comparable stimulation to 

dobutamine to trigger favorable lusitropic benefits. However, caution must be used when 
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comparing past studied in HTR with the present investigation as they were conducted 

with different methodologies, primarily implanted myocardial markers. 

Heterogeneous Reinnervation 

     Partial cardiac reinnervation has been shown to occur post transplant (6, 27, 45). 

Incomplete, heterogeneous reinnervation may partially account for the inability of HTR 

to augment LV untwisting rate with exercise. In fact, heterogeneous stimulation of β-

receptors may have negative consequences for diastolic function (18) and may help 

explain the blunted peak untwisting rates observed in HTR, particularly if stimulation 

differs between the endocardium and epicardium. As previously reported in these HTR as 

part of another investigation, 7 out of 8 HTR displayed functional evidence of  partial 

cardiac sympathetic reinnervation (39, 43, 50). 

Material Properties of the Myocardium 

     Myocardial fibrosis may be related to the reduced LV compliance observed in normal 

aging (4) and following heart transplantation (25, 26, 37, 38). The relatively non-

compliant LV of HTR partially contributes to elevated LV end-diastolic pressures during 

exercise (25). High end-diastolic pressures and the resulting myocardial stretch may 

result in increased contractile protein calcium sensitivity which would be beneficial 

during systole, but detrimental to early relaxation (5). This alteration in calcium 

sensitivity could, in turn, counteract the lusitropic benefits of increased β-receptor 

stimulation that occurs with exercise (12, 38, 51). In support of this hypothesis, 

Hosenpud et al. (1989) found that HTR with the lowest resting and exercising pulmonary 

wedge pressures had the greatest ability to increase end-diastolic volume with exercise 
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(24). Of note, in the present investigation resting E/E’ was highest in HTR despite having 

the lowest end-diastolic volume, suggesting lower LV compliance (47). 

     Irrespective of LV end-diastolic pressure, the material properties of the LV may 

influence active relaxation. Myocardial fibrosis has been shown to be related to an 

increased expression of the N2B titin isoform, which is the stiffer isoform (52). A greater 

proportion of N2B titin may reduce the active recoil properties of the myocardium (23); 

particularly when compression of titin may be insufficient. In the present study, forceful 

titin compression may not have occurred as evidenced by smaller changes in ejection 

fraction and systolic circumferential strain rate in response to exercise in HTR and RM. 

The structural properties of the LV may provide a link between the reduced chamber 

compliance and the concomitant blunted active relaxation (including peak untwisting 

rate) commonly observed in HTR during exercise. 

4.5 Limitations and Future Directions 

     The results of this investigation must be interpreted with several limitations in mind. 

First, we did not assess the circumferential data with respect to sub-endocardial and sub-

epicardial layers. Although these techniques have yet to be verified against MRI, others 

have shown this to be possible with echocardiography (1, 35). Information regarding 

endocardial and epicardial function during exercise would provide further insight into LV 

rotation with aging and following heart transplantation. Second, pharmacological 

assessment of reinnervation (6) may have provided further explanations for the 

differences in LV rotation observed in this experiment. Despite our small sample size, 

our results for LV rotation were similar to those previously reported for both young and 

older healthy individuals during exercise (9, 32). Individuals were compared at the same 
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relative workload; however, the absolute cardiovascular stress was not the same in all 

groups. Considering we were comparing a clinical population to healthy young adults, we 

thought that a similar absolute work rate would provide less valuable information given 

the large disparities in relative intensity this would have created. Our HTR group 

heterogeneity with respect to time post transplant may have impacted our findings. To 

determine the time frame of accelerated aging of the cardiac allograft, future studies 

sequentially comparing LV torsion and untwisting including HTR of varying ages and 

times post transplant would be important.  

4.6 Conclusions 

     The results of this investigation confirm previously reported age-related differences in 

LV torsion and untwisting rates with exercise. These findings are extended to the unique 

model of HTR who generally have a younger donor heart. Functionally, the donor heart 

appears to have undergone accelerated aging due to the similarities in exercise response 

between RM and HTR. An inability to increase LV torsion and untwisting during 

exercise likely contributes to the classic cardiac response observed during exercise in 

HTR. 
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1
CHAPTER FIVE: A New Twist on Orthostatic Stress in Endurance Athletes 

5.1 Introduction 

     Endurance-trained athletes are less tolerant of orthostatic stressors such as standing 

upright or lower body negative pressure (LBNP) (16). In response to orthostatic stress, 

endurance athletes exhibit greater reductions in left ventricular (LV) end-diastolic volume 

(EDV) and stroke volume in comparison to normally active or sedentary individuals (9, 

17). These large reductions in LV volumes are related to enhanced LV compliance and 

reduced ventricular interactions (1, 9, 17). It is possible that other mechanisms, such as 

less favorable LV rotation, may contribute to the reduced LV filling seen in endurance 

athletes during orthostatic stress. 

     Counter-clockwise apical twisting and clockwise basal twisting combine to create LV 

torsion (3, 26). LV torsion aids the efficient ejection of blood by creating high pressures 

with less myocardial shortening (2). Beginning early in diastole, circumferential 

untwisting at the apex and base result in LV recoil. As opposed to radial and long axis 

relaxation which occur predominantly during filling, approximately 40% of recoil 

happens prior to mitral valve opening (18). The early nature of LV recoil makes it an 

important contributor to low LV pressure generation. A lower LV pressure will increase 

the trans-mitral filling gradient and increase the peak early filling rate (5, 14). Therefore, 

alterations in LV recoil will likely have significant consequences for LV filling. 

     The relationship between LV recoil and the large reductions in LV volumes exhibited 

during orthostatic stress in endurance-trained individuals is unknown. Therefore, the 

                                                 
1
 A version of this chapter will be submitted for publication as: BT Esch, JM Scott, I Paterson, MJ 

Haykowsky, DER Warburton, K Chow, J Cheng-Baron, RB Thompson. A New Twist on Orthostatic Stress 

in Endurance Athletes 
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purpose of this investigation was to examine the effects of an orthostatic challenge on LV 

torsion and recoil in endurance-trained and normally active individuals using cardiac 

magnetic resonance imaging (MRI). We hypothesized that an inability to augment LV 

recoil in endurance athletes may contribute to their large alterations in LV volumes in 

response to LBNP. A secondary aim was to assess changes in right ventricular volumes 

during LBNP, as well as any group differences between endurance-trained and untrained 

individuals which may exist.  

5.2 Methods 

5.2.1 Participants 

     We recruited 16 males between the ages of 19 and 44 to participate in this 

investigation. Participants included eight endurance-trained athletes (2 cyclists, 5 

triathletes, 1 biathlete) that trained in excess of 10 hours per week and had done so for 

greater than five years. The remaining eight participants were normally active individuals 

who did not partake in regimented aerobic exercise training. Institutional ethics were 

obtained from the University of Alberta Health Research Ethics Board and all 

participants provided written informed consent prior to participation. 

5.2.2 General Protocol 

     Upon arrival to the Alberta Cardiovascular and Stroke Research Centre at the 

Mazankowski Alberta Heart Institute, participants’ height and mass were measured. Each 

individual underwent an incremental exercise test on a cycle ergometer in order to assess 

maximal aerobic power (VO2 max). Individuals cycled on an electronically braked 

ergometer (Ergometrics er800s; Ergoline, Bitz, Germany) where the workload increased 
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20 to 30 watts every two minutes until anaerobic threshold (30), and then increased 20 to 

30 watts every minute until exhaustion. Expired gas analysis was completed using a 

calibrated metabolic cart (Parvomedics, Salt Lake City, USA). 

     On a separate day, participants underwent cardiac volumetric and hemodynamic 

assessment with a 1.5 Tesla MRI scanner (Siemens Sonata, Erlangen, Germany) under 

two different conditions: 1) supine rest; 2) LBNP of -30mmHg. 

5.2.3 Cardiac Magnetic Resonance Imaging Acquisition  

     Short axis cines covering the length of the right and LV were acquired in order to 

assess EDV, end systolic volume, stroke volume, and ejection fraction. Image acquisition 

parameters were as follows: repetition time = 2.2 ms; echo time = 1.1 ms;
 
flip angle = 

78°; slice thickness = 6 to 8 mm; matrix = 192x312;
 
field of view = 300 to 380 mm; and 

temporal resolution = 25 phases. Both long axis and short axis phase contrast cines were 

acquired to measure early (E) and atrial (A) filling velocities of the blood and peak early 

diastolic (E′) septal and lateral annular velocities in the LV. Combining through plane 

velocity data across the area of the mitral valve allowed for calculation of peak early and 

atrial trans-mitral filling rates (mL/s). Myocardial tissue tagging was applied in order to 

assess peak torsion and peak recoil rate, as well as circumferential strain. Since 

myocardial tissue tags fade over time, the tags were applied 250ms after the R-wave in 

order to assure high resolution tags during early diastole when peak recoil rates occur. 

The total degrees of rotation, as well as circumferential shortening (strain), were assumed 

to be the same (only in the reverse direction) during diastole and systole. The acquisition 

of all data was cardiac gated based on the electrocardiogram and acquired during end-

expiratory breath holds. Images were acquired in the order listed above.  
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5.2.4 Lower Body Negative Pressure 

     Participants entered a custom built, MRI compatible, LBNP chamber by placing their 

legs inside the chamber where they were sealed at the level of the iliac crest. Participants 

remained supine while inside the chamber. The LBNP chamber was built with 

dimensions to fit the bore of the magnet, and was constructed with a wooden skeleton 

(half-cylinder shape) covered in a synthetic, air-tight material. The chamber was attached 

to a vacuum system which was controlled by a variable transformer, allowing modifiable 

pressure outputs. Pressure inside the chamber was monitored continuously with a 

calibrated differential pressure manometer, and was held constant throughout the LBNP 

challenge (± 2mmHg). 

     After participants had entered the chamber and were inserted into the magnet, a 

complete resting baseline cardiac MRI scan was completed (approximately 20 minutes). 

Following baseline assessment of ventricular function, the pressure in the chamber was 

reduced to 30mmHg below atmospheric pressure. Five minutes of cardiovascular 

acclimatization at -30mmHg were allowed prior to the onset of image acquisition. After 

five minutes, a second, identical cardiac MRI evaluation was completed (approximately 

20 minutes). Heart rate (electrocardiogram) and blood pressure (automated 

sphygmomanometer) were also monitored and recorded throughout baseline and LBNP. 

5.2.5 Data Analysis 

     Assessment of right and LV volumes was performed by manual endocardial tracing of
 

short-axis cine images at end diastole and end systole using slices from the entire length 

of the ventricles (23) (Argus;
 
Siemens Medical Systems). Stroke volume and ejection 

fraction were calculated using the measures of EDV and end-systolic volume. Papillary 
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muscles were included as part of the ventricular cavity volume and were excluded for 

calculation of LV mass (15). LV mass was calculated by using the endocardial trace 

coupled with an epicardial trace in order to determine myocardial area at each short axis 

slice level in end-diastole (appendix C). LV length was considered to be the length from 

the apex to the mitral annulus. 

     LV cavity diameter and wall thickness of a mid-ventricular (papillary muscles) short 

axis slice in systole and diastole were utilized to determine LV end-diastolic internal 

diameter as well as end-systolic wall stress (24). End systolic wall stress was used as an 

index of afterload. 

     Custom designed image morphing software was applied to the myocardial tagging 

images (appendix C). The tag-endocardium intersection points were identified manually 

and digitized. Angular rotation and rotation rates of the base and apex were calculated 

using the average rotation of the eight individual endocardial tag intersections. Torsion 

was calculated as the instantaneous difference between the rotation at the base and apex. 

Peak untwisting rate was calculated separately for the apex and base, and peak recoil rate 

was calculated as the maximal difference between apical and basal untwisting rates. The 

ratio of peak recoil rate/peak torsion was calculated for each individual in order to 

quantify the amount of recoil that occurred for a given amount of torsion. Circumferential 

strain was calculated using the tissue tags as the percentage of circumferential 

lengthening occurring around the myocardium, and was assumed to be the reversal of 

systolic circumferential strain. Total peripheral resistance was calculated as follows: (1/3 

systolic blood pressure + 2/3 diastolic blood pressure) / cardiac output. 
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5.2.6 Statistics 

     At rest, group differences were compared using an independent t-test. To compare 

group responses to LBNP, an independent t-test was applied to the absolute change in a 

given variable for both groups. Linear regressions were conducted to identify 

significantly related relationships between two variables. All statistical analysis was 

preformed using Statistica 6.0 software and significance was set at p<0.05. 

5.3 Results 

5.3.1 Group Characteristics 

     Participant characteristics are listed in table 5.1. The groups were matched for age, 

height and mass. By design, endurance-trained athletes had significantly higher absolute 

and relative VO2 max. Endurance athletes also had increased LV mass and diameter 

compared to the normally active group (p<0.05). 
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 Endurance Athletes (n=8) Normally Active (n=8) 

Age (years) 31.0 ± 9.7 33.0 ± 7.3 

Height (cm) 179.1 ± 11.2  177.3 ± 7.3 

Mass (kg) 74.4 ± 12.0 79.4 ± 7.5 

Years Training (years) 11.1 ± 4.5 --- 

Hours of Training/Week (hrs) 11.5 ± 3.1 --- 

VO2 max (mL/kg/min) 66.4 ± 7.2* 41.9 ± 9.0 

VO2 max (L/ min) 5.0 ± 0.7* 3.6 ± 0.6 

LV mass (g) 176.8 ± 20.3* 146.1 ± 23.1 

LV internal diameter (mm) 60.0 ± 3.6* 53.9 ± 4.2 

LV length (cm) 6.6 ± 0.6 5.8 ± 1.2 

 

Table 5.1: Participant physical characteristics and training history  

* indicates significantly different from normally active (p<0.05). LV: left ventricular 
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5.3.2 Resting Cardiac Volumes and Hemodynamics 

     Resting cardiac volumes and hemodynamics are shown in table 5.2. The groups did 

not differ at rest with respect to systolic or diastolic blood pressure, LV ejection fraction, 

or cardiac output. Resting heart rate was higher in normally active individuals (p=0.08). 

Endurance athletes had significantly higher resting LV EDV and LV stroke volumes. 

End-systolic volume was also higher in athletes, but the group differences were not 

statistically significant (p=0.06). Resting right ventricular EDV, end-systolic volume and 

stroke volume were significantly higher in the endurance athletes. There were no group 

differences in resting right ventricular ejection fraction. End systolic wall stress and total 

peripheral resistance were not different between groups at baseline. 

     The groups did not differ at rest in E, A or E/A (table 5.2). Endurance athletes had a 

significantly higher peak rate of filling during early diastole, but not during atrial 

contraction (table 5.2). Both septal and lateral E’ were significantly higher in endurance 

athletes (table 5.2). 
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 Rest Change with  LBNP 

     

 ET NA ET NA 

Heart Rate (beats/min) 57.3 ± 6.2 68.4 ± 15.3 1.7 ± 4.0 -2.6 ± 6.9 

Systolic BP (mmHg) 123.5 ± 4.9 120.7 ± 7.5 -3.0 ± 5.8 -2.1 ± 3.5 

Diastolic BP (mmHg) 71.1 ± 6.2 73.7 ± 9.4 1.0 ± 6.9 2.0 ± 4.8 

LV EDV (mL) 211.9 ± 31.3* 168.8 ± 38.5 -26.6 ± 8.7* -17.3 ± 8.6 

LV ESV (mL) 83.9 ± 17.8 66.2 ± 16.7 -0.8 ± 7.6 -4.0 ± 5.1 

LV SV (mL) 128.0 ± 16.2* 103.2 ± 22.1 -26.0 ± 7.3* -14.0 ± 9.1 

LV EF (%) 60.5 ± 3.7 61.6 ± 2.5 -5.4 ± 3.4 -2.3 ± 3.7 

Cardiac output (L/min) 7.3 ± 1.1 6.8 ± 1.1 -1.3 ± 0.6 -1.1 ± 0.8 

E (m/s) 0.65 ± 0.11 0.63 ± 0.07 -0.13 ± 0.06 -0.13 ± 0.06 

A (m/s) 0.32 ± 0.04 0.35 ± 0.07 -0.04 ± 0.03 -0.3 ± 0.03 

E/A 2.06 ± 0.47 1.87 ± 0.41 -0.21 ± 0.30 -0.27 ± 0.28 

E filling rate (mL/s) 674.7 ± 108.2* 515.4 ± 80.7 -227.3 ± 69.9* -126.0 ± 85.2 

A filling rate (mL/s) 293.2 ± 34.5 255.2 ± 61.6 -69.5 ± 23.5* -26.5 ± 39.0 

Septal E’ (m/s) 0.12 ± 0.02* 0.09 ± 0.01 0.05 ± 0.04* 0.01 ± 0.02 

Lateral E’ (m/s) 0.17 ± 0.02* 0.14 ± 0.03 0.06 ± 0.03* 0.03 ± 0.02 

TPR (mmHg•min/L) 12.8 ± 2.9 12.6 ± 2.4 2.9 ± 2.0 3.2 ± 2.0 

Wall stress (10
3
 dynes/cm

2
) 84.4 ± 11.2 79.3 ± 15.5 -0.3 ± 17.2 1.0 ± 9.0 

RV EDV (mL) 233.5 ± 35.5* 182.2 ± 45.5 -38.0 ± 18.4* -21.6 ± 8.3 

RV ESV (mL) 103.9 ± 25.2* 77.8 ± 22.2 -6.1 ± 11.1 -5.8 ± 6.9 

RV SV (mL) 129.9 ± 17.6* 104.3 ± 28.0 -32.1 ± 15.2* -15.8 ± 9.7 

RV EF (%) 55.9 ± 5.8 57.4 ± 5.9 -5.7 ± 4.5 -2.5 ± 4.7 

 

Table 5.2: Cardiac volumes and hemodynamics  

* indicates significantly different from normally active (p<0.05). BP: blood pressure; LV: 

left ventricle; EDV: end-diastolic volume; ESV: end-systolic volume; SV: stroke volume; 

EF: ejection fraction; E: early peak mitral blood velocity; A: atrial peak mitral blood 

velocity; E’: early diastolic myocardial annular velocity; TPR: total peripheral resistance; 

RV: right ventricle. 
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     Neither resting LV torsion nor apical and basal rotations were different between 

groups (table 5.3). Peak recoil rate, peak basal untwisting rate and peak apical untwisting 

rate were not different between groups at rest (table 5.3). The ratio of peak recoil 

rate/peak torsion did not differ between groups at rest (table 5.3). Baseline peak 

circumferential strain also was not different between groups (table 5.3). 
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 Rest Change with  LBNP 

     

 ET NA ET NA 

Peak Torsion (°) 11.0 ± 3.4 10.5 ± 3.7 -1.2 ± 2.9 0.9 ± 3.1 

Peak Recoil Rate (°/s) -135.4 ± 39.7 -121.2 ± 29.9 20.3 ± 8.7* -16.2 ± 32.1 

Basal Untwisting rate (°/s) 46.7 ± 26.8 27.7 ± 15.6 -11.5 ± 19.0* 18.6 ± 25.4 

Apical Untwisting Rate (°/s) -106.2 ± 36.7 -109.0 ± 32.5 18.5 ± 17.2 4.0 ± 29.6 

Recoil Rate/Torsion 12.7 ± 3.4 12.0 ± 2.1 -0.9 ± 2.5 0.2 ± 1.6 

Circumferential Strain (%) -16.6 ± 2.7 -14.9 ± 1.3 3.2 ± 3.7 0.4 ± 2.3 

 

Table 5.3: LV rotations and strain  

*indicates significantly different from normally active (p<0.05). 
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5.3.3 Cardiovascular Responses to LBNP 

     The change in response to -30mmHg LBNP did not differ for heart rate, systolic blood 

pressure, diastolic blood pressure or cardiac output between groups (table 5.2). 

Endurance athletes had a significantly larger reduction in both LV EDV and LV stroke 

volume compared to the normally active group; however, change in end-systolic volume 

did not differ between groups. Ejection fraction fell to a greater extent in endurance 

athletes although group differences were not statistically significant. Furthermore, change 

in total peripheral resistance and wall stress from baseline to -30mmHg did not differ 

between groups. Similarly to the LV, right ventricular EDV and stroke volume were 

reduced with LBNP to a greater extent in endurance athletes (p<0.05), yet the change in 

end-systolic volume was not different between groups. 

     Change in E and A mitral velocities from rest to -30mmHg did not differ between 

groups; however, there was a greater reduction in the peak early diastolic filling rate in 

endurance athletes compared to normally active individuals (p<0.05, table 5.2). The 

reduction in peak filling rate during atrial contraction was also larger in endurance 

athletes (p<0.05, table 5.2). There were no group differences for the change in the ratio of 

early to atrial peak velocity or peak rate of filling. There was a greater reduction in E’ at 

both the septum and lateral wall in endurance-trained athletes (p<0.05, table 5.2). 

     Change in peak torsion from rest to -30mmHg was not significantly different between 

groups; however, the normally active group increased peak torsion while the endurance-

trained individuals reduced peak torsion in response to LBNP (table 5.3). There were 

significant group differences in response to LBNP for peak recoil rate, whereby the 

normally active group increased recoil rate and the endurance athletes reduced their peak 
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rate of recoil (table 5.3, p<0.05). Seven of eight normally active participants increased 

their peak rate of recoil, whereas seven of eight endurance athletes had a slower peak rate 

of recoil in response to LBNP (figures 5.1 and 5.2). The change in peak basal rotation 

rate was significantly different between groups (table 5.3), while the change in peak 

apical rotation rate was not different (table 5.3). Change in peak recoil rate/peak torsion 

did not differ between groups in response to LBNP. Circumferential strain was not 

altered statistically between groups; however, there was a trend towards a greater 

reduction in circumferential strain following LBNP in endurance athletes (table 5.3, 

p=0.09). 
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Figure 5.1. Peak recoil rate in normally active individuals.  

Data is for each individual, and the group mean (dotted circles) at Baseline and during -

30mmHg LBNP. 
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Figure 5.2. Peak recoil rate in endurance-trained athletes.  

Data is for each individual, and the group mean (dotted circles) at Baseline and during -

30mmHg LBNP. 
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5.3.4 Correlations  

     Relative VO2 max was significantly correlated with change in peak torsion (R= -0.57) 

and change in peak recoil rate (R= 0.70), whereby the higher VO2 max an individual had, 

the greater the reduction in peak torsion and peak recoil rate in response to LBNP. 

Absolute VO2 max was related to change in EDV with LBNP (R= -0.61, p<0.05), 

suggesting those with the highest VO2 max had the largest reductions in EDV. Change in 

circumferential strain was significantly related to change in EDV (R= 0.60). Change in 

peak torsion had the strongest relationship to change in peak recoil rate (R= -0.87, p<0.05 

figure 5.3). Change in peak recoil rate was not significantly related to change in EDV, 

change in end-systolic volume, change in wall stress or change in peak early filling rate. 
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Figure 5.3. Relationship between change in peak torsion and change in peak recoil 

rate. 
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5.4 Discussion 

     To our knowledge, this investigation is the first examination of the acute effects of 

LBNP on biventricular function using cardiac MRI in endurance trained and normally 

active individuals. The major new findings of this investigation are: 1) in response to 

LBNP, peak recoil rate was reduced in endurance athletes but increased in normally 

active individuals; 2) normally active individuals exhibited an increase in peak torsion 

during LBNP and endurance athletes displayed a reduction; 3) endurance athletes 

demonstrated greater reductions in right and LV EDV and stroke volume during LBNP. 

5.4.1 Recoil Rate and Diastolic Filling 

     The early trans-mitral pressure gradient is responsible for early diastolic filling (5, 14). 

Therefore, alteration of either left atrial or LV pressure will have consequences for early 

LV filling. By reducing right ventricular stroke volume with LBNP in the present 

investigation, left atrial pressure would be reduced (1, 17) resulting in a lower trans-

mitral filling gradient in both groups. A reduced trans-mitral filling gradient during 

LBNP is suggested by the observed reduction in peak early filling rate (table 5.2).  

     In addition to reduced left atrial pressure, alterations to LV early diastolic pressure 

may also have had a significant impact on the trans-mitral filling gradient and peak early 

filling rate in this investigation. Approximately 40% of diastolic recoil occurs prior to 

mitral valve opening making recoil rate important for LV diastolic pressure decay (8, 19). 

Previous investigations have shown reductions in minimum LV pressure following acute 

preload reduction (5, 6). This compensatory reduction in LV minimum pressure may be 

partially related to an increase in peak recoil rate. Normally active individuals 
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demonstrated an increased peak recoil rate in response to LBNP, whereas endurance 

athletes did not. This response may help normally active individuals maintain LV EDV 

and peak early filling rate to a greater extent during orthostatic stress compared to 

endurance athletes.   

5.4.2 Potential Mechanisms for Group Disparities in Recoil Rate during LBNP 

     There are two potential mechanisms contributing to the findings of divergent LV 

rotation between groups during LBNP. The first involves the previously established 

differences in the Frank-Starling relationship between endurance-trained athletes and 

normally active individuals (17). The second mechanism involves altered sympathetic 

signaling from the carotid baroreceptors in endurance athletes. 

     Alterations in systolic function, mediated by the Frank-Starling mechanism, have an 

important influence on diastolic function including LV recoil (19). The rotational energy 

exerted during systole is transferred through the extracellular collagen matrix (29) and 

spring like proteins, such as titin, to assist rapid diastolic recoil (11, 13, 19). This 

relationship between systolic and diastolic function is evident by the significant 

correlation between change in circumferential strain, as well as peak torsion, with change 

in peak recoil rate. Therefore, factors that influence peak torsion and circumferential 

strain, such as EDV, will help explain the divergent group response in recoil rate (7). 

Levine and colleagues (1991) demonstrated that endurance-trained athletes have greater 

LV compliance and larger reductions in EDV during LBNP (17). These greater 

reductions in EDV with LBNP would result in shorter end-diastolic myocardial lengths 

and less myocardial shortening (Frank-Starling mechanism); including less 

circumferential strain and torsion (7). Lower circumferential strain and peak torsion in 
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athletes would result in less energy being transferred from systole to diastolic recoil. In 

addition, an inability of endurance athletes to reduce end-systolic volume in this 

investigation provides further evidence for insufficient shortening in response to preload 

reduction (table 5.2). Ultimately, slower recoil may result in slower LV pressure decay 

and further reductions in EDV (8). In normally active individuals, the smaller reduction 

in EDV during LBNP resulted in an unchanged circumferential strain and ultimately 

preserved recoil rate. Increased recoil rate in the normally active group may have helped 

to offset reduced left atrial pressure and better maintain the peak early filling rate. 

     A second possible mechanism which may explain the group differences in peak recoil 

rate may be mediated by sympathetic nervous output in response to carotid baroreceptor 

stimulation. Recent investigations have shown that peripheral baroreceptors are indeed 

active during low levels of LBNP (10, 21). In addition, Sarnoff et al. (1960) demonstrated 

that carotid sinus hypotension results in increased contractility and an increased rate of 

early relaxation (25). The findings of Sarnoff and colleagues are similar to the increased 

peak torsion and recoil rate observed with LBNP in normally active individuals in our 

investigation. Carotid stimulation due to hypotension increases LV contractility by 

augmenting atrial contraction, ultimately elevating EDV (compared to the initial 

reduction) causing greater myocardial stretch and contraction via the Frank-Starling 

mechanism. Similarly, in our investigation, the peak rate of diastolic filling during atrial 

contraction was better preserved (although still reduced) in normally active individuals.  

     The contractile influence of the carotid sinus is withdrawn when sympathetic outflow 

is inhibited (25), which may be the case in endurance athletes. In addition to responding 

to absolute blood pressure, the carotid baroreceptors have been shown to be sensitive to 



 109 

the pulsating nature of blood flow (4). Given that athletes have larger stroke volumes and 

slower heart rates, it has been proposed that their higher pulse amplitudes and lower pulse 

frequencies act to partially restrain sympathetic outflow from the carotid sinus (16). 

Sympathetic activity from the carotid baroreceptors may also be inhibited by the 

predominance of parasympathetic activation observed in endurance athletes (27). This 

inhibition of carotid sympathetic activity in endurance athletes may contribute to a 

reduced compensatory increase in atrial contraction (table 5.2). This sympathetic 

inhibition could contribute to larger reductions in EDV which could ultimately reduce 

circumferential strain and recoil rate in response to LBNP. Regardless of the mechanism 

responsible, the reduced LV recoil rate in endurance athletes may be a significant 

contributing factor to the orthostatic intolerance commonly observed in this population. 

5.4.3 Right Ventricular Function 

     The majority of previous investigations examining cardiac responses to orthostatic 

stress have either ignored the right ventricle, or simply measured ventricular diameters or 

areas (1, 9, 12, 17, 22). Our findings of larger right ventricular volume reductions in 

endurance athletes during LBNP are suggestive of either a more compliant right ventricle 

or greater vascular capacitance (28). Some investigations suggest right ventricular 

adaptations to endurance training (20), but to our knowledge an assessment of right 

ventricular compliance in athletes has not been completed. Overall, greater reductions in 

right ventricular volume in endurance athletes may contribute to their reduced orthostatic 

tolerance. 

     Contrary to the findings of this investigation, we have previously demonstrated similar 

changes in right ventricular area between endurance-trained and normally active 
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individuals in response to LBNP (9). We observed differences between groups in the 

right ventricular volume response to LBNP in the present investigation; however, 

numerous methodological differences such as the time course and intensity of LNBP, as 

well as the temporal delay in image acquisition, are likely responsible for the divergent 

findings in right ventricular volumes during LBNP between this and our previous 

investigations. 

5.4.4 Limitations 

     The results of this investigation should be interpreted with several limitations in mind. 

Due to the short-lived nature of MRI tissue tagging, rotational information was acquired 

during diastole only. This necessitated the extrapolation of peak torsion and peak 

circumferential strain based on the reversal of their systolic actions. We believe this to be 

a valid assumption, and any error it created would be systematic in nature. Secondly, we 

have made no invasive measures of left atrial or LV pressures and can therefore only 

infer the effects of LBNP on the trans-mitral gradient based on hemodynamic events. 

However, previous investigations have demonstrated the effects of preload reduction on 

the trans-mitral filling gradient (5, 14). Additionally, no measures of baroreceptor 

function or nervous activity were made, and so we can only speculate about their impact 

on our results.  Finally, we assessed LV rotation under moderate LBNP. Examining recoil 

rates as individuals approach pre-syncope may provide further insights into how this 

mechanism ultimately affects orthostatic intolerance. 
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5.5 Conclusions 

     Using cardiac MRI, this investigation demonstrated a differential LV rotation response 

to altered preload between endurance-trained athletes and normally active individuals. 

Ultimately, it appears as though larger alterations in EDV result in reduced contractile 

function leading to slower peak recoil rates in endurance-trained athletes. These slower 

recoil rates in athletes may further reduce EDV and contribute to the higher prevalence of 

orthostatic intolerance observed in this population. 
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CHAPTER SIX: General Summary and Conclusions 

6.1 Overview of the Field of Study      

     In chapter two, the importance of studying LV rotation was explored and emphasized 

by examining the current state of the literature. The set of experiments presented in 

chapters three through five demonstrated the potential of LV rotation for providing 

insights beyond traditional assessment of LV function for the understanding of cardiac 

adaptations to endurance training and aging.  

     Ventricular rotation was described as early as the 1600s (9), and continues to be an 

area of interest for cardiac mechanics researchers up to the present day (17, 18, 22, 26). 

Previous studies on LV rotation were primarily conducted using isolated animal models 

(4, 7) with some instances of human experiments using implanted myocardial markers in 

patients undergoing heart transplantation (8, 14). MRI tissue tagging was developed and 

applied in human investigations (23, 28), yet limited access to MRI, as well as the 

complex nature of tagging data analysis made it an unwelcoming avenue for many 

cardiac researchers.  

     Advances in echocardiographic techniques such as tissue Doppler and speckle-

tracking imaging have rekindled interest and improved accessibility for the study of LV 

rotation (10, 16, 19). The ability to non-invasively, and relatively inexpensively, quantify 

LV rotation has made large scale, and population specific investigations more realistic to 

accomplish. With new techniques at the disposal of cardiac scientists, much of the recent 

work with echocardiography has concentrated on describing LV rotation in different 

populations under varying conditions. Regardless of technique, little information has 

been acquired in athletes; therefore the series of investigations presented in this document 
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adds significantly to the knowledge base of LV rotation in young and old endurance-

athletes. However, with new research tools comes the possibility to answer previously 

unanswerable questions, leaving much work to be done. 

6.2 Integration and Applications of Thesis Results 

     The results presented in chapter three suggest that long-term aerobic endurance 

training can preserve LV rotation despite advancing age. Endurance training has 

previously been shown to have similar benefits for other diastolic indices of cardiac 

function (1, 21), although this is not always the case (2, 6). Numerous investigations have 

shown LV torsion to be elevated and untwisting rates to be prolonged in older sedentary 

individuals (13, 24, 27). These alterations in resting LV rotation have been shown to be 

disadvantageous during exercise, as there is no torsion reserve in older individuals (3). 

Our results suggest that prolonged aerobic exercise training can prevent the alterations in 

LV rotation at rest, and this preservation of function may additionally be beneficial 

during exercise. However, we did not measure exercising LV rotation in our older 

athletes, and so we can only speculate about exercise responses. 

     The lack of exercise data was the major limitation in the study presented in chapter 

three, and so the use of physiological stressors (i.e. exercise and LBNP) was applied in 

the subsequent investigations in order to better discern group differences in LV rotation. 

Despite the absence of exercise data, the LV rotational information presented in chapter 

three is the largest data set (sample size) of athletes reported to date. Very few previous 

studies have examined LV rotation in athletes (15, 20, 23) regardless of age, and so this 

data set will contribute substantially to the current knowledge in the field.  
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     The majority of initial human studies of LV rotation were performed on individuals 

that had undergone heart transplantation; however none had examined LV rotation during 

exercise (8, 14). Heart transplantation provides a unique model of aging, whereby the 

average HTR is given a donor heart nearly two decades younger than their current age 

(25). To discern the effects of aging we compared HTR with individuals matched to the 

age of the recipient as well as the age of the donor in chapter four. Our control subjects 

responded to exercise similarly to what had been previously reported for young and older 

individuals (3, 17). The major finding of the investigation was that HTR responded 

similarly to older individuals despite having a relatively young heart. This suggests that 

since transplantation, the donor heart has aged rapidly, accounting for the similarities 

between older and HTR. However, this conclusion must be tempered somewhat, as heart 

transplantation is a very complex procedure involving cardiac denervation, ischemia, and 

a host of anti-rejection medications following surgery. These complex factors do not even 

consider the pre-transplant state of the patient, which may include factors such as 

hypertension, inactivity, diabetes, and obesity which may persist following transplant. 

Functionally, in terms of LV rotation, HTR appear to display accelerated aging of the 

cardiac allograft. But clinically, the fact that HTR did not respond worse than individuals 

the same age is encouraging.  

     In chapter four, it was important to make use of exercise to determine group 

differences between HTR and healthy controls. HTR function relatively normally at rest, 

yet with exercise their limitations are exposed (11). In addition, the results of this 

investigation support previous research (18), as well as the findings from chapter five, 

that emphasize the importance of systolic contraction for rapid diastolic recoil.  
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     The data from chapter five are an extension of previous work from our laboratory, 

examining right and LV function during LBNP in endurance athletes (5). Cardiac 

adaptations have been shown to be significant contributors to the increased incidence of 

orthostatic intolerance in endurance athletes (1, 12); however, the influence of diastolic 

recoil has not been previously investigated. Similar to the findings in chapter four, a 

physiological stress was required to elicit group differences that were not present during 

rest. The consistency with which the peak recoil rate of endurance athletes slowed (seven 

of eight athletes) and increased in normally active individuals (seven of eight) was 

convincing. These data suggest that an inability to maintain or increase peak recoil rate in 

response to reductions in preload may be an important contributing mechanism to 

orthostatic intolerance in endurance-trained individuals. 

     The major limitation of the investigation presented in chapter five was the fact that LV 

rotation was not assessed during pre-syncope. This would have allowed us to make more 

definitive statements about the relationship between LV recoil and orthostatic 

intolerance. However, the safety of conducting orthostatic tolerance tests to pre-syncope 

inside an MRI scanner while in an LBNP chamber may not be ideal for participants. 

Despite these limitations, this investigation used the “gold-standard” measurement 

technique (cardiac MRI) for the assessment of cardiac volumes (right and left), and LV 

rotation. This fact, as well as the intriguing findings, will ensure this investigation makes 

a significant contribution to the literature.  

6.3 Future Research 

     This series of investigations has produced new information regarding the LV 

rotational responses in HTR, endurance-trained athletes and older individuals. Previous 
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investigations examining resting LV rotation in endurance athletes and sedentary 

individuals are contradictory (20, 23). Our results showing the impact of endurance 

training on age related changes in LV rotation and rotational responses to LBNP 

demonstrate that endurance training has a significant impact on LV rotation; however, 

these alterations in rotation were not apparent at rest. 

     The remaining major question in the area of LV rotation, endurance training and aging 

is: How does endurance training influence LV rotation during exercise? Exercise is the 

stimulus for these adaptations to LBNP and aging, yet how exercising LV rotation differs 

between trained and untrained individuals, both young and old, remains unknown. 

Answering this question completely would not be simple, particularly with current 

technology. At rest, cardiac ultrasound images can usually be optimized; however, during 

exercise, movement and breathing artifacts can drastically reduce image quality. It is for 

that reason that in our HTR exercise experiment, individuals exercised at a relatively low 

intensity (heart rate of approximately 120 beats per minute) with their back supported. To 

adequately image an individual, particularly an athlete, at high ventilations under severe 

strain during near maximal exercise would be extremely difficult. It should be noted that 

data for LV rotational analysis needs to be of a significantly higher quality than that 

which can be considered acceptable for simple volume or area analysis. As well, the 

physical constraints of MRI coupled with the necessity for breath holds during image 

acquisition also do not make myocardial tagging with MRI an option to compare 

differences between athletes and controls during exercise. Hopefully, future advances in 

imaging technology may make the ability to assess LV rotation in athletes near maximal 

exercise feasible. 
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     An additional factor to be considered in future investigations on LV rotation is the 

incorporation of exercise training studies rather than cross-sectional analysis. Training 

studies could help determine the time course of ventricular adaptations in LV rotation. It 

appears as though cardiac adaptations, such as improved LV compliance, take years of 

endurance training to manifest (12), yet the time course of alterations in LV rotation 

remain uncertain. 
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APPENDIX B: SPECKLE TRACKING IMAGING ANALYSIS 

 

A.       B. 

 

 

 

Figure B.1 Measurement of left ventricular strain and rotation by two-dimensional 

speckle tracking analysis 

A) Left ventricular rotation as well as radial and circumferential strain data (as well as the 

velocities of each) were derived using the width of the myocardium in a parasternal short 

axis view; B) Longitudinal strain and strain rate were derived from the width of the 

myocardium using an apical 4-chamber view.  
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APPENDIX C: CARDIAC MAGNETIC RESONANCE IMAGING ANALYSIS 

 

 

A.      B. 

 

 

 

 

 

 

 

 

 

 

 

Figure C.1 Measurement of ventricular volumes, rotation and strain by MRI 

A) Assessment of right and LV volumes was performed by manually tracing segments of
 

short-axis cines at end diastole and end systole; B) Myocardial tissue tagging assessment 

of ventricular rotation and circumferential strain. Tagged images were analyzed using a 

custom designed image morphing software package. 

 


