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Abstract 

Filling of the left ventricle (LV) occurs in two phases; early filling and late filling. 

Late filling, the mitral flow “A-wave”, is a result of the left atrial contraction. Early filling, 

manifest as the “E-wave”, is thought to be substantially due to diastolic suction (DS), a 

phenomenon whereby the LV aspirates blood and fills itself independent of atrial activity. 

The presence and importance of DS has been the source of much debate within the 

scientific literature, dating back to the early 20th century. It has been said that DS is 

important in order for the LV to fill efficiently as the heart adjusts to varying demands, for 

example, an increased heart rate due to exercise.  

 The presence of a favourable pressure gradient (PG) that drives blood flow from 

the LA towards the LV has been well established. Additional studies have shown that, 

under abnormally small end-systolic volumes (ESV), or, with impeding LV inflow, a 

negative transmural pressure is recorded, which was considered evidence of suction. The 

purpose of this study was to vary the working conditions of the heart in a porcine model, 

and measure DS in two different ways and compare these measures of DS to ESV as well 

as ejection fraction (EF). By varying the working conditions of the heart using drug 

interventions (isoproterenol, phenylephrine & metoprolol), as well as volume loading, the 

amount of DS at different states was determined. 

 The volume of filling due to suction, VDS, as well as the amount of energy resulting 

from suction (via a backwards decompression wave, BDW), are both indicative that ESV 

decreases as the amount of DS increases. As EF increased, both measures of DS also 

increased. Additionally, results for VDS display that DS is still present at ESV larger than 
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baseline ESV. Finally, comparing the two measures of DS to each other showed good 

agreement. 

 DS is often suggested to be a result of elastic recoil of the LV after contracting 

below an unstressed state. However, our findings that VDS exists at large ESV would 

contradict that DS is only a result of elastic recoil, suggesting that further studies must be 

conducted focusing on DS at large ESV. 
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 LITERATURE REVIEW 

1.1 Cardiovascular Physiology 

The mammalian heart consists of four chambers, the right atrium (RA), left atrium 

(LA), right ventricle (RV) and left ventricle (LV). A basic diagram of cardiac anatomy is 

shown in Figure 1-1. Blood from the atria flow through the atrio-ventricular valves into the 

ventricles, and subsequently out into the circulation. The RA receives deoxygenated blood 

from the inferior and superior vena cava and pumps this blood to the lungs where it 

becomes oxygenated. The oxygenated blood returns from the lungs through the pulmonary 

veins to the LA. The blood then flows through the atrio-ventricular valve (on the ‘left’-side 

of the heart, called the mitral valve, MV) into the LV. The LV pumps the oxygenated blood 

through the aorta and into the systemic circulation.  

The cardiac cycle consists of two phases: systole and diastole. For the LV, systole 

can be defined as the period of time between when the ventricle begins to contract and 

before the aortic valve (AV) closes. Diastolic filling begins when the MV opens and blood 

enters the LV from the LA. Diastole accounts for approximately 2/3 of the total cardiac 

cycle at a normal heart rate of 60-80 beats per minute (bpm). As heart rate increases, the 

duration of the cardiac cycle spent in systole is largely unaffected, and therefore it is the 

duration of diastole that is shortened. 

Throughout the cardiac cycle, there are numerous things that need to happen in a 

very timely and specific manner in order for the heart to be able to function efficiently. A 

large body of work has focused on the ejection phase and the causes of the LV’s decreased 
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ability to maintain an adequate flow of blood to meet the demands of the body. There has 

also been a large amount of research into abnormal filling patterns or inadequate filling of 

the LV. However, the mechanism by which the LV fills in a healthy heart has yet to be 

explained satisfactorily and must be understood before further understanding of inadequate 

filling can be developed, measured and ultimately treated. With respect to these points, the 

literature relevant to this study will be reviewed in detail later in this chapter. 

1.1.1 The Cardiac Cycle – ‘Wiggers Diagram’ 

The classic representation of the pressure, volume and velocities during a cardiac 

cycle is referred to as a ‘Wiggers Diagram’, shown in Figure 1-2 [1]. The top panel shows 

pressure on the left axis and volume on the secondary right axis. The dashed line indicates 

aortic pressure (PAo) while the solid line shows LV pressure (PLV). During the marked 

hatched area, between mitral valve closure (MC) and aortic valve opening (AO) (i.e., 

isovolumic contraction), PLV increases dramatically without any change in PAo. However, 

as soon as the aortic valve opens, PAo rises: similarly, as soon as the aortic valve closes, 

PLV drops, and PAo pressure spikes (called the dicrotic). In diastole, PLV is very low, while 

PAo remains high, declining slowly. The second dashed line in the top panel shows LA 

pressure (PLA). This pressure is low throughout the cardiac cycle. During systole, PLA is 

substantially lower than PLV, whereas in diastole, PLV actually falls below PLA. This cross-

over in the pressure causes the mitral valve to open (MO). The flow through the ventricle 

(V̇LV) is shown in the second panel. During isovolumic contraction (between MC and AO) 

and isovolumic relaxation (between AC and MO), the flow is zero. In systole, the LV is 

contracting, pushing the blood out through the aorta and therefore the flow has a negative  
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Figure 1-1: Basic anatomy of the heart. The focus of this study is on the flow from the 

left atrium (LA) through the mitral valve (MV) and into the left ventricle (LV). [2] 
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sign. In diastole, there are two distinct filling periods. First, is the early-filling ‘E-wave’. If 

the heart rate is not too rapid, this is followed by a period called diastasis, where inflow is 

negligible and therefore PLV is equal to PLA. Finally, the ‘A-wave’ is the late-filling wave. 

This wave is the result of the LA contracting and pushing more blood into the LV before 

the next cardiac cycle. The atrial activity is apparent when looking also at the ECG signal 

in the bottom of the figure, where the P-wave represents the depolarization of the atrium, 

causing the contraction and increased PLA, also shown in the figure.  

The timing of the difference between PLV and PLA is closely related to the 

acceleration and deceleration of the E-wave. When the difference between PLV and PLA is 

greatest, the E-wave has the steepest slope and as the pressures equalize the E-wave peaks 

and begins to decelerate. 

1.1.2 The Cardiac Cycle – Pressure-Volume Loops 

The course of the cardiac cycle can also be represented by a pressure-volume loop 

(PV loop) shown in Figure 1-3. Several useful physiological parameters are apparent on 

the PV loop. Each corner of the loop corresponds approximately to a valve closure or 

opening. Beginning at the bottom left, the MV has just opened allowing the LV to fill with 

blood from the LA (the filling phase). Filling proceeds until the right-hand corner of the 

loop when the MV closes and the contraction phase begins with isovolumic contraction. 

During this period both the MV and the AV are closed. Once PLV exceeds PAo, the AV 

opens and the ejection phase begins (the top right corner). Ejection continues until LV  
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Figure 1-2: Wiggers diagram of magnitude and timing of relevant pressure, volume 

and ECG signals during a single cardiac cycle [1]. Further explanation is provided 

within the text.  
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Figure 1-3: Typical experimental PV loop indicating valve opening and closing, stroke 

volume, as well as end-systolic and end-diastolic volumes. 
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relaxation allows the AV valve to close (the top left-hand corner) and the heart relaxes. As 

a result of both the MV and AV being closed, this period is, once again, isovolumic. 

The width of the PV loop is the stroke volume (SV) of the heart, that is, the amount 

(volume) of blood ejected within a single cardiac cycle. The volume at the end of ejection 

(the left-hand vertical line) is the end-systolic volume (ESV) and similarly, the volume at 

the end of filling (the right-hand vertical line) is the end diastolic-volume (EDV). SV is 

calculated as SV=ESV-EDV. The ejection fraction (EF), which is the percentage of the 

total blood volume ejected in a given beat is calculated as EF=(EDV-

ESV)/EDV=SV/EDV. The area encompassed by the loop indicates the amount of work 

done on the blood by the LV and is defined as stroke work (SW). SW is approximated as 

the mean systolic pressure minus the mean diastolic pressure multiplied by the stroke 

volume. Developed pressure (i.e., the pressure the ventricle develops ‘for the purpose of 

ejection’) refers to the difference between mean systolic pressure and mean diastolic 

pressure. 

1.1.2.1 Shape of the PV Loop 

Typically, the PV loop is approximated as a simple rectangle, as Figure 1-4. In this 

depiction, both filling and ejection are completely isobaric. The increased volume of the 

ventricle in filling does not result in any increase in pressure, while in ejection, the 

decreased volume is not accompanied by a similar decrease in pressure. Here, SW is the 

difference in systolic pressure and diastolic pressure (the developed pressure), multiplied 

by the SV.  
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However, Figure 1-5 shows an exaggerated filling and ejection period with clear 

changes in pressure during these times. Both filling and ejection exhibit positively (regions 

1 and 2) and negatively (regions 3 and 4) sloped sections. Now, the developed pressure 

must be calculated using the difference of mean systolic and diastolic pressures since the 

pressure is no longer approximated to be constant during these periods. 

The positively sloped regions 1 and 2, would suggest a positive elastance. The 

increased pressure within the LV during diastole (region 1) also increases the volume. In a 

more traditional view, this is expected if we use stress or force on the y-axis in place of 

pressure, and strain or length on the x-axis in place of volume. This would then describe 

(roughly) an elastic modulus for the material. Similarly, the positive slope towards the end 

of the ejection phase (region 2), is where pressure is decreasing with a decrease in volume. 

Now, the material is relaxing, again, with a slope related to the material’s elastic modulus. 

However it is less obvious how to explain the negatively sloped regions 3 and 4. In 

early diastole pressure decreases and volume increases (region 4), which would correspond 

to a decrease in force and an increase in length. In a passive system, this would suggest a 

negative elastic modulus, which contradicts the definition of elastance. Furthermore, a 

negative slope is also observed in early ejection (region 3) where pressure increases and 

volume decreases.  

In order to discuss the regions of apparently negative elastance, positive elastance 

should be understood. The two regions (1 and 2) of positive elastance indicate passive 

behaviour of the LV. In later diastole, the LV fills passively. Blood enters the ventricle and 
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as the volume of the chamber increases pressure must also rise. Region 2 can be related to 

a decrease in the rate of ejection, although the ventricle is still contracting and the volume 

is still decreasing. 

During the negatively sloped phase of ejection (region 3), pressure increases even 

as volume decreases. As explained below, this increase in pressure might be accounted for 

as the summation of 3 effects: the pressure due to the filling of the aortic reservoir, the 

pressure required to propel the stroke volume through the proximal resistance, and any 

pressure required to accelerate the ejection of the stroke volume. The active contraction of 

the muscle in developing the required pressure to propel the SV, is an active parameter and 

therefore the properties of a passive system may well not apply. Region 4, the negatively 

sloped phase of early diastole, requires an explanation for the fact that pressure falls while 

volume increases. We suggest that “diastolic suction” accounts for that pressure decrease. 

In part, this might be due to “recoil”, where part of the energy expended during systolic 

ejection is ‘stored’, and liberated later to augment early diastolic filling. In other words, 

the ventricle must be pulling blood into itself in order to account for the rapid drop in 

pressure and increase in volume. Additionally, this process helps to overcome the inertia 

of the blood and start flow towards the ventricle. Only once an equilibrium state has been 

reached, does the passive filling phase begin.  

In Figure 1-6, a representative experimental PV loop is shown and can be contrasted 

against the previous loops shown in Figure 1-4 and Figure 1-5. The four corners of the loop 

represent approximate locations of valve opening or closure. The bottom left hand corner 

represents MV opening, and the onset of diastolic filling. The bottom right hand corner 
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defines MV closure and the beginning of isovolumic contraction. AV opening is on the top 

right, demarcating the beginning of ejection and AV closure is on the top left, signalling 

the end of ejection and the beginning of the isovolumic relaxation. The loop continues in 

this counter-clockwise manner.  

1.1.2.1.1 Examples: Phenylephrine and Isoproterenol 

The two examples presented in Figure 1-7  below are from an individual experiment 

and are typical responses from each intervention. Figure 1-7A shows the PV loop with 

isoproterenol (increasing contractility, or the strength of the contraction) and Figure 1-7B, 

the loop with phenylephrine (increasing the afterload which can be thought of as the 

pressure the heart must contract against). 

There are some obvious differences: the phenylephrine has a larger developed 

pressure than the isoproterenol loop, and also has a larger stroke volume. More 

interestingly, the change in slope in the ejection phase is strikingly different between the 

two loops. Phenylephrine causes the ejection phase to be spent almost entirely in region 3 

(as discussed above, the negative slope of ejection), while isoproterenol does the opposite 

and almost all of ejection is spent in region 2 (the positive slope).  

Phenylephrine increases the pressure the heart must push against, so, as discussed 

above, the heart must now spend more time in the phase where the heart is working at 

increasing pressures in order to accelerate the ejection of the SV.  

Comparing the effect of phenylephrine to that of isoproterenol on the ejection period, 

the latter is predominantly positively sloped. Isoproterenol increases the strength of the  
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Figure 1-4: Idealized, square, PV loop depiction, indicating no pressure change 

during filling or ejection. 
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Figure 1-5: Exaggerated PV loop showing change in pressure during filling and 

ejection. 

 

Figure 1-6: Typical experimental PV loop under stable baseline conditions. 
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Figure 1-7: A – PV loop with the infusion of isoproterenol. Note the positive slope of 

ejection. B – PV loop with the infusion of phenylephrine. Note the negative slope of 

ejection. 
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contraction of the heart while keeping pressures very stable. This effect allows the heart to 

relax much earlier as the increased strength of contraction was able to start the movement 

of blood and overcome the inertial component. After this, the ventricle begins relaxing, the 

blood moving out through the aorta and the pressure slowly declining, slowing down the 

stroke volume.  

A key difference in the shape of the ejection phase between the phenylephrine and 

isoproterenol loops is a result of the pressure due to the filling of the aortic reservoir. 

Phenylephrine, having constricted the arteries, increases the comparative reservoir pressure 

(compared to measured pressure), while isoproterenol reduces the comparative reservoir 

pressure. This breakdown of pressure into its reservoir and wave components will be 

discussed in further detail in Sections 1.1.3.5 and 2.2.11. 

1.1.3 Diastolic Suction 

Diastolic filling is characterized by two distinct filling periods: the early filling 

wave, or “E-wave”, and the late filling wave, or “A-wave”. The A-wave is attributed to LA 

contraction pushing blood into the ventricle. In contrast, the E-wave is thought to be a result 

of the LV relaxing faster than it is able to fill, which results in the LV sucking blood into 

itself [3]. This is referred to as diastolic suction (DS).  

In a healthy heart at rest (i.e., with a slow HR), the E-wave and A-wave are distinct 

and separated by a period of diastasis where the heart is mechanically and electrically 

“calm”. Typically, the E-wave accounts for approximately half of total filling. Figure 1-8 

shows both diastasis as well as the relative contributions of a typical E-wave and A-wave. 
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When the heart rate is increased, for example, with exercise, the period of diastasis is 

shortened or completely lost and the E-wave and A-wave can become merged [4]. 

Early filling has been understood to be augmented by the presence of restoring 

forces after negative LV pressures were recorded in a non-filling heart [5], [6]. This 

augmentation of early filling by the restoring forces is important such that filling is  “both 

rapid and of a large magnitude” [6] especially when the duration of diastole is limited, for 

example, with tachycardia.  

1.1.3.1 Discussion of Historical Views of Diastolic Suction 

The mechanism of ventricular filling has been debated for centuries, described as 

an “age-old problem” by Brecher [7] in his critical review in 1958. Brecher writes that 

“very few problems in medicine have caused as much controversy as diastolic suction, or 

involved such strong emotional reactions” attributing the emotion to the “absence of 

reliable information” and thus leading to “much speculation”. Andreas Vesalius 

(1514-1564) suggested that the heart acted similar to a suction pump [5]. William Harvey 

(1578-1657), however, believed that ventricular filling was the result of a strictly passive 

process [8]. Before going further, the specific usage of active and passive should be 

defined. Here, active simply refers to the existence of some forces that aid in filling. 

Passive, on the other hand, refers to filling in which blood flows into the ventricle 

expanding the chamber purely as a result of the increased fluid volume within the chamber. 

Historically, active diastole has been termed diastolic vis a fronte while passive diastole 

has been traditionally called vis a tergo [7]. The root of this is the Latin vis for ‘force’ and 

a fronte meaning ‘from the front’ and a tergo meaning ‘from behind’.  
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Figure 1-8: Typical example of diastolic filling pattern with the E-wave and A-wave 

clearly distinguishable. Note the E-wave is generally larger than the A-wave. 

Reprinted with permissions [9]. 
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Modern researchers early in the 20th century suggested that the relaxing ventricle 

actively sucked blood into itself [3]. However, their evidence was later overturned as 

measurement error, or as being compatible with the idea of a passively filling ventricle [3]. 

Katz [3] cites numerous historical studies that were unable to settle the debate. Findings 

originally suggestive of suction were later shown to be instrumental artefact, or an 

observation made on a dead heart was not applicable to the conditions in a living active 

heart [3]. Therefore, Katz concluded that, at the time of his study, “proof of a suction action 

by the relaxing ventricle is lacking” [3]. Therefore, using an isolated ventricle, Katz [3] 

performed a series of experiments to study this historical question. The conclusion of these 

experiments was that the “relaxing ventricle, therefore not only can but does exert a sucking 

action to draw blood into its chamber”. Importantly, Katz also noted that the relative 

importance of suction, compared to filling due to atrial activity or strictly passive filling is 

not shown and needs to be studied under various conditions. Although this would seem to 

be a significant step towards settling the debate, others continued to question these findings. 

Brecher [7] suggested that the decreased pressure with increased volume during early 

filling, reported by Katz, can be attributed, at least in part, to the change in the viscosity of 

the ventricular wall. Therefore, Brecher felt that the decline of the PV loop in early diastole 

“does not necessarily indicate suction or the existence of a vis a fronte [7]”.   

Bloom [10] performed a very interesting experiment to examine the presence of 

suction. Using an excised rat heart, Bloom cut the atria and placed the beating heart within 

a beaker of isotonic saline. He observed that the heart propelled itself, in the direction of 
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the apex, along the walls of the beaker. Furthermore, during filling, the atrial flaps were 

observed to be sucked inwards towards the ventricle. When Bloom dropped methylene blue 

die into the region near the atria, the die was observed to be drawn into the ventricle during 

filling. This, according to Bloom, could suggest that “part of the energy of systole is 

dissipated in diastole” and that, at least under the experimental conditions, it is possible 

that the results of this study explain the rapid, early diastolic filling. 

Tyberg et al. [5] used an isolated heart experimental method to study the effect of 

non-filling diastole on the ventricular pressure. By studying a non-filling diastole, the 

recorded pressure is independent of the inertia and viscosity associated with filling. Thus, 

the elastic property of the ventricle is isolated. Tyberg et al. convincingly showed a 

negative end-diastolic pressure, concluding that their result supports the idea of elastic 

restoring forces at normal end-systolic volumes which contribute to filling. These findings 

built substantially on those of Brecher [11] and Brecher & Kissen [12], who similarly 

impeded filling in isolated ventricles, however only at severely restricted ventricular 

volumes.  

Rushmer et al. [13] believed that suction can only exist if the pressure within the 

ventricle dropped below the zero level of the system. However, Tyberg et al. [5] 

specifically commented on this scenario, suggesting that due to the compliance of the 

atrium, which allows for large volume changes with only minimal pressure changes, it is 

less likely that a negative pressure would be recorded within the ventricle under normal 

filling conditions as blood is freely able to move from the atrium into the ventricle. The 

absence of negative pressure does not necessarily imply that the ventricle is not 
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contributing to the filling process; a conclusion directly challenging the earlier statement 

of Rushmer et al. and supporting the theory of Brecher & Kissen [12]. Brecher & Kissen 

developed an analogy to a piston-cylinder-reservoir system. In active suction, there was an 

elastic pull on the piston, drawing fluid from the reservoir into the cylinder, while without 

the elastic pull on the piston, the reservoir pressure had to be elevated in order to elevate 

the pressure sufficiently to drive the piston backwards in order for the cylinder to be filled 

(Fig. 5, [12]).   

Wiggers [14] wrote in 1958 that “crucial evidence is still required that the small 

remnant of elastic recoil still operative at the end of relaxation can create sufficient suction 

to be of significance in filling the normally-beating heart”. Wiggers obviously 

acknowledged the release of elastic stresses and that “if blood could enter the ventricular 

chamber during this phase of diastole, such a rapid drop in pressure would unquestionably 

constitute a potent aspirating force”. Having acknowledged the potential for the “potent 

aspirating force” Wiggers still questioned contribution within the critical interval in which 

the elastic stresses remain. 

1.1.3.2 Pressure Gradients 

The motive force of filling is a favourable pressure gradient (PG) between the LA 

and LV. As the pressure between the LV drops below the pressure in the LA, blood must 

flow from the LA into the LV. The time course of this PG as well as the spatial gradient 

within the LV has drawn interest in the literature [15]–[24].  
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The intraventricular pressure gradient (PG) can be determined both invasively with 

pressure measurements in both the LA and LV, multiple catheters in the LV or a dual-

tipped pressure catheter in the LV. Additionally, the PG can be determined non-invasively 

by means of pulsed Doppler echocardiography or MRI techniques. In both Doppler 

echocardiography and MRI, the blood velocity is acquired. The specific details of the MRI 

methods to acquire velocity are discussed in detail in Section 2.1.4. Doppler 

echocardiography is based on the traditional Doppler Effect principle that the velocity of 

an object can be determined by emitting a high-frequency sound wave and measuring the 

frequency shift of the returned pulse. From velocity, the PG is calculated as described by 

equations 1.1, 1.2 and 1.3 below.  

The non-invasive PG measurements have been validated quite successfully against 

the invasive measurements [15], [22], [25] and as such, the PG has been measured in 

patients studies with various pathologies [17], [25].  

Mitral flow must always be associated with a favourable PG, which leads to a 

somewhat troubling result that a normal early filling pattern does not necessarily imply 

normal diastolic function, nor does depressed early filling necessarily imply diastolic 

dysfunction [26]. For example, nitroglycerin reduces LA pressures, reducing peak E-wave 

velocity while having little impact on the A-wave velocity. Therefore, the E/A wave ratio 

falls below normal, suggesting diastolic dysfunction. However, early researchers found 

that the isovolumic relaxation rate increased, which suggests improved relaxation [27]. 

This example provides motivation to develop a more robust understanding of diastolic 

function that is not dependent on filling patterns. 
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A detailed study of the regional pressure differences within the LV found that the 

EDP was higher at the apex than the base [28], [29]. This was a significant first result which 

led others to focus not just within the LV but on the transmitral PG and the relationship to 

filling [23]. Regional pressure differences were demonstrated both during the early filling 

period as well as during the late filling period, associated with atrial contraction [23]. These 

early findings were then extended to an animal model of myocardial ischemia [24].  

Myocardial ischemia injures the muscle tissue of the heart such that it is unable to contract 

fully in systole. The result of the myocardial ischemia and acute injury was reduced 

diastolic function as the PG was significantly reduced from baseline [24]. In this example, 

however, the E/A ratio appears normal (pseudo-normal E/A wave ratio) as a result of 

dramatically increased LA pressure which compensates for the delayed LV relaxation [30].  

An animal model of ischemic heart failure showed  a slowed LV relaxation rate, 

tau, which was associated with a reduced PG but this study was not designed to determine 

the relative contribution of elastic recoil to filling [31].  

These previous studies all involved invasive determination of the PG. By applying 

the Navier-Stokes equations to mitral inflow, Thomas & Weyman [32] introduced a 

non-invasive alternative to calculate the PG from pulsed Doppler echocardiography. The 

full Naver-Stokes equation is shown in Equation 1.1 in Cartesian coordinates. Equations 

1.2 & 1.3 are simplified to consider only the in-plane blood flow. 
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1.2 
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1.3 

Note that the subscripts 1, 2, and 3 above represent the x-, y- and z-axes in the 

Cartesian coordinates. Blood density is represented by ρ and viscosity by μ. Body forces 

(i.e. gravity) have not been shown as they are traditionally neglected within the PG 

calculation of the LV. 

These equations have been validated in vitro and in vivo by numerous research 

groups both with pulsed Doppler echocardiography [15] as well as with phase-contrast 

MRI (pc-MRI) [22], [33]. The inclusion of the inertial term, introduced by viscosity, was 

originally neglected and later realized to be of importance in order to predict the PG 

accurately [15].  

The PG, as it is necessary to drive the flow and is derived solely from the flow, 

does not add additional information as to the mechanism of filling. Primarily, the PG falls 
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short in that it is unable to distinguish between a ‘push’ and a ‘pull’. In other words, a PG 

resulting from the LA pressure increasing above the current LV pressure will appear the 

same as the PG resulting from the LV pressure decreasing below the current LA pressure. 

This carries over from the inadequacy in the E/A wave ratio in that it provides no 

explanation as to why these changes occur [26], providing only indirect measures of 

diastolic function [32], and thus very little feedback to a clinician searching for a targeted 

treatment plan. Generally, the Doppler-derived indices of diastolic function suffer in the 

clinical setting due to the poor understanding of the physiology of filling [25].  

1.1.3.3 Katz Analysis 

This method originates from Katz’s [3] description of early filling as occurring as 

a result of the ventricle relaxing faster than it is able to fill, thus sucking blood into itself. 

Specifically, and as discussed in Section 1.1.2.1, this relates to section 4 of the PV loop 

where pressure is decreasing despite an increase in volume. The purpose of the Katz PV 

loop analysis was to focus on this early filling section of the PV loop which was described 

by Katz and to quantify how much (i.e. volume) of LV filling occurred during this early 

filling phase, characterized by section 4 of the PV loop. This phase is defined to begin at 

the onset of MV opening and ends at minimum PLV (PLVmin). The unique characteristic of 

the LV to decrease its pressure despite the increase in volume suggests the heart is 

functioning as a suction pump rather than simply as a passive compliant chamber being 

filled. The degree of this contribution to total filling, in addition to the mechanism causing 

it, will be examined by determining the proportion of filling that is caused by suction.  
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Having manipulated the working conditions of the heart by introducing 

experimental interventions, the amount of filling due to suction (VDS), as determined by 

this method, can be compared across these different working conditions. The objective is 

to relate VDS to the working conditions of the heart. Finally, inferences can then be made 

as to how suction occurs based on how the working conditions affected the amount of 

suction.  

Systolic heart failure results in an increased ESV, decreased EF and prolonged LV 

relaxation, which collectively suggest a reduced suction component of early filling. 

However, it has been suggested that in pacing-induced heart failure that the fraction of total 

filling due to suction increases [34].  

1.1.3.4 Wave Intensity Analysis 

Wave Intensity Analysis (WIA) focuses on the decomposition of the propagating 

waves within a system. Developed by Parker & Jones [35], WIA is able to determine the 

direction of the wave as either forward, with the direction of net flow, or backwards. The 

type of wave is also determined as either compression, a pressure increasing wave, or 

decompression, a pressure decreasing wave. This allows all waves to be characterized as 

to their effect on both velocity (flow) and pressure, as summarized in Section 2.2.10 Figure 

2-11. 

WIA uses measured pressure, P, and velocity, U, to determine the net wave 

intensity, dPdU, which is the flux of energy per unit area carried by the wavefront; positive 

for forward moving waves and negative for backward moving waves [36]. The derivation 
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is based on the conservation of mass and momentum and is based on the method of 

characteristics solution of the resulting 1-D equations [36].  

The prototypical wave in cardiac physiology is the forward compression wave 

(FCW) which arises from the contraction of the LV and ejection of the blood into the aorta. 

This is the wave associated with the sudden increase in pressure and flow (velocity) at the 

onset of ejection. The wave of interest in my project is the backward decompression wave 

(BDW). This wave decreases pressure and increases flow (velocity). Perhaps a useful 

comparison is cars stopped at a red light. Once the light turns green, the cars at the back of 

the line are “pulled” forward by the cars at the front as they start progressing through the 

intersection, so a BDW might be visualized proceeding backward from the now-green 

light. In comparison, getting rear-ended on icy roads is analogous to a FCW or a “push”. 

The A-wave, due to the contraction of the LA, also generates a FCW, pushing blood into 

the ventricle.  

The idea of blood being “pushed” or “pulled” is not new. In fact, Brecher [7] 

described a “positive pressure” as a pressure difference resulting from raising the pressure 

at one point relative to the rest of the fluid. The positive pressure was described as pushing 

the fluid. Conversely, a “negative pressure” results when the pressure at one point is 

lowered relative to the rest of the fluid. The negative pressure draws on, or pulls on the 

fluid. In both cases, a pressure difference is developed: however it is the means by which 

the difference is developed that is important, and is the unique benefit of WIA. 
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The hypothesis is that early filling is more physiological if it occurs as a result of a 

sucking action than if it requires increased LA pressures to augment the early filling period. 

The purpose of this analysis described herein is to focus on the unique ability of WIA to 

distinguish the push from the pull and determine whether or not under all experimental 

conditions there exists a BDW in early filling. Additionally, the goal is to determine 

whether the strength of the BDW is related to other cardiac parameters.  

WIA has been previously applied to the filling LV [37]–[39] using different 

experimental approaches and under different experimental conditions. Importantly, all 

studies reported a BDW in early filling. However, these studies were unable to elucidate 

the meaning of this wave further and relate the wave to other quantifiable methods of 

measuring DS. 

1.1.3.5 Reservoir-Wave Approach 

The reservoir wave approach (RWA) postulates that measured aortic pressure (PAo) 

is the sum of a reservoir pressure (Pres), that is, the volume-related pressure, and a wave-

related pressure (Pwave), the pressure resulting from the passage of waves [40]. In this 

methodology, the reservoir is pictured as the aorta, a large compliant vessel which expands 

during systole, accepting blood, and similarly, relaxing and pushing blood out during 

diastole. The electrical equivalent is the capacitor. Pwave can be thought of as excess 

pressure, or a pressure that is in addition to Pres. This pressure is analogous to a simple 

voltage drop across a resistor. The basic assumption of the RWA is that during the last two-

thirds of diastole there is negligible Pwave, as waves have entirely dissipated from the 

system, and therefore Pres must equal PAo [40].  
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As presented by Tyberg et al. (in Fig. 9) [41] the total area under the PV loop, that 

is, the area within the LV pressure and LV volume curve, represents the total work done, 

or energy expended,  by the ventricle. The hydraulic work is considered to be the difference 

in the systolic portion of the LV PV loop and the reservoir work.  Hydraulic work, or 

energy, was attributed to be almost entirely a measure of the energy required to pump the 

blood through large artery (i.e. proximal) resistance. In contrast, the area under the 

reservoir curve is thought to be related to the energy required to expand the aorta and charge 

the reservoir. This energy is then discharged, or returned to the system, as outflow during 

diastole. An additional component is a breakdown of the hydraulic energy, using WIA, to 

determine the component of the hydraulic energy that is a direct result of waves. This is 

termed the wave energy. The wave energy contributes minimally to the totally hydraulic 

energy. 

1.1.3.6 Vorticity Analysis 

Early filling of the LV creates a vortex ring originating at the tips of the mitral valve 

leaflets and propagating towards the apex of the ventricle [42]. The jet of blood moving 

from the atrium and through the mitral valve has been shown to have an approximately 

irrotational core [43], [44], surrounded by a shear layer that separates from the leaflets and 

rolls up forming a vortex ring [42], [45], [46]. The importance of this vortex is postulated 

to aid early filling as fluid transport via a vortex ring is more efficient than by a straight jet 

of fluid [45]. This structure has been studied using both MRI and echocardiography and 

with a range of fluid-mechanics approaches. 
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Phase-contrast MRI (pc-MRI) or 4-D Flow CMR (3-D pc-MRI + time = 4-D Flow), 

which will be described in Section 2.1, can be used to measure the velocity and through 

post-processing, visualize the vortex ring within the ventricle. From these images, research 

groups have measured a parameter termed the vortex formation time [45]–[50] and have 

begun to introduce additional concepts that allow for a more robust delineation of the 

vortex and thus the calculation of total vortex volume [51], [52].  

Vortex formation time, a dimensionless parameter introduced by the group of 

Gharib et al. [45], [47]  was the first quantification of the vorticity in the ventricle. Early 

results from Gharib et al. [45] suggested that the formation time was able to distinguish 

healthy subjects from subjects with pathology such as dilated cardiomyopathy or left 

ventricular hypertrophy. However, more recent results, such as that of Stewart et al. [46] 

and Toger et al. [51] suggest that the formation time is not sensitive to pathology and 

therefore may not be a suitable parameter to distinguish patients with impaired diastolic 

filling. 

Toger et al. suggested rather that the area of vorticity and thus that vortex volume 

was a better measure of the vortex contribution to filling. Lagrangian coherent structures 

(LCSs) are used to delineate the vortex region and determine the area. A basic 

mathematical explanation of LCSs, based on the method used by Toger et al. follows.  

Coherent structures are characterized as regions of concentrated vorticity that retain 

their identity over long periods of time [53]. In order to discuss this concept more 

completely, a basic understanding of material lines (denoted by Γ) is necessary. Figure 1-9  
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illustrates the concept nicely and describes material lines as a curve of initial positions on 

the x-plane (particle positions) which are advected by the velocity field to a different 

location (original material line Γ0 advected to Γt at time t). With this, the LCS boundaries 

can be defined as being material lines with locally the longest or shortest stability or 

instability times. To summarize very briefly, instability is described as a material surface 

(the surface containing all Γ), that pushes away nearby material surfaces at an exponential 

rate. Stability is determined by determining instability in backwards time. Stability and 

instability are numerically determined by calculation of the finite-time Lyapunov exponent 

(FTLE), denoted λu. Material surfaces with a positive FTLE are not unstable material 

surfaces. 

The application of this to the LV is demonstrated by Toger et al. [51]. Toger et al. 

refer to a paper by Farrell & Dabiri [52] in which they demonstrated the use of LCSs to 

identify vortex ring pinch-off. However their study was focused on relating LCS to identify 

vortex rings for the calculation of vortex formation time. Toger et al. were the first to 

measure vortex volume, motivated by the 2009 review of Dabiri [50] in which it was 

suggested that the vortex volume could be an important property since a large vortex ring 

is able to transport a large amount of blood into the LV during diastole efficiently and 

without the creation of an (inefficient) turbulent jet.  

Toger et al. [51] studied vortex formation in nine healthy volunteers and four 

patients using 4D flow MRI. The analysis of LCS was then computed within a 2D plane 

reconstructed from the 4D flow data-set. They computed FTLE values and determined LCS 

boundaries based on these values. Additionally, they calculated formation time using the 
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method of Gharib et al. [45] and adapted for the LV by Kheradvar et al. [49]. The results 

of the Toger et al. study show that the vortex volume was significantly different between 

the healthy volunteers and the patients while the formation time was not different.  

1.1.4 Objective 

The objective of the research described in this thesis was to examine the mechanism 

of DS and specifically examine the two different explanations of DS that have been 

proposed. Z. Wang et al. [39], summarized these explanations and their respective 

historical bases. First, the argument presented by both Wiggers [14] and Katz [3] which 

relates DS to a decrease in LV elastance. During diastole, the ventricle releases the elastic 

stresses that were created during contraction. Interestingly, though Wiggers hypothesized 

of the elastic recoil, he was not convinced that the amount of energy remaining upon the 

opening of the mitral valve would offer a significant contribution to filling. Second, is the 

argument related to the idea of the development of a negative LV transmural pressure at 

small ventricular volumes and that the LV would fill itself until a zero transmural pressure 

was achieved [5],[6], [12]. 

Flewitt et al. [38] and Z. Wang et al. [39] used highly invasive animal models to 

study DS. These studies found that as the LV relaxed it generated a backwards 

decompression wave (BDW) responsible for the rapid acceleration of blood into the 

ventricle [38], [39]. More specifically, this BDW contributed almost 20 times more energy 

to early filing than the passive atrial push [39]. Furthermore, if passive LV compliance was 

accounted for, this contribution rose further [38].  
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These studies, however, did not additionally study the PG or the reasoning 

suggested by Wiggers [14] and Katz [3]. In order to complete the discussion and properly 

understand the interrelationship between various explanations and measures of DS, these 

analyses must be completed in a single model. 

 

 

Figure 1-9: Material line Γt which spans a material surface M (Haller & Yuan [53], 

with permissions).  
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 METHODS 

2.1 Magnetic Resonance Imaging  

2.1.1 General Physical Principles 

Magnetic resonance imaging (MRI) is an emission-type of imaging which uses the 

depolarization and repolarization of protons within the subject to create an image. 

Lauterbur [54] described in a Letter to Nature in 1973 how, by  “taking advantage of 

induced local interactions” resulting from the presence of multiple radio-frequency (RF) 

fields, a 2-D representation of an object can be recreated. Lauterbur proposed the technique 

be known as zeugmatography, from Greek meaning “that which is used for joining”, 

emphasizing the basic principle driving the technique.  

Clinically, the imaged atom is hydrogen and it is the proton within the hydrogen 

nucleus that is the focus. The spin of the positively charged proton results in a magnetic 

moment. When many of these protons are together, the net magnetic moment produces a 

measurable spin with north and south poles just like a typical bar magnet.    

When an object is placed within a strong magnetic field, of fixed strength, B0, the 

spins are aligned according to the direction of the main magnetic field. Spins will be aligned 

in either the high-energy (spin-down) state, or the low-energy (spin-up) state. More spins 

align in the low-energy state resulting in a net magnetic moment. B0 also causes precession 

of the spins, that is, the spins themselves “wobble” in the same way a spinning top wobbles 

under the force of gravity [55]. The precession is a function of the strength of B0 and the 

element of interest, as defined by the Larmor Equation (Equation 2.1). 
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=  2.1 

where  represents the precessional angular frequency and  is the gyromagnetic ratio 

that is unique to each element. 

The resonance portion of MRI refers to the resonant frequency of the proton of 

interest. By applying a RF pulse at the specific resonant frequency of the target proton (in 

this case, hydrogen), based on the Larmor Equation, the proton of interest is specifically 

targeted. The RF pulse “tips” the spins into the transverse plane, or the B1 plane (90o from 

the equilibrium state within B0). As the spins return to equilibrium, that is, aligned with B0, 

a signal is emitted. The rate of relaxation is characteristic of the tissue emitting the signal 

and can therefore be used to develop tissue contrast. The signal being emitted is picked up 

by transceivers which store this information in k-space. K-space is a frequency-domain 

space used to store the information which by means of a Fourier transformation can then 

be transformed back into an image. In order to differentiate different physical locations 

within the object a specific slice is selected using a magnetic gradient field applied in the 

z-axis during RF excitation. Therefore, a RF pulse of only a specific frequency will cause 

resonance at a certain location along the z-axis, selecting only a single slice within the 

volume. In order to obtain spatial information in the x-direction and y-direction the 

magnetic gradients the duration they are applied for and the strength of the gradient are 

varied. This essentially “tags” each location with specific frequency or phase-shift 

information to allow the object of interest to be completely recreated from the frequency-

domain k-space into an image. 
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 Without delving into specific details of various pulse-sequences used to achieve 

certain images, there are three main image “weighting” techniques that are used. The first, 

is a T2*-weighted image. This image utilizes the dephasing of the spins while in the 

transverse plane to create tissue contrast, based on spin-spin interactions. These 

interactions cause slight variations in the speed of the individual precessions which results 

in the dephasing of the spins. However, there will also be inherent inconsistencies within 

B0 which will contribute to the dephasing of the spins. A T2-weighted image deals with 

the magnetic field inhomogeneity by flipping the spins 180o within the transverse plane, 

therefore by means of a “double negative” discounting any inhomogeneity. Thus, in a T2 

weighted image, the dephasing is only a result of spin-spin interactions and T2>T2*. T2 

relaxation is based on the free induction decay (FID) of the tissue, that is, the sinusoidal 

damped relaxation property of the dephasing spins. Finally, T1-weighted images are the 

result of the relaxation of the magnetization after RF excitation. This relaxation is based 

on spin-lattice interactions and can range from 0.1-1 s in soft tissue to 1-4 s in cerebro-

spinal fluid and water [55]. T1 is 5-10 times longer than T2, so the relaxation times are 

T1>T2>T2* for all tissues [55]. 

2.1.2 Cardiac MRI 

The primary challenge in cardiac MRI (CMR) is to deal with acquiring an image of 

the beating heart. To do this, the image must be gated according to the stage of the cardiac 

cycle in which the image was acquired. This is done using the R-wave of the ECG (the 

depolarization of the ventricle, representing electrical systole, refer back to Figure 1-2). 

Further, images are acquired during an end-expiratory breath-hold.  



35 

 

Image gating can be performed both retrospectively and prospectively. Prospective 

ECG gating records all of k-space for a fixed period within the cardiac cycle. That is, a full 

image slice is acquired at a specific time of the cardiac cycle before acquiring the next 

image slice at the next time point within the cardiac cycle. As a result of varying beat 

durations, prospective ECG gating is unable to image the very end of diastole.  

Alternatively, imaging gating is performed retrospectively. K-space is filled 

continuously throughout a cardiac cycle. That is, imagine one line of k-space being filled 

for each point in the cardiac cycle within one sequence. In each subsequent sequence phase-

encoding gradients are applied so that different parts of k-space are filled (i.e. different 

parts of the image are acquired), again, for the duration of the cardiac cycle. Over numerous 

heart beats, the entirety of k-space would be filled for the entire cardiac cycle creating a 

2-D image of the heart throughout the recreated cardiac cycle.  

Both prospective and retrospective image gating results in numerous 2-D images 

throughout the course of the cardiac cycle (2-D + time), resulting in what is called cine 

MRI. Retrospective gating was used to acquire all the cine images in this study. 

2.1.3 SSFP Cine Function 

SSFP (steady-state free precession) cine function is a specific sequence that was 

used in this study for basic anatomical images. This sequence was used to acquire a full 

short-axis (SAX) stack of the LA and LV (3ch SAX cine, see Figure 2-1) as well as for 2-

chamber, 3-chamber and 4-chamber long-axis (LAX) views (2ch, 3ch, 4ch LAX cine; see 

Figure 2-2). Figure 2-3 shows the relationship between the LAX and SAX images. By 
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combining the full SAX stack as well as the LAX slices, a complete 3-D view of the LV 

can be formed. This will be explained further in Section 2.2.2. 

2.1.4 Phase-Contrast MRI  

Phase-contrast MRI (pc-MRI) is a specific MRI technique, introduced by Moran 

[56] in 1982, that makes use of the vector nature of the magnetization to provide additional 

information. The essential component of pc-MRI is the addition of the bipolar phase 

gradient that is applied after the initial RF excitation [56]. By applying a bipolar phase 

gradient, a stationary vector will be displaced the same amount, both positively and 

negatively. However, if this vector has moved from the time of the positive-lobe of the 

bipolar gradient to the time of the negative-lobe, the positive and negative-lobes will have 

an unequal effect. Therefore, any moving vectors will have either a net positive or negative 

phase shift. 

By decomposing the vectors into their magnitude and phase components (i.e. real 

and imaginary parts), the anatomical image and velocity image, respectively, are readily 

available. Of course, the phase images are the key motivation to this method. 

In order to remove any phase effect resulting from magnetic field inhomogeneity, 

two measurements are made with inverted but equal bipolar gradients (i.e. the first would 

begin with a positive lobe, and the second would begin with a negative lobe) [57]. By 

subtracting the phase component of these images, the net result is a phase difference 

resulting only due to tissue movement. The resulting phase shift of the vectors is linearly 

proportional to the velocity of the vectors. Recalling that the magnetic vectors represent 
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hydrogen protons, it is then possible to track the velocity of tissues within the object of 

interest, for example, blood.  

In order to get a complete understanding of the velocity of the desired tissue within 

the image, it may be desirable to know the velocity in multiple directions. Velocity 

information can only be gathered in the direction that the phase-encoding bipolar gradient  

 

Figure 2-1: Example of the SSFP Cine Function Short Axis (SAX) MRI images. 3 

chamber (3ch) images at 3 different slice locations from the full SAX stack. From A-C 

the images move from the base to the apex of the LV. The lower chamber is the LV 

and the upper chamber is the RV. 
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Figure 2-2: Example of the SSFP Cine Function Long Axis (LAX) MRI images. A - 

2-chamber (2ch) LAX view (LA + LV); B - 3-chamber (3ch) LAX view (LA, LV + 

RV); 4-chamber (4ch) LAX view (LA, LV, RA + RV). 

 

Figure 2-3: A - 3ch SAX at the location of the red line of panel B. B - 3ch LAX image 

at the location of the green line in panel A. 
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was applied. So, for a LAX image (refer to Figure 2-2), a minimum of two different image 

acquisitions would be acquired to get the velocity in both the x-direction and the y-

-direction. In LAX images these directions are labeled in the scanner as foot-to-head (F>H), 

right-to-left (R>L), or anterior-to-posterior (A>P), depending on the particular orientation 

of the image plane. By default, the F>H, R>L and A>P will be oriented in mutually-

orthogonal directions by the scanner software so in choosing the two options offered by 

the scanner, two mutually orthogonal velocity fields will be acquired. Since these velocities 

will be in the plane of the image, this would be called an in-plane velocity encoding. For 

SAX images, velocity is generally encoded in the through-plane direction (through-plane 

velocity encoding), or, perpendicular to the plane of the image. This allows for the 

calculation of total flow through a vessel, or valve, for example. In order for the flow 

calculation to be accurate, however, it is important that the image slice is oriented 

perpendicular to the flow. The velocity encoding parameter, VENC, determines the 

maximum phase shift (and therefore, velocity) that can be measured. If a velocity is higher 

than the predetermined VENC, aliasing will occur. VENC is traditionally reported in cm/s. 

2.1.5 Accuracy of Phase-Contrast MRI 

In order to use pc-MRI either clinically or in research, it is imperative that its 

accuracy be determined against flow phantoms. Early researchers in this area reported 

agreement within approximately 5% between pc-MRI and calculated velocity values in 

steady flow fields [58]. Additionally, in unsteady flow fields, pc-MRI was reported to have 

an accuracy of 7.5% [59].  
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2.1.6 2-D versus 3-D Phase-Contrast MRI  

Though the method discussed previously was specific to a 2-D approach to pc-MRI, 

there are numerous studies performing 3-D pc-MRI (termed 4-D flow CMR) [60]. Of 

course, there are both benefits and drawbacks inherent to each method and it seems 

necessary to discuss these before moving forward. 

The most notable drawback to 4-D flow CMR, especially in light of the experimental 

method proposed in this project, was the increased acquisition time. The benefit of having 

a full 3-D view of the heart was not deemed to outweigh the negative of having to maintain 

the animals under anaesthetic and stable under each intervention, for additional time. 

Furthermore, there have been studies suggesting that the inflow into the heart is sufficiently 

irrotational, particularly in early diastole [43], that there is no real need for a more 

complicated 3-D analysis, given the hypothesis of this project.  

At the time of designing the experimental protocol for this project, 4-D flow CMR 

had substantially lower spatial and temporal resolution than 2-D pc-MRI. Furthermore, as 

a relatively new technique, the scanning sequences were, and still are, not available on 

commercial scanners in clinical packages. Therefore, there is much less familiarity with 

these scanning sequences than in using the 2-D pc-MRI technique. 

Recent developments in the 4-D flow CMR scanning sequences have improved both 

the temporal and spatial resolution. A recently published report on 4-D flow CMR quotes 

spatial resolutions on the order of 1.5x1.5x1.5 mm3-3x3x3 mm3 and typical temporal 

resolutions of 30-40 ms [61]. The overall acquisition times range from 5-25 minutes [61]. 
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As scanning sequences continue to develop and as the 4-D flow CMR sequences are made 

available clinically on commercial scanners, 4-D flow CMR will likely become favourable 

for studies like the one described here. 

2.2 Analytical Methods 

2.2.1 Statistics 

Statistics were calculated in SigmaPlot 13.0 (Systat Software, Inc., San Jose, CA) 

using One-Way Repeated-Measures Analysis of Variance (ANOVA). The pairwise 

comparisons were computed with the Bonferroni t-test or a signed rank test as will be 

indicated in the figure caption. In all cases, the data passed equal variance (Brown-

Forsythe) and the normality-test (Shapiro-Wilk).  

2.2.2 Volume Calculation 

LV volume (VLV) was determined using the cine MRI sequences. LV SAX slices 

and the 2-chamber, 3-chamber and 4-chamber (2ch, 3ch, 4ch) LAX slices were required. 

However, in only 9 of 15 animals were all required sequences acquired, therefore the total 

sample number for all further analysis was reduced to 9.  

Images were exported in DICOM format from the MRI scanner and uploaded to 

OsiriX (Pixmeo, Geneva, CH). OsiriX was used to view images both for image quality, in 

the case where multiple images at a certain location were taken, and to save the images into 

separate folders based on orientation (i.e. SAX or LAX).  

The volume calculation was performed using a custom 3-D feature tracking 

software called GIUSEPPE [62] developed by Dr. A. Satriano (University of Calgary, 
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Stephenson Cardiac Imaging Centre) as an expansion of previous work on multi-planar 

cine SSFP view for large deformation of thick-walled structures [63], [64]. The loaded 

LAX slices are shown in Figure 2-4A and the additional alignment of the SAX slice is seen 

in Figure 2-4B. The 2-D velocity field obtained for each view was used to reconstruct a 

4-D velocity field, taking into account the orientation of each slice in patient space, its 

resolution in the patient-specific coordinate system and its vicinity to each node of the 

mesh. This allowed the determination of the displacement of each node of the mesh 

throughout the cardiac cycle and consequently the deformation of the both the 

sub-epicardial and sub-endocardial surfaces which define the LV mesh. The meshed LV is 

shown in Figure 2-4C while the reconstructed LV mesh is shown in D. 

GIUSEPPE is unique in that it captures the time-dependent thickening of the mesh 

as well as the circumferential and longitudinal shortening.  

Finally, using the endocardial mesh, the intra-mural volume was calculated [65] 

including the papillary muscles. Including the papillary muscles within the VLV calculation 

introduces an animal specific systematic offset as compared to calculating the 

intra-cavitary volume which would exclude the contribution from papillary muscles. 

2.2.3 Velocity Calculation 

Velocity was calculated from the SAX through-plane encoded pc-MRI sequence 

(VENC=120 cm/s) using a Matlab program (The Mathworks Inc., Natick, MA) designed 

by Dr. R. Thompson (University of Alberta) and Dr. K. Chow (University of Virginia). 

After first performing a phase correction to remove stationary phases from the image  
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Figure 2-4: A - Aligned and contoured LAX slices; B - Alignment of SAX slices to 

contoured LAX slices; C - Raw mesh of the ventricle; D - smoothed ventricle mesh. 

Note the green contour outlines the epicardium and red outlines the endocardium. 
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(phase_correction_siemens_new.m) the sequence was loaded into the program and a 

contour was drawn around the region of mitral valve inflow on the phase image. This 

contour was edited if necessary within each frame of the cardiac cycle to maintain an 

accurate region of interest (ROI) around the mitral valve area. The reported velocity is the 

result of the average velocity of each voxel within the ROI for each frame. 

2.2.3.1 Velocity: Sensitivity Analysis 

In order to study the effect the ROI had on the resulting mitral inflow velocity, four 

different ROI’s were drawn in a typical animal. Figure 2-5 shows the result for both the 

velocity through the MV and the velocity in the LV outflow tract (LVOT). The LVOT is 

the path the blood follows as it is moving within the ventricle towards the aortic valve 

before ejection. The LVOT velocity mirrors aortic velocity during systole. The velocity 

through the MV is important both in its timing as well as in its shape given the 

mathematical dependence of WIA on the change in velocity. In all four of the ROI’s shown, 

the timing of the sudden acceleration of the mitral velocity is consistent, as is the peak 

velocity in both the E-wave and the A-wave. LVOT velocity is used only as additional 

information for temporal alignment. Therefore, the only interest is on the timing of the 

sharp acceleration of this velocity as well as the sudden notch in this wave pattern at the 

time of valve closure. Although in each of the four ROI’s the overall magnitude is variable, 

the timing of the important aspects of this flow pattern are extremely consistent.  

2.2.4 Pressure Gradients  

The PG was determined from the pc-MRI 3ch in-plane LAX data. The DICOM 

images were imported into Matlab and analysed using a method provided by Dr. R. 
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Thompson (University of Alberta) and Dr. K. Chow (University of Virginia). The images 

were smoothed using a Matlab built-in Gaussian image filter.  

The direction of the velocity encoding was first confirmed, such that the axes were 

positive towards the right and down so the sign of the pressure gradient was fixed. The 

magnitude image of the 3ch LAX was shown and on this image a path was drawn from the 

top of the LA, through the MV and into the base of the LV. The orientation of a typical 

line is shown in the upper panel of Figure 2-6. A mark was placed at the location of the 

MV and the path was not extended into myocardial tissue. The location of this line and the 

MV was transferred from this image to the phase images. The PG was then calculated along 

the line using Equations 1.2 & 1.3 with a second order central difference formula. Blood 

density, ρ, was assumed at 1060 kg/m3 while viscosity, μ, was assumed to be 4x10-3 Ns/m2.  

The total pressure gradient was then divided into the net component, and the 

component within the LV and LA, as well as the inertial and convective component.  

2.2.4.1 Pressure Gradient: Sensitivity Analysis 

The variation in the calculated PG to line length and orientation is minimal. For one 

animal, 5 different lines were drawn and the PG is shown during the filling period, shown 

in Figure 2-6. The PG shows very little variation in timing or shape. There are slight 

variations in maximum (minimum) magnitude, but this is of negligible interest in the 

following discussion.  
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Figure 2-5: Variation in velocity through the MV (dashed lines) and in the LVOT 

(solid lines) for various ROI in a typical animal. Note that the MV velocity is shown 

in the opposite sign as the LVOT velocity simply to make apparent the opposite 

direction of the blood flow. 
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Figure 2-6: A – Different location and orientation of paths drawn to achieve the 

resulting PG. Each line starts within the LA and ends near the apex of the LV but is 

centered differently within the chambers; B – Variation in the calculated PG in one 

typical experiment. The timing and shape of the PG is consistent. The primary 

difference is in the slight difference in total magnitude of the maximum (minimum) 

value of the PG. Each line represents a different calculated PG. The vertical dashed 

line represents calculated MVO 
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2.2.5 Resampling 

All of the data were acquired at various frequencies, which made direct temporal 

calculations impossible. In order to adjust data to a consistent frequency, as well as 

normalize subsequent calculations in which variable sampling frequency would be a 

confounding factor, all of the data were resampled to 100 Hz. 

Aliasing of signals, either when initially recorded, or upon down-sampling was an 

initial concern. Therefore, signals were transformed into the frequency domain using a fast 

Fourier transform (FFT) in Matlab. The signal magnitude (in dB) was compared with 

respect to the normalized frequency (ωn). Signals were determined not to have any aliasing 

provided there was no substantial signal magnitude (greater than -10 dB) beyond 0.1 ωn. A 

Hamming window was used in order to reduce spectral leakage. Volume data, generated 

from the SAX and LAX cine MRI were of particular concern as these data were recorded 

at the lowest frequency (30 frames/cardiac cycle). A typical volume result is shown in 

Figure 2-7 confirming that there is no aliasing in the signal. 

2.2.6 Filtering 

All pressure signals as well as the ECG signal were filtered using a low-pass filter 

with a cut-off frequency at 30 Hz. The filter was designed in Matlab (The MathWorks Inc., 

Natick, MA) and is a Hamming window based finite-impulse-response filter with zero 

phase distortion. 
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MRI acquisitions used in the PG calculations (i.e. 3ch LAX pc-MRI) were 

smoothed in Matlab using a Gaussian filter. However, the SAX pc-MRI images and the 

SAX or LAX cine were not filtered prior to analysis. 

2.2.7 Pressure 

2.2.7.1 Ensemble Average 

Pressure was recorded for approximately 5 – 10 heart beats prior to the start of the 

MRI acquisition. Rather than arbitrarily choosing a single cardiac cycle to represent the 

entire duration of the acquisition period, an ensemble average was determined. This also 

provided the additional benefit of further smoothing the data, as well as making the 

pressure measurement more philosophically similar to the MRI acquisition which is 

reconstructed from numerous cardiac cycles. 

The ensemble average was determined by defining the 3 heart beats directly 

preceding the start of the MRI acquisition. The shortest heart beat was found and the other 

two beats truncated to match the duration of the shortest beat. At each time point, the 

pressure from each beat was summed to create a single pressure wave form with three times 

the value of the single pressure waveform. This summed pressure waveform was then 

divided by three in order to determine the average at each point in time. This was performed 

on all pressure signals for all analyses. The beat duration of the ensemble pressure acquired 

at the time of the pc-MRI SAX determined the cycle duration all subsequent pressure and 

MRI cycles, within an intervention. However, total beat durations varied less than 5%.  
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Figure 2-7: Fast Fourier Transform (FFT) of the measured volume indicating that 

the normalized power is well below -10 dB beyond 0.1 ωn. Therefore, we can conclude 

the signal was not aliased when measured. 
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2.2.7.2 End-Diastolic Pressure 

Cavitary LV EDP was determined as the pressure at 10% of the maximum LV dP/dt 

(dPLV/dt) [66], [67]. An increase in dPLV/dt indicates the development of LV pressure and 

a 10% value was easier to define than the moment at which dPLV/dt exceeds zero. Because 

PLV increases so rapidly during isovolumic contraction (IVC), the interval between 10% 

dPLV/dt value and the beginning of the IVC period is vanishingly small. 

2.2.7.3 Mitral Valve Opening 

Mitral valve opening (MVO) was demarcated based on LV EDP. As suggested by 

Raff & Glantz [68], MVO can be approximated to be 5 mmHg above LV EDP. 

2.2.7.4 Transmural Pressure 

PRA(where measured) was used as a surrogate for pericardial pressure (Pperi) [69]. 

Transmural pressure, Ptm, is the difference of Pperi from the total PLV and represents the 

pressure within the ventricle, separate from the constraint of the pericardium [69] (the 

pericardium is the thin, but very stiff “bag” in which the heart is contained). Ptm was used 

for all subsequent analysis in place of PLV.  

2.2.7.5 Referencing Pressure 

Fluid-filled pressure transducers are exceptionally stable and are therefore used as 

the gold-standard measure of absolute pressure. The high-fidelity electronic transducer 

reliably maintains the same gain throughout the experiment, but has the tendency to 

experience a baseline drift and therefore its absolute value is always corrected according 

to the fluid-filled reference. 
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The fluid-filled PAo and high-fidelity PLV measurements are plotted in CVworks 

(AccuDAQ Inc., v 2.30.002, Calgary, CAN) and the systolic portion of the PLV is matched 

to the PAo magnitude by simply adjusting the baseline offset.  Although the high-fidelity 

measurement is generally very stable throughout the course of a study, this match is 

verified for each recording and adjusted where necessary. PRA, as a fluid-filled system, 

does not require an additional reference. 

2.2.8 Temporal Alignment 

Pressure and MRI calculated values are not acquired on the same system so 

physiological landmarks were used in order to determine the temporal alignment of these 

signals. Since the MRI sequences are triggered by the peak of the ECG R-wave (the 

depolarization of the ventricle, representing electrical systole, see Figure 1-2), the first 

phase of the image sequences should be close to end-diastole. Thus, as a starting point, 

end-diastole was calculated in the pressure signals (as discussed below in Section 2.2.7 and 

plotted at time t=0 s with the MRI measurement. Subsequently, the signals are shifted in 

time in order to determine a best fit based on the physiological relationship between 

pressure and volume, and pressure and velocity. The specific physiological landmarks are 

discussed in detail below.  

2.2.8.1 Pressure-Volume Temporal Alignment 

As briefly discussed in Section 2.2.8, the pressure and MRI derived volume signal 

had to be temporally aligned manually using known physiologic landmarks. There are four 

pressure based landmarks that were used to guide the alignment: 
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1. LV EDP 

2. PLV & PAO cross-over: Aortic Valve Opening (AVO) 

3. Dicrotic notch, PAo: Aortic Valve Closure (AVC) 

4. Mitral Valve Opening (MVO) 

Each of these pressure-based landmarks corresponds with information about VLV. 

LV EDP is the absolute end of filling and therefore corresponds with the maximum VLV. 

Upon AVO, the ventricle is now ejecting blood through the aortic valve and is able to 

decrease in volume, therefore, once AVO occurs, VLV will begin to decrease. AVC 

indicates the end of ejection and is the minimum VLV. Finally, when the mitral valve opens 

and blood is able to enter the ventricle, VLV will begin to increase. A typical example of 

the resulting alignment of VLV and PLV can be seen in Figure 2-8.  

It is important to remember that MVO, especially, is an approximation whereas 

AVO and AVC are directly determined based on simultaneously acquired pressure 

measurements. Additionally, LV EDP is a direct property of the measured PLV. Therefore, 

more emphasis was placed on the LV EDP, AVO and AVC landmarks than the MVO 

landmark.  

The temporal adjustment was made according to the resampled rate, ts=0.01 s, until 

the optimal alignment was achieved. Only after PLV and VLV have been temporally aligned 

was the PV loop considered so as not to bias alignment based on the resultant shape of the 

PV loop.  
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Figure 2-8: PLV (black), PAo (blue) and VLV grey, temporally aligned. AVO is marked 

by the red dashed line. MVO is marked by the black dashed line. Arrows indicate LV 

EDP and AVC, respectively from left to right. 
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2.2.8.1.1 Sensitivity Analysis 

In order to study the sensitivity of the temporal alignment on VDS, three experiments 

were chosen at random and a sensitivity analysis was performed. After the optimal 

temporal alignment was decided, the analysis was then completed for one time period 

earlier (“-1”) and later (“+1”) than the optimal alignment (i.e. 0.01s). The VDS parameter 

was recorded for all three alignments and the average (mean), standard deviation (SD) and 

coefficient of variation (CV=SD/mean) was calculated. The results of this analysis are 

shown in Table 2-1. The average value of VDS is not different than optimal temporal 

alignment value and therefore the optimal temporal alignment value was used in all 

analyses. The largest SD occurred with the isoproterenol infusion in experiment 9 and 11 

likely due to the increased heart rate which increases the difficulty in achieving an 

alignment as well as in acquiring high quality MRI images. The other large SD resulted in 

experiment 9 with the infusion of metoprolol. However, even in these situations, the 

optimal VDS value closely approximates the mean value. 

2.2.8.2 Pressure-Velocity Temporal Alignment 

The pressure and velocity measurements had to be temporally aligned manually. 

To get more reference points, the LV outflow tract (LVOT) velocity was calculated from 

SAX pc-MRI through-plane encoded image. As it is taken from the same image and 

therefore on the same time scale as mitral velocity the LVOT velocity added information 

for alignment purposes. The physiological references used for the alignment were: 

1. LV EDP 
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2. Mitral Valve Opening (MVO) 

3. PLV & PAO cross-over: Aortic Valve Opening (AVO) 

4. Dicrotic notch, PAo: Aortic Valve Closure (AVC) 

LV EDP and MVO were both used in reference to mitral velocity. At end-diastole 

since the mitral valve has closed, the assumption is that filling has come to an end and there 

would be zero mitral velocity. In contrast, at MVO, the expectation is that mitral velocity, 

which should be zero in systole, would suddenly become non-zero. 

AVO and AVC were used to reference the LVOT velocity. Once the AV opens, 

LVOT velocity will suddenly increase. AVC indicates the end of ejection and therefore 

would coincide with a sudden notch in the LVOT velocity. Again, the LVOT velocity 

mirrors the shape of aortic velocity during systole; however, unlike aortic velocity the 

LVOT velocity is not zero during diastole.  

In Figure 2-9A a temporally aligned pressure-velocity signal of just PLV and mitral 

velocity is shown. The addition of PAO as well as LVOT velocity, providing the reference 

points (3) and (4), provide significantly more information to guide the alignment process 

as can be seen in Figure 2-9B. 

2.2.8.2.1 Sensitivity Analysis 

To study the sensitivity of the temporal alignment on the BDW a sensitivity analysis 

was performed on the same three experiments used to study the sensitivity analysis on the 

Katz criterion (Section 2.2.8.1.1). After the optimal temporal alignment was decided, the 

analysis was then completed for one time-period earlier (“-1”) and one later (“+1”) than 
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the optimal alignment (i.e. 0.01 s). The BDW parameter was recorded for all three 

alignments and the average (mean), standard deviation (SD) and coefficient of variation 

(CV=SD/mean) was calculated. The results of this analysis are shown in Table 2-2. 

Generally, the average value agrees closely with the optimal alignment BDW value. 

However, the CV is relatively large. In general, there is more uncertainty in the velocity 

than volume measurements and the average values were used in all subsequent analyses.  

2.2.9 The Katz Criterion 

In Figure 2-10 is a typical PV loop under baseline conditions. The focus of this 

method is to measure the volume of filling that occurs after MVO and before the local PLV 

minimum (PLVmin). The volume at MVO carries over directly from the resulting temporal 

alignment and is marked on the loop. VDS, the amount of filling due to DS according to the 

Katz Criterion, is the incremental volume within this region. 
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Table 2-1: Sensitivity analysis shown for 3 animals chosen at random. The central VDS 

column is the optimal alignment and the analysis was then performed for one time 

period earlier and later. The mean, SD and CV are reported. Note that the mean is 

not different than the optimal value and therefore the optimal alignment value was 

used in subsequent analysis. 

 

Experiment Intervention "-1" VDS (mL) "+1" mean SD CV SE

9 Baseline 3.9 3.0 2.2 3.1 0.8 0.3 0.5
9 Isoproterenol 7.8 6.0 4.7 6.2 1.6 0.3 0.9
9 Phenylephrine 2.8 2.1 1.5 2.1 0.7 0.3 0.4
9 Metoprolol 6.5 5.1 3.8 5.1 1.4 0.3 0.8
9 Volume Loading 3.4 2.4 1.7 2.5 0.9 0.3 0.5

14 Baseline 1.6 1.1 0.7 1.1 0.5 0.4 0.3
14 Isoproterenol 2.1 1.6 1.2 1.7 0.5 0.3 0.3
14 Phenylephrine 0.4 0.3 0.2 0.3 0.1 0.3 0.1
14 Metoprolol 2.7 1.9 1.4 2.0 0.7 0.3 0.4
14 Volume Loading 3.0 2.4 1.8 2.4 0.6 0.3 0.3
11 Baseline 2.1 1.5 1.3 1.6 0.4 0.2 0.2
11 Isoproterenol 5.7 4.4 3.2 4.4 1.2 0.3 0.7
11 Phenylephrine 2.7 2.0 1.6 2.1 0.5 0.3 0.3
11 Metoprolol 1.3 0.9 0.6 0.9 0.3 0.4 0.2
11 Volume Loading 3.4 2.6 1.9 2.6 0.8 0.3 0.4
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Figure 2-9: A - PLV (black) and mitral inflow velocity (green) temporally aligned; B - 

with the addition of PAo (blue) and LVOT velocity (red). MVO is marked by the 

vertical dashed lines. Notice the sudden increase in mitral inflow velocity upon MVO 

as well as the notch in the waveform near end-diastole. LVOT velocity increases 

rapidly at the PLV-PAo cross-over (AVO) and suddenly reaches zero at the incisura of 

the measured PAo. 
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Table 2-2: Sensitivity analysis of the BDW with temporal alignment shown for 3 

animals chosen at random. The central column, BDW (J/m2) represents the 

determined optimal temporal alignment and the mean, SD and CV are presented for 

the alignment one time step earlier and later than the optimal. 

 

 

 

Experiment Intervention "-1" BDW (J/m2) "+1" mean SD CV
9 Baseline 0.73 0.58 0.43 0.58 0.15 0.26
9 Isoproterenol 1.38 1.14 0.87 1.13 0.26 0.23
9 Phenylephrine 0.83 0.73 0.54 0.70 0.15 0.21
9 Metoprolol 0.72 0.57 0.43 0.57 0.14 0.25
9 Volume Loading 1.06 0.85 0.63 0.85 0.22 0.26

14 Baseline 0.49 0.23 0.06 0.26 0.21 0.82
14 Isoproterenol 0.99 0.62 0.27 0.63 0.36 0.57
14 Phenylephrine 0.65 0.42 0.19 0.42 0.23 0.55
14 Metoprolol 0.42 0.17 0.01 0.20 0.21 1.04
14 Volume Loading 0.71 0.32 0.08 0.37 0.31 0.85
11 Baseline 0.47 0.27 0.16 0.30 0.16 0.54
11 Isoproterenol 2.62 1.76 0.87 1.75 0.88 0.50
11 Phenylephrine 0.91 0.64 0.40 0.65 0.26 0.39
11 Metoprolol 0.63 0.43 0.32 0.46 0.16 0.34
11 Volume Loading 2.15 1.73 1.21 1.70 0.47 0.28
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Figure 2-10: Typical baseline PV loop after temporal alignment. MVO is indicated 

as is PLVmin. VDS is the volume between MVO and PLVmin. 
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2.2.10 Wave Intensity Analysis 

In order to calculate WI, pressure and velocity must be measured at the same 

location. The experimental design allowed PLV to be measured just below the level of the 

mitral valve, and this placement was confirmed with fluoroscopy. Velocity was determined 

from the pc-MRI sequence (as previously described), also located just below the mitral 

valve. 

Net wave intensity (dI) is the product of temporal change in pressure and change in 

velocity caused by the passing wavefront, at the location of the measurement and has units 

of W/m2. Thus temporal alignment of the measures, taken in different beats, is critical. The 

net wave intensity is calculated as in Equation 2.2 [36]: 

=  2.2 

A positive net intensity indicates a forward wave, while a negative net intensity 

indicates a backward wave. By observing the increase or decrease of pressure at the time 

of the wave, the wave can then be further categorized as a compression or decompression 

wave, respectively. WIA can be taken beyond the mathematics described above, however, 

due to the limitations of the data, no analysis beyond net intensity was completed in this 

study. 

2.2.10.1 Backwards Decompression Wave 

Early filling, and particularly DS, is hypothesized to be driven by the BDW. In 

order to quantify the BDW, the total energy of the BDW was calculated from the time of 

MVO until the completion of the BDW, or the peak of the E-wave, whichever happened 
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first. To calculate the energy of the BDW the area under the BDW was determined using a 

numeric integration approach in Matlab. The BDW energy has the units of energy per unit 

area, J/m2. Figure 2-12 shows the calculated net wave intensity, with the hatched region 

indicating the area of the integrated BDW. 

2.2.11 Reservoir-Wave Analysis 

Aortic pressure and flow are required to calculate Pres. PAo was measured; however 

aortic flow (QAo) was not directly measured. Thus, flow was approximated as the 

differential of the MRI-derived LV volume (VLV). However, since the VLV also includes 

changes in volume during diastolic filling which is not representative of QAo, the diastolic 

period was forced to zero.  

The reservoir is described by an exponential decay, the derivation of which is 

detailed in Wang et al. [40] and summarized below.  

Beginning with the relation of Pres to the change in reservoir volume (Vres) 

( )
=

( )
=

( ) − ( )
  

2.3 

Qout and Qin refer to QAo and C represents the compliance of the entire vascular tree 

and is equal to dPres/dVres. Allowing Qout to be driven by a pressure drop across a resistor 

( ) =
( ) −

 
2.4 
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where P∞ represents a theoretical non-zero asymptotic pressure, of the exponential decay, 

and at which flow would cease. The resistance, Rres, represents the resistance of the 

peripheral systemic circulation. 

Substituting Equation 2.4 into Equation 2.3 Pres is described in terms of the 

following differential equation  

( )
+

−
=

( )
 

2.5 

The resulting general solution for Pres is 

( ) = (  − )  (
−

)

+  (
−

)
( )

+  

2.6 

 

 

where P0 and t0 represent the pressure and time at the onset of ejection. The solution of 

Equation 2.6 requires an iterative fitting procedure using the experimentally measured 

pressure and flow. Pres is fit to PAo in the last two-thirds of diastole when the presence of 

waves is considered negligible. The detailed fitting procedures are outlined in Wang et al. 

[40] and the Matlab program was developed by Dr. J-J Wang (University of Taiwan) and 

Dr. J. C. Bouwmeester (University of Calgary).  

Pwave is calculated as the difference between PAo and Pres, and is the pressure drop 

across the proximal or large-artery resistance (Rprox): 
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=
−

 
2.7 

It is useful to compare this to an electrical circuit, as shown in Figure 2-13 [70], 

[71] where pressure is analogous to voltage, and the reservoir is analogous to a capacitor. 

The reservoir is represented by the RC-component of the circuit and Pres by the total 

pressure drop across this component. Pwave is represented as the pressure drop across 

Rproximal. 

2.2.11.1 Pressure-Volume Loop: RWA 

The PV loop was plotted, using PLV and volume, as discussed in Section 2.2, and 

the calculated reservoir pressure, in systole only, was added to the figure. In this way, the 

loop is decomposed into the total PV loop, the area of the loop below the reservoir pressure, 

or the portion of the loop attributed to reservoir work, and the area between the total loop 

and the reservoir loop, which constitutes the proportion of work done by the wave pressure 

(refer to Figure 3-4).  

After computing the reservoir pressure, the PV loop and subsequent power and 

energy calculations were performed for the total loop and for the hydraulic component of 

the loop. WIA was then performed on the calculated wave pressure and derived flow. 
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Figure 2-11: Summary of the effect of forward-travelling and backward-travelling 

waves and compression and decompression waves on pressure and flow. 
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Figure 2-12: Calculated net wave intensity, dI. The vertical dashed lines indicate 

MVO. Notice the negative net intensity of the BDW just after MVO. The red hatched 

area is the total energy of the BDW that contributes to DS. 
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Figure 2-13: Electrical analogue of the reservoir-wave model [70] (reprinted with 

permissions)
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2.3 Experimental Methods 

The study was performed in anesthetized pigs (n=15), ranging in mass from 25 kg 

to 35 kg and approved by the University of Calgary’s Animal Care Committee ethics 

guidelines. This study was performed in a pig model due to the already wide use of pigs in 

cardiovascular research. The basic cardiac function, anatomy and cardiac heart-to-body 

weight ratio is very similar between pigs and humans [72]. Additionally, pigs are 

advantageous in that they do not carry any known zoonotic diseases, minimizing any risk 

when transporting the animal to, and using the cardiac MRI suite [personal communication, 

animal ethics committee]. 

Multiple catheters were inserted for fluid infusion as well as for pressure 

measurements. Animals were sacrificed at the end of the experiment. Measurements were 

made at baseline, as well as during four experimental interventions: infusions of 

phenylephrine, isoproterenol, metoprolol and volume loading. Esmolol was used in one 

animal and metoprolol was used in all subsequent studies. 

2.3.1 Animal Preparation & Transport 

The animals were given a pre-medication intramuscular (IM) injection of ketamine 

(20 mg/kg), fentanyl citrate (0.07 mg/kg) and midazolam (0.33 kg/mg). A catheter was 

inserted into an ear vein and sodium thiopental (9-15 mg/kg, to effect) was given 

intravenously (IV). The animal was intubated and a breathing-bag (Ambu) was attached.  

The anaesthetic mixture was dripped at a constant infusion of 100 mL/hr. The 

mixture was made up of: fentanyl citrate (2 μg/kg/min), midazolam (1.1 μg/kg/min) and 
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ketamine (14.3 μg/kg/min). Lidocaine was also given IV in three boluses of 1 mg/kg and 

subsequently at a constant infusion of 0.03 mg/kg/min. Isofluorane was inhaled at 1-1.5% 

throughout the study and oxygen and nitrous oxide (for additional analgesia) were inhaled 

during ventilation in a 50:50 mixture. 

Once the animal had been anaesthetized and surgically prepared, the animal was 

placed within a fully enclosed cart. The cart housed the anaesthetic machine and a 

ventilator (open to atmospheric air). This allowed the animal to remain connected to the 

anaesthetic and to be ventilated during transport from the animal care facility to the lab for 

further set-up, and subsequently, during transport to cardiac MRI. 

2.3.2 Instrumentation 

Prior to beginning the study all pressure transducers were calibrated using a 

mercury manometer.  

A large-bore catheter was inserted in the external jugular vein for fluid infusion 

(heparinized saline, 0.9% NaCl). Anaesthetic was infused through the indwelling ear vein 

catheter. The internal jugular vein was dissected and large bore catheter inserted for drug 

infusions. 

2.3.3 Experimental Protocol 

Left ventricular pressure was measured invasively in all animals, as was a 3-lead 

ECG. However, the particular protocol was varied during the study. 
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Protocol 1: Animals 1 – 4, n = 3  

LV pressure was measured using a fluid-filled catheter connected to an external, 

MRI-compatible, pressure transducer. The pig-tailed catheter was inserted through the left 

carotid artery and progressed through the aortic valve into the LV. One animal expired 

prior to reaching the MRI suite and was therefore not included in the experimental count. 

Protocol 2: Animals 5 – 11, n = 6 

A high-fidelity pressure-sensing micro-catheter (Transonic Scisense Inc., London 

ON) was used for LV measurements. First, a large-bore catheter was inserted through the 

left carotid artery and into the LV. The micro-catheter was then fed through the catheter 

into the LV. The large-bore catheter was then withdrawn into the ascending aorta and 

connected to an external pressure transducer for reference aortic pressure measurements. 

One animal was euthanized prior to beginning data collection due to a persistent 

arrhythmia.  

Protocol 3: Animals 12 – 17, n = 6 

Protocol 3 used the same LV and aortic procedure as protocol 2, but with an 

additional pressure measurement within the right atrium (PRA). The bi-lateral internal 

jugular vein was dissected and a small fluid-filled catheter was inserted and advanced into 

the RA. A summary of the protocol variation is provided in Table 2-3. 

Once the animal was stable in the MRI suite, baseline recordings were taken. The 

first intervention was then started, and approximately 20 minutes was given for the animal 
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to become stable. Recording then began for the first intervention. The intervention was 

then stopped and about 20 minutes given for the animal to return to baseline hemodynamic 

values (i.e. LV peak systolic and end-diastolic pressures, and heart rate). The next 

intervention would be given and the process repeated with a post-intervention baseline 

being recorded and established after each intervention, as illustrated in Figure 2-14.  

All measurements were recorded at end-expiration. The MRI acquisition 

introduced a large artefact into the pressure measurements; therefore each individual 

recording began first with approximately 5-10 cardiac cycles of pressure recording, 

followed by the MRI acquisition. This provided nearly simultaneous MRI and invasive 

pressure data. 

2.3.3.1 Hemodynamic Interventions 

Data were recorded at baseline and during four interventions. The experimental 

interventions were performed in a varied order to avoid potential drug interactions. 

Afterload, the pressure at which the ventricle must contract against, is manipulated by the 

infusion of phenylephrine, a vasoconstrictor. Preload, which can be thought of as the 

amount of volume the ventricle contains at the start of contraction, is varied by volume 

loading. The rate of LV relaxation, denoted τ, is manipulated with the infusion of 

isoproterenol and metoprolol. Isoproterenol increases the inotropy of the heart (i.e. 

increases contractility or the strength of contraction) therefore decreasing τ. In contrast, 

metoprolol decreases the inotropic state of the heart thereby increasing τ. These 

interventions allow for the evaluation of the heart under varied working conditions. 
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Note that esmolol was used as the beta-blocker in one study (marked with an * in 

Table 2-3), after which all subsequent studies were performed using metoprolol. 

The rate and volume of the respirator, as well as anaesthetic dose were adjusted 

throughout the course of the experiment in order to maintain normal blood gas levels.  

2.3.3.1.1 Phenylephrine 

Phenylephrine is a selective α1-adrenergic receptor agonist which causes smooth 

muscle contraction. The effect of phenylephrine is to cause vasoconstriction of the blood 

vessels, thereby increasing blood pressure which increases the afterload of the LV. The LV 

must work harder to eject blood against the increased pressure. Stroke volume tends to 

decrease as a result of an increased end-systolic volume, as the heart is able to eject.   

Phenylephrine was infused intravenously (0.025 mg/mL in 0.9% NaCl [73], [74]) 

until the peak systolic pressure was approximately 1.5 times greater than the baseline peak 

systolic pressure.  

An intravenous infusion of phenylephrine has a reported effective half-life of 

approximately 5 minutes [75].  
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Table 2-3: Summary of pressure acquired and MRI sequences performed for each experiment and each intervention. * indicates 

fluid-filled LV pressure measurement rather than high-fidelity measurement. + indicates esmolol was used in place of metoprolol. 

pc-MRI was performed for all interventions as was LA+LV SAX SSFP, however LAX SSFP was performed only for the 

interventions specified. B = Baseline, P = Phenylephrine, I = Isoproterenol, V = Volume Loading, M = Metoprolol. 
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Figure 2-14: Experimental procedure for duration of the study and for each data acquisition.
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2.3.3.1.2 Isoproterenol 

Isoproterenol is a β1- and β2-adrenoreceptor agonist. Since isoproterenol acts on 

both β1 (cardiac) and β2 (smooth muscle cells within arterioles) receptors, isoproterenol is 

considered non-selective. The β1 activity results in the increased inotropic and chronotropic 

effects on the heart (increased strength and frequency of contraction). Increased strength 

and frequency of the contractions would tend to increase blood pressure. However, the β2 

stimulation results in dilatation of the arterioles, effectively accommodating for the 

tendency to increase pressure as a result of the β1 stimulation. Thus, the net result is a 

maintained peak systolic pressure with a reduced LV EDP, resulting from the increased 

strength of contraction which causes the ventricle to contract to a smaller ESV, and an 

increased heart rate. The increased strength of contraction indicates an increase in 

contractility, which results in an increased stroke volume. Contractility can be measured as 

the slope of the ESPVR (end-systolic pressure-volume relationship), where an increased 

slope indicates increased contractility. Contractility represents the contractile ability of the 

heart, or the strength of contraction, i.e. with an increased contractility, at any given volume 

the heart is able to produce a greater pressure for ejection.  

Isoproterenol was infused intravenously (0.2 μg/mL in 0.9% NaCl, [74], [76]) until 

the heart rate increased approximately 1.5 times. However, in some experiments the 

baseline heart rate was very fast and therefore a 1.5 times increase would have reduced 

image quality, thus the isoproterenol was given to a reduced effect.  

Isoproterenol is reported to have a half-life of a 3-4 minutes [77]. 
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2.3.3.1.3 Metoprolol 

Metoprolol is a cardio-selective β1-adrenoreceptor blocker. In contrast to 

isoproterenol, metoprolol has negative inotropic effects which results in a reduction in 

blood pressure. As a result of its selectivity, there is no contrasting vasoconstrictive effects 

within the arterioles (in contrast to the vasodilation of the arterioles with isoproterenol). 

Therefore, there is a net effect on blood pressure, with blood pressure decreasing. The 

reduction in contractility (strength of contraction) results in a reduced stroke volume as the 

heart maintains a larger ESV than under normal conditions.  

In different experiments, metoprolol was given as an IV infusion alone (0.1 mg/mL, 

n=1), an IV bolus alone (30-200 mg bolus in 0.9% NaCl, n=4), and finally as an IV bolus 

(100 mg) followed by an IV infusion (0.5-2 mg/mL in 0.9% NaCl, n=4). As a result of the 

varied administration methods and dosing of metoprolol, the effects and the length of the 

effect were also variable. The objective was to reduce peak LV systolic pressure to 

approximately 0.8 times the baseline measurement. 

The reported half-life of metoprolol is reported as 3-4 hours [78]. 

Esmolol is also a cardio-selective β1-adrenoreceptor blocker. Esmolol is reported 

to have a faster onset and elimination half-life (approximately 9 minutes) than metoprolol. 

The animal subjected to esmolol showed very little hemodynamic response and therefore 

an alternative beta-blocker (i.e., metoprolol) was selected for subsequent studies. 
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2.3.3.1.4 Volume Loading 

Volume loading was achieved by intravenous infusion of 500 mL or more of 

Voluven (Voluven: 6% hydroxyethyl starch in 0.9% NaCl). This was followed by a saline 

infusion either to maintain or, further increase LV EDP, as required. The desired outcome 

was to raise LV EDP to above ~20 mmHg. Since the heart is contained within a stiff 

pericardial sac that cannot be stretched, if the total heart volume is increased such that the 

pericardium is now constraining further expansion of the heart, part of the increase in 

measured LV EDP is a result of the pericardial constraint and does not only indicate an 

increase in transmural pressure but also increased pressure due to the pericardial constraint. 

LV EDP is the sum of the transmural pressure and a pressure (stress) due to the constraining 

effect of the pericardium [79]. Further, Tyberg and his collaborators have shown that PRA 

is an adequate measure of pericardial pressure [80], [81]. Thus, PRA can be subtracted 

from measured LV EDP to estimate transmural LV EDP, the true LV preload [80]. 

The increased return of blood into the ventricle is considered the preload of the 

heart, which is equal to the EDV. Though EDV has increased, ESV is not changed, 

therefore, the total SV increases. 

In order to remove the added volume, the animal is phlebotomized. Blood is 

removed from the animal from the intravenous catheter slowly over a period of 

approximately 20 minutes, until the animal stabilizes with an LV EDP and peak systolic 

pressure representative of previously recorded baseline values. Additionally, the animal is 

then given time to stabilize before any additional interventions are performed. 
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2.3.4 Data Acquisition 

Pressures were measured using either the fluid-filled or high-fidelity catheters as 

indicated in Section 2.3.2. All pressures, as well as a three lead ECG are acquired using an 

analog input system (Sonometrics Corp., London, ON). Pressure data are converted using 

CVWorks (AccuDAQ INC., Calgary, AB) into text files. The sampling frequency of both 

the pressures and ECG was approximately 250 Hz.  

MRI data are saved in DICOM format from the Siemens Avanto software. All 

subsequent analysis is performed in Matlab (The MathWorks Inc., Natick, MA). The MRI 

acquisitions were more variable than the pressure acquisitions amongst the different 

studies. Due to unstable heart beats, a drug effect wearing off, or other time constraints of 

the animal being stable under anaesthesia, some image sequences were not acquired at each 

intervention for all animals. The sequences performed for each animal at each intervention 

are outlined within Table 2-3. 

In addition, a LAX SSFP image was performed for each of a 2ch, 3ch and 4ch view. 

These images were used in the calculation of LV volumes along with the LA+LV 3ch SAX 

cine. These sequences are basic magnitude sequences that show the anatomy of the heart 

and combined, allow the re-creation of the 3-D shape of the ventricle throughout the entire 

cardiac cycle. 

A phase-contrast sequence was performed for a SAX slice just below the level of 

the mitral valve with through-plane velocity encoding. This sequence was used to calculate 

the average velocity, as well as the total flow through the mitral valve.  
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Phase-contrast sequences were also performed for a 3ch LAX slice, approximately 

through the mid-plane of the LV. This was encoded in two mutually orthogonal directions 

in the image plane (in-plane).  

Key MRI sequence parameters are summarized in Table 2-4. Note that during 3ch 

SAX cine acquisition there was no gap between neighbouring slices.  

The velocity encoding parameter in all pc-MRI sequences, VENC, was 120 cm/s 

with 2 exceptions (LMEDS09 and LMEDS16, both with isoproterenol) where aliasing was 

noticed in the through-plane image acquisition and the VENC was increased to 140 cm/s.  

 

 

Table 2-4: Summary of key imaging parameters.TR = repetition time; TE = echo 

time; VENC = velocity encoding parameter. 3 SAX cine captured the entire LA & 

LV. 

 

 

  

image
# of 

images

slice 
thickness 

(mm)

in-plane 
resolution 

(mm)
TR (ms) TE (ms) FA (°)

VENC 
(cm/s)

3 SAX cine 30 6 1.17 87.29 127 50 n/a
LAX cine (2, 3 & 4ch) 30 8 1.56 40.95 1.16 64 n/a
3 SAX pc-MRI (thru-plane) 128 5 1.41 9.7 2.36 20 120
LAX pc-MRI (in-plane) 64 5 1.41 36.15 3.3 20 120
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 RESULTS 

 
3.1 Basic Data Collection and Hemodynamics 

In total, 15 experiments were performed. However, due to a variety of 

circumstances that will be discussed in further detail in Section 5.1 the data set is not 

complete in all situations.  

Data collection was attempted on 17 animals, 2 of which expired before data 

collection proceeded and were therefore removed from the total count. Baseline data were 

acquired in the 15 remaining animals, phenylephrine in 14, isoproterenol in 13, volume 

loading in 12 and metoprolol in 10. This information, along with the MRI sequences 

recorded for each animal and under each intervention was previously presented in Table 

2-1. Due to the inherent difficulties of working with anaesthetized animals over a number 

of hours, there are a number of experiments with incomplete MRI data acquisitions.  

Basic hemodynamic parameters have been summarized in order to determine the 

general response of the animals to the given interventions and ensure that the interventions 

performed as anticipated. The average from all available data is presented in Table 3-1. 

Isoproterenol significantly increased the heart rate from baseline and all other 

interventions. Peak systolic PLV was significantly different in all comparisons except for 

volume loading to isoproterenol, and volume loading to baseline. End-diastolic pressures 

were different in all cases except from baseline to metoprolol and baseline to isoproterenol. 

Baseline to isoproterenol and phenylephrine to metoprolol were the only non-significant 

differences of mean PRA. Only one significant difference was found, between 
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phenylephrine and isoproterenol, for EDV. ESV was significantly changed between 

phenylephrine and isoproterenol, phenylephrine and baseline, metoprolol and isoproterenol 

and volume loading and isoproterenol. The resulting cardiac output was only significantly 

different for isoproterenol compared to all other interventions (including baseline). These 

results are summarized in Figure 3-1A-H. Each overbar represents a significant difference 

(P<0.05).  

The variation in the order in which each intervention was performed is summarized 

in Table 3-2. Metoprolol and volume loading were both kept until after the first intervention 

to avoid depressing the heart (metoprolol) or stressing it (volume loading, risking heart 

failure) at the beginning of a study and being unable to continue. Isoproterenol and 

phenylephrine were varied quite evenly amongst the first 3 positions, while volume loading 

was most often performed as the final intervention. This was, in part, also a result of the 

added difficulty of phlebotomizing the animal in order to reduce the volume, without 

shocking the animal. 
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Table 3-1: Summary of basic hemodynamics under each intervention. All available experimental data were considered.   

HR=heart rate, Peak PLV=maximum PLV, LV EDP=LV end-diastolic pressure, PRA=average right atrial pressure, EDV=end 

diastolic volume, CO=cardiac output. 

 

 
 
 
 
 

  

mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD
Baseline 88 13 81 7 14 4 10 3 67 9 2.2 0.5 42 8 767 138

Isoproterenol 134 25 88 12 12 5 9 3 62 8 3.2 0.6 38 6 1250 713
Metoprolol 85 8 72 9 18 5 15 2 69 7 1.7 0.6 49 10 505 108

Phenylephrine 86 16 126 10 23 7 15 4 73 8 1.8 0.4 51 7 944 174
Volume Loading 95 11 86 10 27 7 19 3 71 8 2.4 0.5 45 6 651 133

ESV (mL) Max dPLV/dt (mmHg/s)HR (bpm) Peak PLV (mmHg) LV EDP (mmHg) PRA (mmHg) EDV (mL) CO (L/min)
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Figure 3-1: Summary of the basic hemodynamics from each animal under each 

intervention. Bars represent standard deviation. Overbars indicate statistical 

significance, † indicates statistical significance based on the Shapiro-Wilk 

signed-rank test. A – Heart Rate; B – Peak PLV; C - PRA; D – LV EDP; E – maximum 

dPLV/dt; F – EDV; G – ESV; H – Cardiac Output. (B = baseline, I = isoproterenol, P 

= phenylephrine, M = metoprolol, V = volume loading). 
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Table 3-2: Summary of the number of times each intervention was performed in each 

order in the 9 animals for which the full volume analysis was possible. Note that with 

the metoprolol intervention volume information was only available in 8 animals (refer 

back to Table 2-3.  

 

  

1 2 3 4
Isoproterenol 5 2 2 0
Phenylephrine 4 3 2 0

Metoprolol 0 3 1 4
Volume Loading 0 1 4 4

Order
Drug
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3.2 Pressure Gradient 

The pressure gradient (PG) was calculated throughout the entire cardiac cycle, 

however it is only valid after the MV is open (indicated in Figure 3-2 by the dashed line). 

A typical example of the measured PLV and the associated calculated PG is shown in Figure 

3-2. The PG, like the mitral velocity, is larger in early filling than in late filling and has a 

clear period during diastasis where there is no apparent PG. This PG is further compared, 

in Figure 3-3, to the mitral inflow velocity for both early filling and late filling (E-wave 

and A-wave respectively). The PG begins to increase, resulting in the acceleration of the 

filling waves and then begins to decrease, reaching zero pressure difference at very nearly 

the same moment that the filling waves have reached peak velocity. Subsequently, the PG 

reverses causing the filling wave to decelerate. Finally, near the end of the E-wave, the PG 

decreases toward zero before diastasis and near the end of the A-wave, before the beginning 

of LV contraction. The interesting result is that there is no distinction between the 

behaviour of the PG during the E-wave and the A-wave. Therefore, despite providing 

information about the magnitude of the PG it appears that the PG does not add information 

as to the mechanism driving the flow. 
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Figure 3-2: Typical example of LV pressure (top) and associated PG (bottom). MVO 

marked with vertical dashed line. 
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Figure 3-3: Comparison of the calculated pressure gradient (dashed black line) to the 

calculated mitral inflow velocity (solid black line) in a typical experiment. Early filling 

and late filling are remarkably similar, indicating the inadequacy of the PG for 

distinguishing filling due to a LA push, or an LV pull (i.e. suction). 
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3.3 Reservoir-Wave Analysis 

The purpose of this analysis was to study the changes in total ventricular work and 

total ventricular energy in proportion to the hydraulic work and energy when the shape of 

the ejection portion of the PV loop is altered. As defined by the model [40], the hydraulic 

work (energy) is the result of the wave-related work and energy derived from the 

application of the reservoir-wave approach (RWA). A previous study by Tyberg et al. [41]  

hypothesized the importance of this breakdown using a single example and a comparison 

to a benchtop model. Here, this breakdown is shown for the infusion of isoproterenol and 

phenylephrine and comparisons made to the original hypotheses presented in the Tyberg 

et al. study. 

As seen in Figure 3-4A, the ejection period of the PV loop was notably altered from 

baseline with the infusion of isoproterenol and phenylephrine. For all 9 animals, the relative 

proportion of the hydraulic power and energy of the loop is approximately 1/4 of the total 

power and energy of the loop, across all interventions (Figure 3-4B). The hydraulic power 

and energy increases with isoproterenol compared to baseline and phenylephrine (Figure 

3-4C), and the wave intensity contribution to the hydraulic energy is also greater with 

isoproterenol than at baseline or with phenylephrine (Figure 3-4D).  

The reservoir parameters, which were described in Section 1.1.3.5 and 2.2.11, of 

compliance (C), reservoir resistance (Rres), proximal resistance (Rprox) and P∞ as well as the 

combined parameter tau (Rres multiplied by C), which represents the rate of LV relaxation, 

have also been summarized in Table 3-3 and Figure 3-5. There was a significant increase 
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in the reservoir resistance and decrease in compliance with phenylephrine from both 

baseline (P<0.01) and isoproterenol (P<0.001). In contrast, isoproterenol showed a 

statistical increase in proximal resistance from both baseline (P<0.001) and phenylephrine 

(P<0.001). No statistical change was found in P∞ although there is a suggestion that with a 

larger sample size phenylephrine may prove to be statistically different. Furthermore, the 

increase in Rres and decrease in C due to the infusion of phenylephrine resulted in no change 

in the combined parameter tau.  Detailed statistics are provided in Table 3-4.
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Table 3-3: Summarized reservoir-wave parameters at baseline and for isoproterenol and phenylephrine. 

 

  

mean SD mean SD mean SD mean SD mean SD
Baseline 0.98 0.52 29 14 0.64 0.20 0.05 0.04 0.60 0.30
Isoproterenol 0.55 0.43 30 15 0.72 0.18 0.15 0.07 0.43 0.32
Phenylephrine 1.84 0.43 41 12 0.31 0.06 0.04 0.04 0.56 0.10

R P∞ C Rproximal tau
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Figure 3-4: A - PV Loop (black), Pres (red); B - Total power and energy of the PV loop; C - Hydraulic power and energy (area 

between total loop and Pres); D - WIA of the wave component. This power and energy contributes to the hydraulic power and 

energy but is small and therefore not distinct within panel C. Panels B-D – power in solid black line on the primary y-axis and 

energy in the dashed line on the secondary y-axis. 
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Figure 3-5: Box plot summaries of: A – Reservoir Resistance, Rres. Phenylephrine significantly increased Rres

compared to both baseline and isoproterenol; B – Compliance. Phenylephrine significantly decreased C compared 

to both baseline and isoproterenol; C – the LV relaxation parameter, tau = Rres*C. The combined effect of the 

increase in Rres and decrease in C resulted in no significant change due to any intervention in tau; D – Proximal 

Resistance, Rprox. Isoproterenol significantly increased Rprox compared to both baseline and phenylephrine; and E 

- P∞. There was no significant change in P∞ due to any intervention.  (B=Baseline, I=Isoproterenol & 

P=Phenylephrine) 
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Table 3-4: Detailed statistical results of for the completed RWA. Significance was determined at P<0.05. 

 

Normality Test: Shapiro-Wilk (Passed, P=0.840) Normality Test: Shapiro-Wilk (Passed, P=0.383)
Equal Variance Test: Brown-Forsythe (Passed, P=0.271) Equal Variance Test: Brown-Forsythe (Passed, P=0.289)
Treatment Mean SD SEM F P Treatment Mean SD SEM F P
Baseline 0.596 0.296 0.0988 Baseline 0.0544 0.0354 0.0118
Isoproterenol 0.427 0.319 0.1060 Isoproterenol 0.1490 0.066 0.0220
Phenylephrine 0.557 0.104 0.0346 Phenylephrine 0.0378 0.038 0.0127

Normality Test: Shapiro-Wilk (Passed, P=0.736) Bonferroni t-test
Equal Variance Test: Brown-Forsythe (Passed, P=1.000) Comparison
Treatment Mean SD SEM F P Isoproterenol vs Phenylephrine P<0.001
Baseline 28.667 13.565 4.5220 Isoproterenol vs Baseline P<0.001
Isoproterenol 30.164 15.348 5.1160 Baseline vs Phenylephrine P=1.000

Phenylephrine 41.000 11.874 3.9580

Normality Test: Shapiro-Wilk (Passed, P=0.313)
Normality Test: Shapiro-Wilk (Passed, P=0.687) Equal Variance Test: Brown-Forsythe (Passed, P=0.545)
Equal Variance Test: Brown-Forsythe (Passed, P=0.136) Treatment Mean SD SEM F P
Treatment Mean SD SEM F P Baseline 0.978 0.517 0.1720
Baseline 0.644 0.201 0.0669 Isoproterenol 0.552 0.427 0.1420
Isoproterenol 0.723 0.185 0.0617 Phenylephrine 1.844 0.433 0.1440
Phenylephrine 0.311 0.0601 0.0200

Bonferroni t-test
Bonferroni t-test Comparison
Comparison Isoproterenol vs Phenylephrine P<0.001
Isoproterenol vs Phenylephrine P<0.001 Isoproterenol vs Baseline P=0.274
Isoproterenol vs Baseline P=1.000 Baseline vs Phenylephrine P=0.006
Baseline vs Phenylephrine P=0.006

One-Way Reapeated Measures ANOVA

<0.001
11.867 <0.001

P∞ 

2.842 0.088

tau Rproximal

Rres

C

0.862 0.441 19.266 <0.001

15.428
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3.4 Katz Analysis 

The volume of filling due to diastolic suction, VDS, according to the Katz criterion, 

was calculated in the 9 animals under the different cardiac working conditions. In Table 

3-5, the results of VDS are summarized for each animal with each working condition. The 

mean and standard deviations (SD) are presented as a percent change from baseline in 

Figure 3-6. The infusion of isoproterenol significantly increased the volume of suction 

compared to baseline, phenylephrine and metoprolol (P<0.05). No other interventions were 

different from baseline. The statistics are presented in Table 3-6. 

Each animal was compared individually, against ESV (Figure 3-8) and EF (Figure 

3-7). Each individual figure represents an individual animal, and each data point represents 

one of the experimental interventions. R2 values are presented only to provide an inclusion 

criterion and a suggestion of the strength of a possible linear relationship, but not for any 

statistical significance. The threshold R2 was set at 0.20 and any experiments with a 

relationship below this are presented in light grey. The relationship of VDS with ESV (as 

shown in Figure 3-8) suggests that as ESV decreases VDS increases. This relationship is 

strong in 8 of the 9 animals indicating a consistent response. As EF increases, VDS increases 

(Figure 3-7). EF is a marker of the function of the heart, therefore as heart function 

increases, so does the ability of the heart to develop suction in diastole. This relationship 

was positive in 7 of 9 animals, with one animal showing a negative response.  

The slope of the relationship is variable amongst the animals in both Figure 3-8 and 

Figure 3-7, which made the pooled data of VDS vs ESV or VDS vs EF poor, comparative to 

the strong relationships suggested in Figure 3-7 and Figure 3-8. The result of pooling the 
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data from all animals and comparing VDS vs EF is shown in Figure 3-9. The relationship is 

approximately linear with R2=0.35 again supporting the previously discussed trend that the 

increased EF is related to an increase in VDS.  

The comparison of the pooled VDS results is shown first compared to the ESV 

(Figure 3-10) and second compared to a normalized x-axis, where ESV is normalized by 

the baseline ESV (ESVB) for each animal, as seen in Figure 3-11A&B. The relationship 

when the x-axis is not normalized, as in Figure 3-10 is very poor (R2=0.19). Due to the 

inter-animal variability, more emphasis was placed on the results seen in Figure 3-11A&B. 

The vertical dashed line represents ESV=ESVB; therefore any data points lying to the right 

of this indicate an ESV>ESVB and data points to the left represent an ESV<ESVB. In Figure 

3-11A, the data are fit with a simple linear regression and the relationship resulted in an 

R2=0.40. However, it appeared that these data would be fit more precisely as well as more 

intuitively to the physiology with a non-linear regression. The result of a two-term 

exponential decay as seen in Figure 3-11B (R2=0.71). Normalizing by ESVB was used as 

an alternative to the unstressed ventricle volume, V0, which proved to be difficult and 

inconsistent to determine with the experimental method in this study.  

The change in VDS compared to VDS at baseline is shown in comparison to the 

change in ESV/ESVB from baseline in Figure 3-12. As the change in ESV/ESVB increases, 

there is a decrease in the change in suction seen compared to baseline. Similarly, as the 

change in ESV/ESVB decreases (i.e. becomes negative) the change in VDS becomes large. 

As in Figure 3-11, this indicates that as ESV is decreased below ESVB there is an increase 

in suction when compared to baseline suction values.  
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Table 3-5: Tabulated results from each animal of the absolute VDS results at baseline 

and under each intervention. These results are presented in Figure 3-6. 

 

 

Figure 3-6: Results pooled by intervention to study the relationship between the 

percent change in VDS, compared to baseline, as a result of each intervention. 

* indicates P<0.05. Statistical information is provided in Table 3-6. 

Baseline Phenylephrine Isoproterenol Metoprolol Volume Loading
LMEDS15 7.2 2.8 12.9 1.1 5.1
LMEDS14 1.2 0.3 1.8 1.9 2.5
LMEDS13 7.2 3.5 9.9 4.1 4.7
LMEDS11 1.6 2.0 4.1 0.9 2.7
LMEDS10 5.3 2.1 12.2 7.6 6.9
LMEDS09 2.9 2.1 6.0 5.1 2.2
LMEDS08 1.8 3.3 4.0 4.9 4.6

mean 3.9 2.3 7.3 3.7 4.1
SD 2.6 1.1 4.4 2.5 1.7

VDS (mL)
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Table 3-6: Summary of the statistical analysis on VDS by intervention. P<0.05 was 

taken to be significant. Mean and SD information can be found in Table 3-5. 

 

Normality Test: Shapiro-Wilk (Passed, P=0.741)
Equal Variance Test: Brown-Forsythe (Passed, P=0.225)
Between Treatment P=0.003

Comparison P
Isoproterenol vs Metoprolol 0.031
Isoproterenol vs Baseline 0.049
Isoproterenol vs Phenylephrine 0.001
Isoproterenol vs Volume Loading 0.078
Volume Loading vs Metoprolol 1.000
Volume Loading vs Baseline 1.000
Volume Loading vs Phenylephrine 1.000
Phenylephrine vs Baseline 1.000
Phenylephrine vs Metoprolol 1.000
Baseline vs Metoprolol 1.000

One-Way Repeated Measures ANOVA

Bonferroni t-Test
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Figure 3-7: Summary of VDS results in each animal, under each intervention, versus 

the calculated ESV. The trend suggests that VDS increases with a decreasing ESV. 

Note only experiments with an R2>0.20 are shown in black. 
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Figure 3-8: Summary of VDS results in each animal, under each intervention, versus 

the calculated EF. The trend suggests that VDS increases with an increasing EF. Note 

only experiments with an R2>0.20 are shown in black. 
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Figure 3-9: Pooled data of the relationship between VDS and EF. 

 

Figure 3-10: Pooled data of the absolute VDS and the measured ESV for all 

experiments. The dashed line indicates the 95% confidence interval.
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Figure 3-11: Pooled data of VDS against ESV normalized against each animal’s baseline ESV (ESVB). A – linear fit; B – two-

term exponential decay (y=a*exp(-bx)+y0). The vertical dashed line indicates when ESV=ESVB. Discussion in the text.
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Figure 3-12: Pooled data of the relationship between the change in VDS and the change 

in the normalized ESV/ESVB. Horizontal and vertical dashed lines indicate no change 

in VDS and ESV/ESVB respectively. 
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3.5 Wave Intensity Analysis 

It was possible to calculate the integrated energy of the BDW for 10 animals (since 

volume information was not necessary, again, refer back to Table 2-3) under all working 

conditions. These results are summarized (mean and SD) according to animal and 

intervention in Table 3-7. Shown in Figure 3-13 is the summary of Table 3-7, presented as 

the percent changes from baseline. Isoproterenol is statistically significant from baseline, 

phenylephrine and metoprolol (P<0.05) and volume loading was significantly different 

from metoprolol (P<0.05). A summary of the One-Way Repeated Measures Analysis of 

Variance (ANOVA) is provided in Table 3-8. 

The integrated energy of the BDW after MVO was compared individually for 9 

animals, under each intervention to ejection fraction (EF) and end-systolic volume (ESV). 

Only 9 animals could be compared rather than 10 as a result of the missing volume data on 

the 10th animal. Linear regressions were performed and the R2 values are reported only to 

provide a threshold at which to compare results. Experiments having an R2>0.20 were kept 

(shown in black), while an R2<0.20 was considered to show an insufficient trend for further 

discussion (shown in light grey). 

Figure 3-14 shows the results of the BDW compared to the ESV in each animal 

under each intervention. As only 3 of 9 animals had an R2>0.20 this result is inconclusive. 

However, all the data suggest a trend for an increased BDW as the ESV decreases; there is 

no suggestion of a negative result. 
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Comparing the BDW to EF, for all relationships with an R2>0.20 the relationship 

suggested that the BDW increased as EF increased. R2 was>0.20 in 5 out of 9 animals. This 

is summarized in Figure 3-15. 

 

Table 3-7: Tabulated results from each animal of the absolute integrated BDW results 

at baseline and under each intervention. These results are presented in Figure 3-13. 

 

Experiment Baseline Phenylephrine Isoproterenol Metoprolol Volume Loading

LMEDS16 0.2 0.1 1.0 0.0 0.8
LMEDS15 0.7 1.1 1.1 0.1 1.2
LMEDS14 0.3 0.4 0.6 0.2 0.4
LMEDS13 0.8 0.5 1.1 0.2 0.3
LMEDS11 0.3 0.7 1.7 0.5 1.7
LMEDS10 0.9 0.3 0.6 0.5 1.0
LMEDS09 0.6 0.7 1.1 0.6 0.8
LMEDS08 0.4 0.5 0.9 0.8 0.8
LMEDS05 0.5 0.4 0.6 0.2 0.8

mean 0.5 0.5 1.0 0.3 0.9
SD 0.3 0.3 0.4 0.3 0.4

BDW (J/m2)
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Table 3-8: Detailed statistical breakdown comparing the energy of the BDW for 

each intervention. Mean and SD for each intervention is shown in Table 3-7. P<0.05 

was considered to be significant. 

 

 

  

Normality Test: Shapiro-Wilk (Passed, P=0.474)
Equal Variance Test: Brown-Forsythe (Passed, P=0.951)
Between Treatment P<0.001

Comparison P
Isoproterenol vs Metoprolol <0.001
Isoproterenol vs Baseline 0.015
Isoproterenol vs Phenylephrine 0.018
Isoproterenol vs Volume Loading 1.000
Volume Loading vs Metoprolol 0.006
Volume Loading vs Baseline 0.144
Volume Loading vs Phenylephrine 0.172
Phenylephrine vs Baseline 1.000
Phenylephrine vs Metoprolol 1.000
Baseline vs Metoprolol 1.000

Bonferroni t-Test

One-Way Repeated Measures ANOVA
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Figure 3-13: Results pooled by intervention to study the relationship between the 

percent change in BDW, compared to baseline, as a result of each intervention. 

* indicates P<0.05 based on Table 3-8. 
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Figure 3-14: Summary of the integrated BDW results in each animal, under each 

intervention, versus the calculated ESV. The trend suggests that the energy of the 

BDW increases with a decreasing ESV. Note only experiments with an R2>0.20 are 

shown in black. 
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Figure 3-15: Summary of the integrated BDW results in each animal, under each 

intervention, versus the calculated EF. The trend suggests that the energy of the BDW 

increases with an increasing EF. Note only experiments with an R2>0.20 are shown in 

black. 
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3.6 Comparison of Measures of Diastolic Suction 

Having studied two definitions, or two approaches to quantifying DS, the next step 

was to determine whether or not these approaches were relatable. Presented in Figure 3-16 

is the integrated BDW compared to the VDS for each animal. Once again, the threshold 

value, R2=0.20 was used and only experiments with R2>0.20 are shown in black while all 

others are in light grey. Five out of 9 animals indicate that the measures of DS are indeed 

related. Furthermore, the relationship is positive, in that both measures of DS respond in 

the same direction (increasing, or decreasing). 
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Figure 3-16: Relationship between the integrated BDW and VDS measures of DS in 

each animal. Note only experiments with an R2>0.20 are shown in black. 
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 DISCUSSION 

4.1 Hemodynamic Response to the Experimental Interventions 

The predominant effect of isoproterenol was the increased heart rate and increased 

dPLV/dt, which is indicative of the strength of the contraction [67]. Having increased the 

strength of contraction (referred to henceforth as contractility), this will result in the 

observed reduction in ESV (Table 3-1 and Figure 3-1). Phenylephrine, by constricting the 

blood vessels, increased the peak measured PLV without changing the contractility of the 

heart muscle. This also suggests that phenylephrine acted predominantly on the arterial 

vessels as a constriction of the veins would have simultaneously increased filling pressure 

and volume. Metoprolol reduced the peak PLV, and increased mean PRA as well as 

suggesting a trend for the reduction of dPLV/dt. Due to the depressed nature of the animals 

already under anaesthetic, the somewhat muted response of metoprolol is not unexpected. 

Furthermore, from observation it appeared that the metoprolol would reach a maximum 

effect at which point no additional effect could be achieved despite infusing additional 

metoprolol. Volume loading increased PRA and LV EDP most substantially. Interestingly, 

despite the increase in LV EDP there was no increase in EDV. This suggests that the 

increase in LV EDP was due, at least in part, to increased pericardial pressure, as indicated 

by the increase in PRA [69]. Having increased the volume substantially, it is also possible 

that during the volume-loading intervention the carotid baroreceptor was stimulated. This 

baroreceptor is essentially a strain gauge on the carotid artery, therefore, with increased 

volume, it becomes activated and stimulates the sympathetic nervous system. The 

sympathetic nervous system is responsible for the fight-or-flight response. In doing so, the 
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body is trying to regain homeostasis, which may explain why a significant increase in peak 

PLV or HR was not seen from baseline conditions as a result of volume loading. 

Importantly, the order in which the interventions was performed was varied 

throughout the study (refer to Table 3-2). This minimized possible systematic error 

resulting from intervention interactions. Additionally, always recording a baseline 

hemodynamic state provided a means to evaluate when an intervention was no longer 

affecting the working conditions of the heart. However, metoprolol and volume loading 

were never the first intervention. After careful analysis of the raw hemodynamic data for 

each animal, no systematic differences were observed relating to the order of the 

interventions. 

4.2 Hydraulic Work and Energy (the Reservoir Wave Approach) 

The comparison of the RWA parameters indicate that Rres and C were significantly 

different with phenylephrine than for isoproterenol and baseline conditions. Additionally, 

Rprox was found to be significantly different with the infusion of isoproterenol. These results 

are supported by the findings of Wang et al. [82], however, due to the limited nature of this 

analysis, the complete breakdown provided by Wang et al. could not be shown in order to 

indicate the strength of the agreement. Additionally, the inability to detect significance in 

P∞ and tau is likely a result of the resolution and shorter beat durations within this study 

compared to the methodology presented by Wang et al. 

The RWA and PV loop representation of the data indicates that Pres is relatively 

greater in phenylephrine than in both isoproterenol and baseline (compared to the measured 

pressure) (Figure 3-4). This agrees with previously published work which found that the 
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relative contribution of the reservoir was increased with methoxamine (a vasoconstrictor) 

[82].  

The increased contribution of the reservoir with the infusion of phenylephrine not 

only increase the reservoir component (i.e., PRes) but substantially changes the shape of the 

ejection phase of the PV loop. The negative slope of the ejection phase suggests that the 

inertial component of the blood is not overcome and therefore, unlike with isoproterenol, 

there is only a negligible period where the pressure is decreasing while the volume is 

increasing (a positive slope, as observed with isoproterenol). The positive slope indicates 

that the blood is decelerating and the ventricle is relaxing away from the forward movement 

of the blood out of the aorta.  

The shape of Pres in combination with the shape of PLV is of particular interest. It is 

the difference in these that determines the hydraulic work done by the system. If it was 

assumed that all the work done by the LV was used to eject the blood and contribute to the 

circulation of the blood to the end-organs there would be no discussion. However, the 

hydraulic work can be thought of as work that is lost due to the inefficiencies of the system. 

The work done in this region is attributed almost entirely to the work required to pump the 

blood through the large artery resistance [41]. In comparison, the work performed by the 

reservoir is recoverable, in that it first charges the reservoir but then is expended in diastole 

[41]. For this discussion, efficiency is simply considered as the percentage of total energy 

expended by the ventricle in recoverable (i.e., reservoir) work. The increased HR and 

contractility associated with the infusion of isoproterenol would therefore suggest that the 

LV functions less efficiently in systole. Though the strength of contraction is greater (by 
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the definition of increased dPLV/dt [67]), the efficiency is decreased in comparison to 

baseline conditions. Furthermore, the infusion of phenylephrine, having constricted the 

arteries resulting in a higher ejection pressure, results in a lower SV (Figure 3-1 & Figure 

3-4) which balances the higher pressure and keeps the total energy expended approximately 

the same as at baseline conditions. The hydraulic work is also similar to that at baseline. 

Despite the higher pressure, there does not appear to be a decreased efficiency in the 

ejection, however, this may be at the cost of the reduced SV.  

4.3 Pressure Gradient Calculations 

In Section 1.1.3.2 it was speculated that the PG, as it is derived solely from velocity 

(referring back to Equations 1.1, 1.2 & 1.3), would not introduce any additional 

understanding as to the mechanism of DS. This is illustrated in Figure 3-3, in that the shape 

and timing of the PG is not distinct between the E-wave and the A-wave. It is an 

unremarkable result that the PG increases in order to accelerate flow, and then decreases 

and reverses in magnitude in order to decelerate the flow. This does not, however, suggest 

that there is no use in calculating the PG. The magnitude of the PG during early filling may 

still be of interest in distinguishing a diseased heart from a healthy heart [18], [31]. 

However, where the PG falls short is in providing further information about how the PG 

was developed; either an increased LA pressure (i.e. a ‘push’) or a decreased LV pressure 

(i.e. a ‘pull’).  This result expands on the caution that “…it must be remembered that 

diastolic filling is not equivalent to diastolic function…. more sophisticated analysis of 

Doppler filling patterns is needed to uniquely determine the important physiological 

aspects of ventricular diastolic function. [27]”. Though the PG is a step beyond studying 
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filling patterns, it has been shown here that the PG is a recalculation, to some extent, of the 

filling patterns, but not a new measure in itself.   

4.4 Measures of Diastolic Suction 

In this study, the two methods of quantifying diastolic suction, by the energy of the 

BDW as well as the volume of filling due to suction, VDS, according to Katz, have been 

shown to have a relationship with both ESV and EF.  

The relationship between DS and ESV has been previously studied, as outlined 

earlier in Section 1.1.3.1. Negative pressures in diastole were found to be augmented with 

a decreased EDV, decreased afterload, or increased contractility, all of which were 

associated with a smaller ESV [5]. Tyberg et al. [5] provided a useful analogy to a tennis 

ball. Reducing the volume below equilibrium volume requires active force. Once this force 

is removed, the ball will immediately relax back to its equilibrium volume, generating a 

negative pressure. This analogy illustrates the idea of the elastic recoil forces that are 

created in systole as the heart contracts resulting in potential energy that is available upon 

relaxation to contribute to filling. The idea of elastic recoil forces was presented earlier 

also by Brecher [7] in suggesting that the vis a fronte demonstrated by Katz’s 1930 

experiment [3] could be explained by elastic recoil.  

The hypothesis is that a smaller ESV will result in more potential energy available 

to contribute to early filling. In this study, the amount of filling due to suction, VDS, showed 

a strong relationship with ESV. As the ESV decreased VDS increased, as expected. This 

suggests that elastic recoil is important in early filling, supporting the previously reported 

results and hypotheses, as discussed earlier. The relationship between the energy of the 
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BDW and ESV was less strong. However, in the animals that had an R2 above the threshold 

value, R2>0.20, all of the trends indicated a smaller ESV was related to an increased energy 

of the BDW. This would lend support to the VDS result and the elastic recoil theory, and 

provide evidence for the BDW as a motive force of early filling. The methodology of this 

study was a limiting factor in the ability to distinguish differences using WIA and likely 

played an important role in the inability to determine a stronger relationship. These 

limitations will be discussed in detail in Section 5.1.  

The pooled animal data of VDS vs ESV has a very poor relationship, as in Figure 

3-10. Given the inherent inter-animal variability the poor relationship between absolute 

VDS and ESV was not surprising. In order to try and account for this variability and allow 

the data to be pooled together, each animal’s baseline ESV was used to normalize the data. 

The relationship between VDS and the normalized ESV by ESVB is presented in Figure 

3-11 using a linear and a non-linear fit. The physiology of suction and recoil provides the 

most powerful motivation for the non-linear relationship. The linear relationship (Figure 

3-11A) would suggest that at large values of ESV the value of VDS becomes zero, and, 

would even reach negative values. This is physiologically impossible and supports the idea 

of a non-linear relationship. In the case of the non-linear relationship, at values of 

ESV/ESVB>1, the value of VDS is small, but importantly non-zero, approaching a 

horizontal asymptote. At values of ESV/ESVB<1, the value of VDS becomes large, 

approaching some vertical asymptote. When ESV≈ESVB there is a cluster of data points 

suggesting that within this region the value of VDS is somewhat variable, but distinctly 

different from the non-zero horizontal asymptote and the vertical asymptote to the left. The 



 

118 

physiological explanation is supported by the statistics. The F-statistic between the 

single-term exponential and the two-term exponential indicated that the two-term 

exponential provided a significantly improved fit (P<0.05) when compared to the single-

term exponential (i.e. forcing the horizontal asymptote to zero).  

The non-linear relationship between VDS and ESV/ESVB is supported by the 

findings in Z. Wang et al. [34] in which they provide a similar relationship between the 

energy of the BDW and ESV, normalized to the equilibrium volume, V0. They showed a 

similar non-linear relationship where there was a clear non-zero value for the BDW at 

values above the equilibrium volume, and an asymptotic rise in the BDW values as the 

measured ESV became much smaller than V0. These findings contradict the claim that as 

ESV rises the ventricle becomes unable to generate suction [20]. The vertical asymptote 

does suggest a limit to the minimum ESV achievable by the ventricle, the value of which 

or physiological plausibility, requires further work. 

The result of each intervention specifically on the amount of DS by either VDS or 

the energy of the BDW, as presented in Figure 3-6 and Figure 3-13 respectively, shows 

some general agreement. Both measures of DS result in a significant increase in suction 

with isoproterenol compared to baseline. This finding, of isoproterenol increasing DS, is 

supported by the literature which reports an increased DS with increased contractility in 

spite of the shortened filling time [83]. The increase in DS is thought to act as a 

compensatory mechanism to help maintain low pulmonary pressures (filling pressures) in 

cases of increased contractility [20].  
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Phenylephrine, metoprolol and volume loading were not found to be different from 

baseline by either measure of suction. Isoproterenol was different from phenylephrine and 

metoprolol by both measures of suction. The amount of suction by the energy of the BDW 

resulted in a significant difference between volume loading and metoprolol, whereas there 

was no difference with VDS.  

Cheng et al. [84] found that approximately 21% of the SV entered the LV while the 

pressure continued to decrease in early diastole. Volume was approximated using 

sonomicrometry crystals located in 3 locations on the sub-endocardial surface of the LV. 

Cheng et al. introduced a positive inotropic stimulation, by the infusion of dobutamine, 

which, similar to isoproterenol, is a β1-agonist. They found that the percent of the SV 

entering the LV while the pressure decreased increased significantly from baseline, 

supporting the findings presented in Figure 3-13. Using methoxamine, which is similar to 

phenylephrine as an α1-receptor, resulted in no significant change in the percent of SV 

entering the LV in early filling, supporting the findings presented in Figure 3-6 [84].  

Increasing preload has been reported to increase the relaxation time constant, tau 

(i.e., a slowed rate of relaxation) with an apparent compensatory increase in sympathetic 

tone which maintains ESV [85]. The same study invasively measured PG’s and found that 

the measured PG’s were increased at the time of peak filling, despite the slowed rate of 

relaxation [85]. The volume loading results presented in this study agree with this earlier 

work. ESV was not different from baseline (refer to Figure 3-1) suggesting the sympathetic 

system was activated in response to the increased volume. Therefore, one would not expect 

the measures of suction to be different than baseline, based on release of energy from elastic 
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recoil. The previously reported increased PG with volume loading may suggest that the 

increase in PG was a result of the increased LA pressure rather than a result of an increase 

in suction. In other words, the vis a fronte increased and the vis a tergo was unchanged. As 

discussed previously, the PG is unable to distinguish between these two forces, and 

therefore, the collective result of the previously reported finding was an increased PG, 

likely unrelated to an increase in suction. 

In 1981, Sabbah and Stein [86] clarified a contradiction that had existed within the 

literature. They found that during early filling the pressure difference was “caused by the 

reduction of left ventricular pressure below left atrial pressure” which they explained could 

only be “a result of the self-enlarging action of the left ventricle” [86]. To explain their 

results in comparison with the understanding that filling must be passive, Sabbah and Stein 

explained that typically PV curves were not drawn until after minimum PLV was reached 

as it was assumed that the LV was not fully relaxed until this time. The values of VDS 

reported in this study build on this work by Sabbah and Stein in suggesting that this early 

and often unaccounted for portion of the PV curve (and therefore the PV loop) is critically 

important in early filling.   

The baseline EF measured in this study tended to be lower than literature values 

provided for comparable pigs (0.4±0.07 compared to 0.5-0.6, [87], [88]) also under 

anaesthetic. This may be a result of the volume calculation technique used, as the studies 

referred to, and typically found in the literature are performed using pulsed Doppler 

echocardiography to evaluate the chamber volume. 
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EF, as it is a ratio of the SV to the EDV, will be reduced when EDV increases, or 

when SV decreases. Measurements of EF are associated with relative systolic function of 

the ventricle. By examining the EF and its relationship, independently, to the two suction 

parameters, VDS and the BDW, the performance of the ventricle in systole can be related 

to its impact on the diastolic performance.  

The relationship between EF and the volume of suction, VDS, suggests that 

increasing EF results in an increase in VDS. The trend is quite strong, suggesting there is a 

strong relationship between the systolic performance of the ventricle, as determined by EF, 

and the ventricle’s ability to fill via suction. However, this finding is limited to the 

experimental interventions performed in this study, as perhaps, this would not hold true in 

LV hypertrophy where the ventricle wall is thickened and very stiff, but is also able to 

contract strongly. LV hypertrophy results in a reduced SV, due to a reduced EDV, which 

can result in an EF within the normal range. LV hypertrophy would be a particularly 

interesting case in which to further examine the current findings.  

The energy of the BDW has a similar relationship with the EF, suggesting that 

suction increases as the systolic function increases. The relationship between the BDW is 

stronger with EF than with ESV which implies that the introduction of EDV into the 

calculation of EF increased the strength of these results. The measure of EDV was very 

stable within the study, which may contribute to the improved strength of this relationship. 

It is important that again, as with the relationship with ESV, both measures of DS agree in 

their trend, suggesting that despite using two different approaches and definitions of 

suction, both are indeed measuring the active filling of the ventricle. 
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The claim that the two measures of suction can be related is supported by Figure 

3-16, the combined plot of the energy of the BDW for each animal under each intervention 

plotted against VDS for each animal under each intervention. Although no significant 

conclusion can be made, the trend is clear, that the two measures of suction are related. 

This would suggest that Brecher’s [7] earlier reservation, that the early filling, as described 

by Katz, may be a result of the changing viscosity of the ventricular wall, is unfounded. 

Indeed, the decrease in pressure and increase in volume as observed by Katz, and measured 

in this study, appears to be related to suction as defined by the BDW. 

The experiments that did not meet the R2 threshold do not show a negative result 

(i.e., do not trend in the opposite direction), but simply do not show a relationship at all. 

The difficulties, primarily in determining the BDW are likely the limiting factor in 

determining a stronger relationship. 

The non-zero VDS at ESV>ESVB, in addition to the relationship between VDS and 

the energy of the BDW suggests that suction is not solely due to elastic recoil, as has been 

the primary suggestion of the mechanism contributing to DS. The energy of the BDW 

contributes to pulling blood into the ventricle. Instead of an elastic-recoil-only theory, 

perhaps a synergistic theory whereby the elastic recoil contributes to VDS which creates an 

environment in which a BDW can be generated.  
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 LIMITATIONS AND FUTURE WORK 

5.1 Limitations 

5.1.1 Resolution 

Using MRI to acquire data limits the spatial and temporal resolution of the acquired 

data. The primary limitation on this study was the temporal resolution. Having a low 

temporal resolution required a significant up-sampling of the data, which introduces new, 

interpolated, data. This placed limits on the accuracy with which the PLVmin could be 

determined, for the purposes of determining VDS as well as the value of MV opening, as 

the nearest pressure to LV EDP+5mmHg was chosen. Had more data been acquired, more 

precise values would have been determined.  

With respect to both velocity and volume measurements, these would have 

appeared more smooth with an increased resolution. Therefore, the dU term within WIA 

would have less sudden jumps and the PV loop would appear smoother affecting the 

resulting VDS measurement. 

5.1.2 Alignment 

As previously described, the alignment of the different signals recorded in this 

study was performed based on accepted physiological landmarks. The method developed 

to optimize the alignment in the case of both pressure-volume and pressure-velocity 

introduced errors and limited the precision with which the results could be discussed.  

5.1.2.1 Sensitivity 

The pressure-volume alignment, which ultimately impacts the result of VDS, was 

less sensitive. For all experiments, at each intervention, the optimal value was determined 
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and VDS measured, as well as at neighbouring data points. The average VDS was determined 

plus/minus the standard deviation as shown previously in Table 2-1. In all cases, the mean 

VDS was approximately equal to the absolute VDS at the optimal temporal alignment. 

Therefore, the absolute VDS at optimal temporal alignment was used for subsequent 

analysis. 

However, the pressure-velocity alignment was more difficult. This was in part, due 

to the added difficulty of accurately measuring the velocity (discussed in detail in Section 

5.1.4). Additionally, the measurement of the BDW is more sensitive to minor changes as 

it is based on a differential. Therefore, as with VDS, the BDW was calculated at the optimal 

alignment and at neighbouring data points. However, for the BDW, the average BDW was 

used for further analysis. The results of the sensitivity analysis the BDW were shown 

previously in Table 2-2. The large standard deviation, particularly with the BDW, indicates 

the sensitivity of this measure to small changes in the signal alignment.  

Generally, the temporal alignment introduced uncertainty and error into the 

analysis that despite careful analysis, could not be corrected. This was certainly a factor in 

the study and will be discussed in Section 5.2 with respect to alternative methodology to 

rectify this problem. 

5.1.3 LV EDP and MV Opening 

The exact timing of MV opening is also an important factor. For VDS, it determines 

the point at which the volume begins to be measured. For the BDW, it determines when 

the energy of the BDW is considered to begin contributing to filling. Therefore, in both 
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cases, if the pressure at which the MV opens is not accurate, this will have a great impact 

on the results.  

Recall that the MV opening pressure was based on the LV EDP. Though the LV 

EDP is determined routinely as 10% of the maximum dPLV/dt, with extremely fast heart 

rates (isoproterenol), or extremely high LV EDP’s (phenylephrine or volume loading), it 

can be difficult to determine this point exactly. In order to best remedy this, the LV EDP 

was evaluated first through the aforementioned method, and secondly after forming the PV 

loops. However, with this in mind, the MV opening is still an approximation based on this 

measurement.  

Additionally, MV opening could not be determined from the PLV and PLA pressure 

cross-over or directly from imaging. As an approximation based on information in the 

literature, MV opening could only be estimated as LV EDP+5 mmHg [68]. 

5.1.4 Velocity 

The use of pc-MRI to determine the mitral inflow velocity introduced additional 

artefacts. The first is that due to the previously described physics from which pc-MRI is 

based, the technique will measure as velocity any movement during the acquisition. In 

other words, there is no distinction between the flow of blood and, for example, the 

movement of the mitral leaflets, or general valve plane motion. During isovolumic 

relaxation, the shape of the ventricle begins to change. This draws the mitral plane 

downwards which, according to pc-MRI would appear as velocity. There is no obvious 

manner in which to distinguish this rise in velocity from the rise in velocity once the MV 

is open and blood enters the ventricle.  
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Additionally, any rigid body motion of the ventricle itself, as it continuously beats, 

will be registered as velocity.  

Since the pc-MRI has a linear relationship between how far a proton moves and its 

velocity, these artefacts don’t have a large effect on the total magnitude of the velocity. 

However, because WIA is based on the differential of velocity (recall dI=dPdU), any 

additional velocity which contributes to a change in the slope will have an impact on the 

resulting BDW calculation. In particular, right before the MV opens, a small acceleration 

is observed (refer back to Figure 2-9). However, upon MV opening (the dashed line), there 

is a sudden increase in the velocity, which, we suggest is when the blood begins to enter 

the ventricle. Therefore, the velocity prior to MV opening would represent the motion of 

the MV leaflets. However, it is unclear how the added slope of this segment may contribute, 

especially given the alignment uncertainty, to the BDW results. 

5.1.5 Volume 

The volume measurement using GIUSEPPE includes the papillary muscles which 

is not typical of clinical volume measurement tools (such as using echocardiography). 

However, as volume was used primarily for the purpose of VDS, any offset that results from 

the inclusion of the papillary muscles will be an offset for each of the interventions. 

Furthermore, the inclusion of the papillary muscles should not change the shape of the 

volume curve as the papillary muscles will maintain a constant volume.  

5.1.6 Reservoir-Wave Analysis 

Aortic inflow is required in order to compute PRes. However, in this study aortic 

flow was not directly measured, therefore, flow was derived from the measured volume. 
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Physiological aortic flow is zero during diastole. In order to best approximate a realistic 

flow waveform, the volume was first differentiated and then set equal to zero during 

diastole. 

Fitting the reservoir pressure requires a steady decline in pressure, which 

subsequently requires a slow heart rate. However, in this study, since the RWA was a 

secondary outcome, the heart rate was not controlled (for example by pacing, or by 

introducing an artificially long diastole by briefly stopping the heart [89]). Therefore, in 

some cases, particularly with the infusion of isoproterenol, fitting PRes was particularly 

difficult and the results are less stable than under more ideal conditions.  

These preliminary results have been the foundation of the next set of studies being 

performed in the lab of Dr. Tyberg to look specifically at the breakdown of energy, using 

the RWA and an experimental approach that will provide more precise and accurate 

measurements of pressure and velocity. Precise flow measurements can be obtained using 

ultrasonic flow probes that fit directly around the artery. Placing a flow probe on the 

ascending aorta provides both a reliable measure of aortic inflow, and, after integration, a 

reliable measure of the ejected volume. 

5.1.7 Animal Stability 

There are two issues of stability within this study. First, each experiment lasted 

between 6-10 hrs. Secondly, within each intervention, measurements were being recorded 

for approximately 30-45 minutes.  
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The total duration of the study was very long. It required that the animal be stable 

under anaesthetic for many hours so that our first recordings could be compared to our final 

recordings. These were not ideal conditions and undoubtedly affected results. By varying 

the order in which the interventions were performed we have attempted to minimize these 

effects. 

Maintaining the hemodynamic stability of the animal within each intervention was 

challenging. Heart rate and blood pressure were constantly being monitored for feedback 

and to maintain these measurements within a reasonable threshold. Of course, the more 

time spent trying to maintain the perfect threshold values within each intervention, the 

longer the total experiment duration and the more likely the experiment may not be 

completed. The added difficulty of the long acquisition times as well as the long total 

experiment duration certainly added to inaccuracies within the measurements. 

5.2 FUTURE WORK 

5.2.1 Improve Precision and Resolution 

In order to address the first limitation of the study, a future study could be 

performed with a revised methodology to improve the precision of the results. Rather than 

relying on MRI to acquire the velocity and volume data, the use of Doppler 

echocardiography would provide better temporal resolution as well as better alignment 

with the pressure recordings. Additionally, more velocity and volume data could be 

acquired at each intervention, as well as in between interventions to determine a more 

robust determination of a return to baseline. Secondly, the study presented here relied 

heavily on drug interventions. It was difficult to maintain consistency of how each animal 
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responded to the dosage of the drugs and to maintain stability during the intervention. 

Perhaps a better approach would have been to perform fewer drug interventions (perhaps 

just a single intervention, such as isoproterenol) under a fixed number of volume loading 

conditions.  

Both of these revisions would reduce the total experiment duration, and the use of 

echocardiography to acquire mitral flow patterns, rather than MRI, would also shorten the 

length of time the animal would have to be kept stable within each intervention condition. 

5.2.2 Determine Equilibrium Volume 

Equilibrium volume (the volume at which transmural pressure is zero) was 

mentioned as the volume at which the ventricle theoretically is at rest and would have no 

potential recoil energy. The calculation of this volume was extremely difficult in this study, 

due to the experimental methodology. 

Briefly, in the experiments in which PRA was measured, the PV loops were 

determined using Ptm. In these experiments, V0 was determined by linearly extrapolating 

the passive filling curve of all intervention. The volume at which there is no Ptm is 

considered the equilibrium volume, V0 [83]. In experiments in which PRA was not 

measured, the passive filling was primarily extrapolated based on the interventions with 

the lowest LV EDP values, as in these cases Pperi is known to be lowest and therefore PLV 

could be assumed to be the most similar to Ptm in these cases. An example of this process 

is shown in Figure 5-1 for one experiment. The lack of precision is clear and is clearly 

shown in the resulting figures of VDS vs ESV/V0 and BDW vs ESV/V0 in Figure 5-2 and 

Figure 5-3, respectively. 
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A future study must determine a more accurate measure of V0. This could be done, 

as described above, by performing measurements at multiple fixed levels of volume 

loading (as determined by LV EDP) and having an accurate measure of pericardial pressure 

for all experiments. It has also been suggested that equilibrium volume could be defined as 

the volume during diastasis [90].  

5.2.3 Is There Suction When ESV is Large? 

The most elusive question that still remains is whether or not suction exists at ESV 

above equilibrium volume. This obviously requires an accurate determination of 

equilibrium volume. Additionally, very precise measurements must be made in order that 

results are satisfactory and not considered to be the result of artefact. The results presented 

here, in Figure 3-11 as well as those reported by Z. Wang et al. [34] would suggest that 

there is active filling, in the form of suction, at large ESV’s. However, an experiment 

focused on this result should be performed in order to properly address this question.  
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Figure 5-1: Diastolic portion of the transmural PV loop. The linear extrapolation 

intersects with Ptm=0 at approximately 40mL, therefore V0≈40mL. Black=Baseline; 

Red=Isoproterenol; Pink=Volume Loading; Blue=Phenylephrine. 
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Figure 5-2: Pooled data showing VDS against the normalized ESV/V0 axis. The 

scattered data indacte the inaccuracy in determining V0. 
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Figure 5-3: Pooled data of the BDW against the normalized ESV/V0. The extremely 

scattered data would suggest there was significant noise in the BDW and V0 

measurement. 
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 CONCLUSIONS 

The purpose of this study was to perform a detailed analysis of the mechanisms 

contributing to early filling. Specifically, to study the presence of an active suction force 

which has been widely debated within the literature for over a century. DS, measured by 

the Katz Criterion, VDS, may be related to ESV and EF. The energy of the BDW 

contributing to DS may be related to EF. Decreasing ESV appears to increase the amount 

of elastic recoil energy that contributes to early filling. By either measure of DS, DS was 

suggested to increase with increasing EF. The magnitude and shape of the atrio-ventricular 

pressure gradient does not contribute to determining the mechanism driving filling, as it is 

derived solely from the velocity measurements and, therefore, cannot distinguish “push” 

from “pull”. 

Additional study outcomes considered the shape and energy breakdown of the PV 

loops using RWA. This preliminary analysis suggested that the reservoir component is the 

primary mechanism contributing to the change in shape of the ejection portion of the loop 

under different working conditions (such as with phenylephrine and isoproterenol). The 

energy breakdown showed that the hydraulic power and energy were greater with 

isoproterenol than at baseline and with phenylephrine, suggesting an inefficiency under the 

imposed working conditions.   
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A 

APPENDIX A Reservoir Wave Analysis 

The power-energy results of the RWA breakdown for all studies are included in the 

figures below. Each figure shows baseline, isoproterenol and phenylephrine (left>>right). 

The top panel shows the total PV loop in black and the reservoir pressure in red. The second 

panel shows the total power and energy, middle panel the hydraulic and the bottom panel 

shows the wave contribution to the hydraulic portion. Power is shown in the solid black 

and energy in the dashed black. Note that all of the scales are fixed, except for the wave 

intensity scale for isoproterenol in LMEDS16 Figure A 8 which is indicated within the 

figure.
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Figure A 1: LMEDS08 – PV Loop RWA Analysis 
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Figure A 2: LMEDS09 – PV Loop RWA Analysis 
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Figure A 3: LMEDS10 – PV Loop RWA Analysis 
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Figure A 4: LMEDS11 – PV Loop RWA Analysis 
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Figure A 5: LMEDS13 – PV Loop RWA Analysis 
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Figure A 6: LMEDS14 – PV Loop RWA Analysis 
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Figure A 7: LMEDS15 – PV Loop RWA Analysis 
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Figure A 8: LMEDS16 – PV Loop RWA Analysis 
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Figure A 9: LMEDS17 – PV Loop RWA Analysis 
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APPENDIX B Equilibrium Volume Analysis 

The summary of all approximations of the equilibrium volume, V0, are shown in 

the figures below. Experiments with measured PRA are indicated with the solid, as well as 

denoted on the y-axis as PLV-PRA. Measurements of PLV only are denoted by the dashed 

lines. In all case, each colour represents a specific intervention: black = baseline, red = 

isoproterenol, blue = phenylephrine, pink = volume loading and green = metoprolol. 

 

Figure B 1: LMEDS08, V0=18mL 
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Figure B 4: LMEDS11, V0=40mL 
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