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Abstract

The role of vortex ring formation and pressure drop
on dynamics of the left ventricle during diastole

By
Arash Kheradvar

In the field of cardiology, the current ability to accurately detect diastolic dysfunction is
unsatisfactory due to the lack of an effective diagnostic index. Currently, assessments of
diastolic dysfunction are based on echocardiographic measurements that are assumed to
be correlated with progression from mild dysfunction to more severe disease. However,
relying on existing ultrasonic indices for diagnosis of diastolic failure leads us to
underestimate the progress of dysfunction. The presence of vortical flow that develops
along with a strong propulsive trans-mitral jet during diastole in a normal left ventricle
has been demonstrated by different imaging modalities. Thus, physical characteristics of
these vortical structures may provide more effective indices of diastolic function than
existing ones. In the first few chapters of this thesis, I fully describe the relationship
between physical characteristics of these vortices and the dynamics of mitral valve during
diastole. We found that regardless of the valve size and the pressure drop time-constant,
the mitral annuls recoil computed would be maximized when the trans-mitral vortex ring

pinches off in a range of formation time between three and five.

In chapter five, I introduce a novel technique that can estimate the viscoelastic properties
of the left ventricle based on harmonic behavior of the ventricular chamber. Elastic

deformations resulting from the changes in the ventricular mechanical properties of



vil
myocardium are represented as a time-varying spring, while the viscous components of

the model include a time-varying viscous damper, representing relaxation and the

frictional energy loss.

In the final chapter, I discussed about effect of isovolumic relaxation phase on diastolic
rapid filling in the process of post infarction cardiac remodeling in sheep. The results of
this study confirmed that the post-infarction changes in isovolumic relaxation phase have
direct influence on diastolic rapid filling phase, which leads to complex variations in end-

diastolic lengthening and end-systolic shortening of the LV contractile elements.
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CHAPTER ONE

Introduction and Background

1.1. Background and Significance

Since the early twentieth century, technological advances have had a major impact on
diagnostic tools, therapeutic approaches, and instrumentation in the field of cardiology.
However, despite all the progress achieved in medical sciences, cardiovascular diseases
are still the leading cause of mortality and morbidity in the industrialized world. From
micro to macro, our limited understanding of the heart’s function continues to represent
an obstacle to our ability to design strategies for proper detection and effective treatment
of cardiac dysfunctions. Thus, the major challenge in solving the problem of dysfunctions
in the cardiovascular system arises mainly from an inadequate understanding of the basic

mechanisms governing the function of the system itself.

As an example, heart failure is now recognized as a major, growing, public health
problem in both industrialized and developing countries, mainly affecting the elderly
population. It has been reported that 4.8 million people in the United States suffer from

congestive heart failure (CHF) '. Every year 500,000 new cases of CHF are diagnosed'



and 274,000 people die due to its complications”. Despite significant advances in the
treatment of heart failure, mortality rates still remain high: 30 to 40 percent of patients
with advanced disease, and 5 to 10 percent of patients with mild symptoms die within 5
to 10 years®. Any effort to describe the epidemiology, etiology, and prognosis of heart
failure, however, must consider the difficulty in precisely defining the nature of heart
failure®. The term “heart failure” does not mean that the heart has failed; it simply
implies that the heart does not pump as effectively as it should and is not working

efficiently enough to meet the body's needs for oxygen-rich blood.
1.2. Diastolic Heart Failure

Heart failure (HF) can arise from any condition that compromises the contractility of the
heart (systolic heart failure), or that interferes with the heart's ability to relax (diastolic
heart failure). Hospital- and community-based reports indicate that around one-fourth to
one-half of patients with congestive heart failure (CHF) suffer from diastolic HF, and the
rest suffer from systolic HF”. However, diastolic HF may also lead to an accompanying

systolic HF®.

Diastolic heart failure is a clinical syndrome characterized by the symptoms and signs of
left heart dysfunction*, a preserved ejection fraction’ (EF), and an increased diastolic
filling pressure. From a conceptual perspective, diastolic heart failure occurs when the

ventricular chamber is unable to accept an adequate volume of blood during diastole at

" e.g., Exertional dyspnea, paroxysmal nocturnal dyspnea, orthopnea, jugular venous distention, crackles, a
displaced apical impulse, extra heart sounds S4 and S3, etc.

YEF(%) = W x100: LVEDV: Left Ventricular End Diastolic Volume; LVESV: Left
Ventricular End Systolic Volume. Preserved EF implies that EF >45%.



normal diastolic pressures and at volumes sufficient to maintain an appropriate stroke
volume. These abnormalities are initiated by a decrease in ventricular relaxation and/or an

increase in ventricular stiffness (decreased compliance)’.
1.3. Current techniques to evaluate Diastolic Dysfunction

Echocardiographyi is a valuable, non-invasive tool that employs Doppler principles for
imaging the heart and its surrounding structures. In general, echocardiography refers to
the process of imaging the heart with ultrasound, and is used to evaluate cardiac chamber
size, wall thickness, wall motion, valve configuration and motion, and the proximal great
vessels. By using the ultrasound technique, anatomic relationships or disorders (e.g.
septal defects, valve incompetency, etc) can be identified and some information regarding

cardiac function (e.g., blood flow) can also be deduced.

Normal trans-mitral blood flow is laminar and relatively low in velocity (usually less than
100 cm/sec). There is an early diastolic flow velocity, caused by the sustained myocardial
relaxation, that results in an LV pressure below LA pressure which causes the mitral
valve to open and rapid LV filling to occur (E-wave). The late component of diastolic
flow is caused by atrial contraction at the end diastole, which pushes the remaining blood

inside the LA into LV (A-wave).

! For further information refer to the appendix.
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Figure 1.1. Progression of diastolic dysfunction. In a normal adult, LA pressure is around 2-5 mmHg, the
peak E-wave is around 85 cm/s, and A-wave is around 45 cm/s. In the early stage of cardiac dysfunction,
because of abnormal relaxation, LVP cannot drop efficiently, so E-wave (index of suction) drops, DT
increases and A-wave (index of atrial contraction) increases to compensate the drop in E-wave. If no
treatment starts at this stage, heart tries to compensate the suction effect by increasing the LAP. At this
stage, E-wave, A-wave and DT look normal. This stage is critical because the changes are still reversible at
this point. In the next stage, the ventricle stiffens, which leads to an increase in LVP and eventually an
increase in LAP to compensate. At this stage E-wave is tall and A-wave shortens; in the final stage, the LAP
increases to around 40mmHg and the ventricle has a very low compliance. Modified from “Nishimura RA,
Tajik Al. Evaluation of diastolic filling of left ventricle in health and disease: Doppler echocardiography is
the clinician’s Rosetta stone. J Am Coll Cardiol 1997; 30:8—18”. NYHA: New York Heart Association
classification; LAP: Left Atrial Pressure.

Normally, in left ventricular diastole, early (rapid) filling exceeds the atrial component of
filling. Hence, the mitral inflow velocity profile shows that the E-wave is taller than the
A-wave®. With impaired relaxation, the E component will be reduced, resulting in a
lower E to A ratio. However, gradually, at some point, the left ventricle (LV) loses its
compliance and the A component starts to diminish, resulting in a corrected E/A ratio
while dysfunction is still progressing. Currently, assessments of diastolic dysfunction are
based on classifications that assume progression from mild dysfunction [E/A under 1,
isovolumic relaxation time (IVRT) over 100ms, normal E wave deceleration] to moderate

disease [pseudonormalization; i.e. apparently normal E/A], to severe dysfunction

¥ For further information about E and A waves refer to the appendix.



[restrictive; i.e. large E and small A, short E deceleration of under 120ms, short IVRT,

reduced pulmonary systolic wave]®.

Although the above progression may be common, it is, absolutely not predicTable. In
some cases, either impaired relaxation [e.g. hypertrophic cardiomyopathy] or decreased
compliance [e.g. restrictive cardiomyopathy] may prevail. With impaired relaxation,
early filling is weakened. Conversely, with a restrictive pattern, the E to A ratio increases
while early filling is quite normal. However, in cases where both types of dysfunctions
are present, or in the transition period between mild to moderate disease, a
pseudonormalization’ occurs that prohibits further deterioration of diastolic function

from appearing in E to A ratio changes (Figure 1.1).

This type of confusion, which arises from using existing ultrasonic indices for the
diagnosis of diastolic failure, leads us to underestimate the progress of dysfunction.
During the conversion of diastolic dysfunction from mild to severe stages,
pseudonormalization hides the progress of the disease in the moderate stage and,

therefore, the E to A wave ratio acts as a false indicator (Figure 1.1).

1.4. Vortex Formation and Force Generation

The presence of vortical structures that develop along with a strong propulsive jet during

normal LV diastole was initially recognized by in-vitro visualization of the ventricular

10,11

flow and subsequently confirmed by analyses based on color Doppler mapping'* and

Magnetic Resonance Imaging (MRI)"***.



Thus, physical characteristics of these vortical flow structures may provide a better
understanding of physiological events related to diastolic functionality and may also
result in more effective indices of diastolic function than existing methods. So far, the
process of vortex ring formation and its influence on dynamics of the left heart has not
been elucidated.

The topic of vortex rings, such as those observed in the LV during diastole, has received
much attention over the past few years, as evidenced by the growing number of
publications on this issue. The current understanding of the formation process and
dynamics of laminar and turbulent vortex rings has been discussed in a review by Shariff

and Leonard"” and recent works of Gharib group'®'"-'*.

Vortex rings typically develop from a starting jet-- a jet or pulse of fluid ejected into
quiescent surroundings. The characteristic stroke ratio of a starting jet is identified as the

ratio of the ejected jet length to the effective jet diameter(L/ D). Gharib, Rambod and

Shariff (GRS)'® discovered that by increasing the starting jet stroke ratio beyond a certain
range (~3.5-4.5), no additional energy or circulation enters the leading vortex ring, and
the remaining fluid in the pulse is ejected as a trailing jet. After this stage, the vortex ring
is said to have pinched off from the generating jet and the size of the leading vortex ring
can no longer be increased (Figure 1.2). GRS defined the vortex formation time at which

pinch-off process occurs as the “formation number”:

s L _Us “
D D |
pinchoff

" Note that F is a dimensionless parameter. U p 1s the average piston velocity and D is the piston diameter.



GRS also experimentally demonstrated that regardless of jet velocity and circular nozzle
size, the formation number at which maximum circulation is attained in a vortex ring
would be in the range of 3.6 and 4.5. The narrow range of formation numbers, observed
in various situations suggests that the formation number can be used as a robust
parameter for describing formation of a vortex ring. Regardless of the actual value of the
formation number, no additional circulation or energy enters a pinched-off vortex ringl6.
It has also been shown by Krueger and Gharib'’ that the time-averaged force generated
by a pulsed jet is maximized near the conditions that create vortex rings of maximum

circulation (Figure 1.3).

In other words, once the stroke ratio of a pulse is large enough to pinch off the leading
vortex ring and initiate formation of the trailing jet flow, an additional increase in stroke
ratio does not increase the time-averaged force unless it does so at the expense of
efficiency. Krueger and Gharib emphasized the importance of the formation of a single
leading vortex ring created by starting jets for efficient generation of force, showing that

a trailing jet plays a less important role in the process.

Figure 1.2. Vortex ring visualization. Visualization
of vortex rings at L/D= 9 for (a) L/D = 2, Re=2800;
(b) L/D = 3:8, Re= 6000; and (¢) L/D =14:5. For
further information refer to reference 16. Gharib M,
Rambod E, Shariff K. A universal time scale for
vortex ring formation. J. Fluid Mech: 121-140 APR
10, 1998




In a recent experimental study, Dabiri and Gharib'® modified the definition of formation
time in vortex generators with temporally variable nozzle diameter, such as the mitral
apparatus. In this more general definition, instead of using the averaged exit velocity and
a constant diameter, they averaged the proportion of instantaneous exit velocity and exit

nozzle diameter multiplied by the pulse duration:

o), [UC}T 12)
°D (g) D

€
where U, and D, are instantaneous exit velocity and opening diameter, respectively, and

T is the pulse duration. It was shown that this dimensionless time-scale properly
accounts for the effect of a time-dependent exit opening diameter. Thus, it removes the
ambiguity which arises from using the maximum or averaged mitral valve exit diameter.
The characteristics of a pulsed jet are sensitive to the time-dependent pressure gradient
that initiates the starting flow. Therefore, a potential way to better describe the trans-
mitral jet is to relate the vortex ring resulted from the trans-mitral jet to the diastolic

pressure gradient that initiates the flow in early diastole.

Figure 1.3. Average thrust
per pulse measurements. [t
has been observed that the
averaged thrust per pulse is
maximized for L/D in the
range of 3-4. For further
information refer to reference
(17) Krueger PS, Gharib M.
The significance of vortex
ring formation to the impulse
\ and thrust of a starting

—| jet. Physics of Fluids 15 (5):
\ | 1271-1281.

l-(;

Average Thrust During a Pulse (grams)
(-]
|
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1.5. LV Diastolic Pressure

The end of systole occurs when the cardiac muscles undergo relaxation. By comparing
left ventricular pressure (LVP), aortic pressure, aortic flow, dP/dt and ECG in open-chest
dogs, Abel®® showed that the maximal negative dP/dt (i.e., maximal rate of ventricular
relaxation) corresponds closely to the end of ventricular systole, which is defined by
stoppage of the forward flow in the ascending aorta. Weiss, et al*' demonstrated that the
time course of the left ventricular pressure-drop in isovolumic relaxation phase — after
maximum negative dP/dt — can be regressed to an exponential function. This exponential
time course of LV pressure drop during isovolumic relaxation phase (IVR) allows

characterizing this phase by the time constant of the exponential function z:
—t
P=F eXP(?) (1-3)

where P, is the pressure at the initiation of the pressure drop and 7 is the pressure drop

time-constant which is a measure of LV suction. Yellin, et al** discovered that in a
completely isovolumic non-filling cycle, the ventricle often relaxes to a negative
minimum pressure (i.e., a state of suction). They modified the above mono-exponential

equation as a more general form:
P=(R-P)exp(Chy+p,  (1-4)
T

where P, is the pressure asymptote. In addition, Hori, et al*> demonstrated the existence

of an inverse relationship between the end systolic volume and the maximum negative

diastolic pressure in the intact canine heart. They concluded that ventricular suction exists
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under physiological conditions and plays an important role in diastolic filling, particularly

during exercise and tachycardia'™, while more blood needed to be ejected during systole.

During the course of diastolic dysfunction, as well as in the process of normal aging**, a
profound shift in the pattern of left ventricular filling occurs. Patients display a prolonged
isovolumic relaxation time (IVRT), a marked reduction in the early diastolic filling rate
(E-wave), a more gradual deceleration of early filling and an augmentation of the atrial
component of the filling (A-wave)®. It has been presumed that these changes in filling
dynamics result primarily from the slowing rate of LV pressure drop, manifested in the
intact heart by prolongation of the time-constant of pressure drop (7 )**?’. We also
showed that the pressure drop during the isovolumic relaxation phase at different
chronological stages of cardiac remodeling followed by myocardial infarction (MI),

changes to compensate for diastolic dysfunction **.

1.6. Vortex Formation Time as a coupling parameter between Diastole and

Systole

Diastolic dysfunctions, in steps that precede complete diastolic failure, are reflected in the
dynamics of trans-mitral blood flow during early diastole (i.e. during the E-wave). The
aim was to determine whether vortex formation time resulting from trans-mitral flow and
valve kinematics can be used as a global parameter to identify the impairment of LV

diastolic function at different stages of disease.

Diastole and systole are coupled to each other by the fact that the total volume of blood

ejected during systole is originally received from the atria during diastole. Considering

' A rapid heart rate, usually defined as greater than 100
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this coupling, one should also be able to establish a quantitative relationship between
these two phases. In this section, vortex formation time as an index for trans-mitral flow
during early diastole, and the ejection fraction (EF) as the standard measure for the LV
function, would be related to each other. The following derivation establishes this
relationship:

The term “ejection fraction” refers to the proportion of stroke volume to the end diastolic
volume:

_ LVEDV - LVESV
LVEDV

EF

(1-5)

where LVEDV and LVESV are the Left Ventricular End-Diastolic and End-Systolic

Volumes, respectively:
EF x LVEDV = LVEDV — LVESV =STROKE VOLUME (SV) (1-6)

Stroke volume can also be written as:
SV =Vp+V, =17E.TE.%52 +L7A.TA.%52 (1-7)
where ¥, and V, are the volume contributions of E and A waves in ventricular filling,

U, and U, are averaged velocities during E and A waves, and D is the averaged

opening diameter of mitral valve. Multiplying both sides by 13 :
7.D
4 — T = — T —=
SVXE:(UE.TE.ZDz+UA.TA.ZD2)><”._ (1-8)

or

4 Up.Ty 4

——x(EFXLVEDV)=———=+V  x—— 1-9

z.D? D 4 2D? (1-9)
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U,.T,

Considering formation time from (1-1) as7 = 5 the equation (1-8) can be
reorganized as:
i x(EF x LVEDYV) - v (1-10)
n.D’ zD’
or
T" = Bsx(EFxLVEDV)x(]—ﬁ) (1-11)
T.

where B is the percentage of stroke volume that corresponds to contribution of atrial

contraction in LV filling and can be measured with ultrasound modalities. By

JLVEDV
defininga = —5 the equation (1-11) can be rewritten as:

r=40=D s e (1-12)
T

In a normal heart at rest,V, = 0.20x SV or £ =0.20. Therefore, the formation time at

rest in a healthy heart can be computed as:

+ 4x0.80

T —— o’ EF (1-13
r.D’ ( )

From (1-13), one can obtain variations of formation time as a function of ventricular
geometric parameter () for different values of EF. For example, the solid line in Figure
1.4 shows that for EF=0.65, the formation time for E-wave increases along with o.
Computing o based on normal human heart values for LVEDV and the averaged diameter
for the same heart® would result in a range of 1.7 and 2 for a. This curve shows that

during a normal diastolic function, the E-wave phase is completed within a formation



13

time ranging between 3.3 and 5.5, similar to the optimal range found in previous vortex
ring studies'®'”. Likewise, one can reach the conclusion that for a reduced EF (=0.3), as
is the case for an end-stage systolic heart failure, the formation time range drastically
drops to 1.5-2.5%°. This result predicts that the derived vortex formation time index can
even discern the occurrence of the type of LV dysfunctions that appear in the value of EF

(systolic dysfunctions).

Figure 1.4. The relationship between
formation time and geometrical factor (o).

For the physiological ranges of o, formation
time between 3.3 and 5.5 represents optimality
for the normal heart, while a lower formation
time range of 1.5-2.5 marks a reduced ejection
fraction. Gharib M, Rambod E, Kheradvar A,
et al. A global index for heart failure based on
optimal vortex formation in the left ventricle.
Proc Natl Acad Sci 2006 18;103(16):6305-8.

—— EF=%6%5 B=0.2 1
—e— EF=%30: B=02] gt .

il 2 4 (= B 10 12
Formation Time

1.7. Preliminary Clinical Study

Two independent preliminary studies®® were carried out at University of California at San
Diego and at Caltech by Gharib’s group. A total of 110 volunteers, between 5 and 84
years of age, were randomly selected, for both studies, to undergo trans-thoracic

echocardiography (TTE) for imaging the left ventricle from the apical view.

To evaluate the LV diastolic filling and its relationship to the trans-mitral velocity profile,

the maximum diameter of mitral annulus ( D,,,, ) was measured from the long-axis apical

max

view using ultrasound M-mode Doppler. The distance from mitral annulus to the cardiac

apex (L) was also obtained from the 2D echo images. Mean trans-mitral velocity (U )
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was obtained by pulsed-wave (PW) Doppler in the immediate downstream vicinity of
mitral valve leaflets. Formation time was computed for each case based on an

approximate definition:

— U, T,

(1-14)

Figure 1.4 shows the distribution of formation time versus age for both groups between
the age of 5 and 84. The large, red squares mark the data for volunteers with DCM. A
power curve-fit was used for the non-DCM cases, which shows that in adults [older than
20 years of age], distribution of formation time converges to a unique range of values
between 3.5 and 5.0. In this plot, formation numbers for DCM cases are generally
located below this range (Figure 1.5). A likely source of scatter in this preliminary data is
derived from the use of the approximate definition for vortex formation time, which
incorporates the maximum mitral valve exit diameter rather than the time-dependent
diameter, as is discussed in the present proposal. Based on the previous experiments, a

new protocol is suggested for the clinical validation study, which is described in appendix

(A.3.).
Figure 1.5. Distribution
8 . of formation time versus
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® 7 * . . normal population and
€ 6 :.., o ‘e .3 . ¢ . . red spots represent DCM
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s % e MR A TR IR $ . is only fitted to the
T 4 . o — normal data.
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1.8. Objectives

The flow inside the left ventricle represents one of the most interesting problems in
biological fluid dynamics, depending on its relevance on the global functionality of the
heart pump. Due to the complexity of the relationship between left ventricular (LV)
filling and ejection, the diastolic function must be contemplated for the assessment of
global LV systolic function. Impairment of diastolic filling may result in a reduced pump
function. One of the most important fluid phenomena involved in the left ventricular
diastolic flow is related to the presence of vortical structures that develop with the strong

jet that enters through the mitral valve.

The importance of vortex ring formation and the pinch-off process to propulsion rests on
the relative contribution of the leading vortex ring and the trailing jet to the impulse
supplied to the flow. The relationship between the vortex ring formation and the impulse
supplied to the flow by individual starting jet during diastole seems to be particularly
important. One of the main goals of the present study is to relate the vortex pinch-off
process and the LV pressure drop during diastole. Our hypothesis is that the vortex
formation time as a global non-dimensional index can be used to quantify diastolic
function, regardless of other patient-dependent factors [e.g. sex, heart size, etc.], and can

be used to improve our ability to predict the process that leads to diastolic failure.

The events in early diastole can be summarized as the untwisting process that drops the
pressure in the LV>', eventually leads to release of potential energy stored during systole,
and finally results in the response of the LV to this pressure drop>>. The response of the

LV to the sudden pressure drop begins with the mitral valve opening, blood transfer from
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the atrium through the mitral valve, and ends up with the upward movement of cardiac

base [mitral annulus plane] as a reaction to the blood jet.

Disease-related dysfunctions in each step of the above-mentioned process are reflected in
the dynamics of trans-mitral blood flow during early diastole. However, variations in
early trans-mitral blood flow can influence the vortex formation process in the ventricle.
Therefore, the vortex formation number as a parameter related to the hemodynamics of
early diastolic blood flow can be developed and used as a global index to characterize the

state of diastolic function [i.e., suction and mitral valve dynamics].

Conventional measurements that reflect changes in normal diastolic function generally
depend on patient-specific indices like the onset, rate, and extent of ventricular filling and
pressure decline; pressure-volume or stress-strain relationships during diastole; and
relations between E and A waves™. Indeed, ultrasonic measurements of existing blood
flow indices cannot be interpreted correctly without a prior knowledge of gender, heart
size, etc., besides the confusion of the current technique in diagnosing moderate HF.
Other measurements, like intraventricular pressure and stress-strain relationships, are
more difficult to obtain and cannot be made non-invasively. Moreover, since these
conventional indices usually do not show a significant change until the heart is seriously

dysfunctional®*, their effectiveness is limited.

Little has been done to experimentally measure the exerted force on the base of the heart
due to blood jet in diastole, which leads to axial (upward) displacement of the mitral
annulus. The major obstacles to this kind of experimentation are uncertainty about the

origin of the resulting force and lack of a global model to describe the complex dynamics
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resulting from interaction between tissue and blood in cardiac chambers. Considering the
partial contribution of the blood jet in generating force, and studying the relationship
between various vortex formation conditions and the magnitude of the force in-vitro and
in-vivo, could result in a better understanding of the complex dynamics of diastole, as

well as the discovery of the conditions in which the diastolic phase is optimized.

The general objective of this thesis is to develop a better understanding of the role of
trans-mitral blood flow in the heart by relating the vortex formation process to other
hemodynamical factors that influence diastolic function in early diastole. Implementing
novel diagnostic criteria which detect early diastolic dysfunctions will save millions of

lives.



CHAPTER TWO

Correlation between Vortex Ring Formation and Mitral
Annulus Dynamics during Ventricular Rapid Filling**

2.1. Chapter Abstract

One of the most important fluid phenomena observed in the left ventricle during diastole
is the presence of vortex rings that develop with a strong jet entering through the mitral
valve. The present study is focused on the rapid-filling phase of diastole, during which
the left ventricle expands and receives blood through the fully-open mitral valve. The
atrio-ventricular system during rapid-filling phase was emulated experimentally with a
simplified mechanical model, in which the relevant pressure decay and the dimension of
mitral annulus approximate the physiological and pathological values. DPIV
measurements were correlated with the force measurements on mitral annulus plane to
analyze the relationship between the flow and the mitral annulus motion. The recoil force
on the displaced annulus plane was computed based on the plane’s acceleration and
velocity, and correlated with the in-flow jet. Measurements of the recoil force for
different values of the mitral annulus diameter showed that the recoil force was generated

during fluid propulsion and it is maximal for an annulus diameter close to the normal

H ASAIO journal, in press (scheduled for publication in Jan-Feb 2007 issue)
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adult value in a healthy left ventricle. We also tested annulus diameters smaller and larger
than normal. The smaller annulus corresponds to the stenotic valves, and the larger
annulus exists in dilated cardiomyopathy cases. In both conditions, the recoil force was
found to be smaller than in the normal case. These observations are consistent with the
previously reported results for dilated cardiomyopathy and mitral stenosis clinical

conditions as mentioned in the text.

2.2. Introduction

The topic of vortex rings has received much attention over the past few years. Vortex
rings occur in nature wherever propulsive flow exists, from those seen in erupting
volcanoes to those generated by squid and jellyfish to propel them. They are also present
in the left ventricle (LV). The current understanding of the formation process and
dynamics of the vortex rings has been extensively described in the literature'>'%%+%¢.

However, the process of vortex ring formation and its influence on dynamics of the left

heart have not been elucidated so far.

The presence of vortex rings that develop during cardiac diastole was initially recognized

10,11

by in-vitro visualization of the ventricular flow and subsequently confirmed by

12,37 13,14

analyses based on color Doppler mapping and Magnetic Resonance Imaging
During diastole, when the left ventricle is filling with the blood jet from the atrium, the
ventricle expands and, as a result, the atrio-ventricular plane moves in opposite direction
with respect to the blood flow. Little has been done so far to understand if any correlation

exists between this movement and the formation process of the vortex ring created by the

blood jet.
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Vortex rings typically develop from a jet, or slug of fluid, ejected from a nozzle. In fluid
mechanics, mitral inflow is considered a starting jet ejected from left atrium to the left
ventricle. The characteristic stroke ratio of a starting jet (L/ D), typically produced by a
piston-cylinder mechanism, is identified as the ratio of the ejected jet length

(L= '[Tu ison (D)AE 5 Where “u 7 is the piston velocity, “#” is time and “T” is the period

of piston displacement) to the effective jet diameter (D). This ratio is usually referred to

16,38,39 . . . . .
%27 and 1s a non-dimensional measure of time. Gharib, Rambod and

as formation time
Shariff (GRS)'® discovered that by increasing the stroke ratio of a starting jet to values
greater than 4, in semi-infinite space, no additional energy or circulation enters the
leading vortex ring and the remaining fluid in the pulse will be ejected as a trailing jet.
After this stage, the vortex ring is said to have pinched off from the starting jet, and as a
result, the size of the leading vortex ring can not increase. The value of the stroke ratio
(formation time) at which pinch-off occurs is recognized as vortex formation number.

GRS experimentally showed that regardless of the jet velocity and the nozzle size in a

semi-infinite space, the formation number lies between 3.6 and 4.5'°.

In a different experimental study, Krueger and Gharib'’ showed that the time-averaged
thrust generated by a pulsed jet in semi-infinite space would be maximized, once a vortex
ring with maximum circulation is created. In other words, once the stroke ratio of a
pulsed jet is large enough to pinch off the leading vortex ring and initiate formation of the
trailing jet flow, further increase in stroke ratio does not increase the time-averaged
thrust. Krueger and Gharib'’ emphasized that formation of a single leading vortex ring
has a more significant role in efficient generation of thrust, when compared to the trailing

jet.
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In this study, we examined the formation of a vortex ring in a confined chamber, in
contrast to previous studies done in a semi-infinite space. The objective was to
understand the dynamics of mitral annulus plane and its correlation to trans-mitral flow,
using vortex ring formation as an index. To study this, we chose a simplified system to
experimentally simulate the contribution of the vortex ring on the dynamics of the

annulus plane.

In a normal ventricle, the annulus plane motion is mainly a consequence of compliance
effect and passive stiffness of myocardium. However, the compliant walls of the ventricle
would affect generation of a vortex ring along with the trans-mitral jet by dropping the
LV pressure [suction effect] during diastole’, and would literally interact with the
formed vortex*'. As a result, we chose to generate a vortex ring using an exponential

21,22,42

pressure drop, mimicking the suction in the left ventricle while carefully avoiding

the influence of other factors.

In this study, the annulus is circular in shape, whereas the mitral annulus is oval-shaped,
and contains leaflet structures that interact with the flow. However, incorporating leaflets
without knowing the behavior of the system with no valves makes the interpretation of
the results more difficult. Since no valve is used in this study, we only consider the effect

of suction on the generating jet, once the mitral valve is fully open.

2.3. Methods

The experimental setup was a simplified analog of the left heart during rapid filling phase
of diastole. In early diastole, pressure decays quickly in the left ventricle, the mitral valve

opens immediately in response to pressure drop, allowing blood transfer from atrium to
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ventricle, and finally, the valve plane moves in the opposite direction with respect to
blood flow. To be consistent with cardiac physiology, the LV pressure drop in early
diastole was modeled as a decaying exponential function with pressure drop time

constant (7)*' in physiologic range.

2.3.1. Experimental setup components

The experimental setup was comprised of two chambers partially filled with water; the
nominal ventricle was built as a Plexiglas chamber connected to a suction pump (VSI
SPS3891, Vivitro Systems Inc) to generate pressure drop, and the nominal atrium was a
cylindrical tube sitting inside the ventricular chamber, as shown in Figure 2.1.
Dimensions of the ventricular box were 13cm (width) by 13cm (depth) by 20cm (height),
although, only the lower 13cm of the box was filled with fluid (Figure 2.1). The base
[annulus plane] to apex distance was set to 9cm which is the same as the base-apex
distance in LV, as mentioned in medical literature****. The fully-open mitral annulus was
experimentally simulated as a flat plate with a circular annulus, which was made of
neutrally buoyant Plexiglas to avoid any behavior influenced by difference in density.
Additionally, to prevent the effect of mass transfer on annulus-plane dynamics, a low
flow resistant pneumatic check-valve (R-702, Resenex corp. Chatsworth, CA) was placed
on the ventricular chamber. The mass of fluid entering from the atrial tube pushed the
trapped air in the ventricular chamber out of the box through the check-valve, avoiding

mass transfer effect.



23

13
1¥)
o
=]
E
w
8
Q
-------------------------- SUPERPUMP SYSTEM
" VsISPs3831
1 annulus plate
£
d g
7 4 &
13.00 cm
7/

Ventricular Chamber

High-Speed CAMERA

=
®

Figure 2.1. Schematics of the experimental setup. The experimental setup was comprised of two
chambers partially filled with water; the nominal ventricle was built as a Plexiglas chamber connected to a
suction pump to generate pressure drop, and the nominal atrium was a cylindrical tube sitting inside the
ventricular chamber, as shown in Figure 1. Dimensions of the ventricular box were 13cm (width) by 13cm
(depth) by 20cm (height), although, only the lower 13 cm of the box is full. The base [annulus plane] to
apex distance was set to 9cm. two high speed cameras track the water level velocity and the annulus plane
motion. Flow was illuminated by a 25mJ double pulsed Nd:YAG laser with the pulse separation of 1ms.
A high-resolution monochrome CCD digital camera was positioned perpendicular to the ventricular
chamber to capture the image sequences of the particle field.

To reproduce the movement of the valve plane during early diastole, the annulus-plane
was allowed to slide in the downstream end of the atrial tube without friction. Three L-
shaped rods prevented the plate from falling into the ventricular chamber. The LV
pressure drop was reproduced by using a computer-controlled suction pump. The
considered range for pressure drop time-constant was within the physiologic limits*>*’

and the volume of ejected fluid was set to 50ml, which is equivalent to the volume of

blood transferred into the human LV during early diastole™.
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P Trans-annulus pressure Table 2.1. Abbreviations and acronyms
P, Initial ventricular pressure
P v Ventricular pressure
P, Pressure at atrial side of the nozzle
T Pressure drop time-constant
V Volume of fluid passes the annulus
U J Instantaneous exit jet velocity
U, Water-level velocity at the atrium
Up Annulus-plane velocity
U picion Piston velocity
D, Annulus diameter
D , Atrial tube diameter
P Water density
V4 Volume of fluid in atrium
Vo Initial volume of fluid in atrium
Xo Initial position of water level in atrium
X Instantaneous position of water-level
T* Formation time
t Time
m Mass of the annulus plane plus the atrial fluid
g Gravitational acceleration
ap Annulus plane acceleration
M tnmuus  Mass of the annulus plane
L, Ejecting height of water-level at atrium
L, Nominal ejected jet length
r Circulation
® Vorticity

Both chambers and the sliding annulus plane were made out of Plexiglas to facilitate flow

visualization and annulus-plane motion measurements.

2.3.2. Reproduction of early diastole

For each experiment, both atrial and ventricular chambers were set to have atmospheric
pressure. To reproduce the sudden pressure drop in early diastole, the suction pump
created a rapid pressure difference between the water inside the cylindrical atrium and the
water inside the ventricular chamber. Three different sizes for annulus diameter were

used to experimentally simulate different flow conditions. For all the considered cases,
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the pump was set to displace a constant volume of fluid (50ml) while the pressure drop
scheme and the initial water height in the system were kept the same. The pressure inside
the ventricular chamber and trans-annulus pressure were measured with a real-time
pressure monitoring system during the experiment (Deltran DPT-400 pressure
transducers and VSI-TP8891 Vivitro Systems Inc). For accuracy of measurement and to
make sure that the obtained results were reproducible and consistent with each other,
every set of the experiment ran in 20 consecutive cycles. For each single cycle, the LV
pressure was forced to decay as an exponential function in response to the applied

suction:

—t
P, =F, eXp(T) (2-1)

where P, is the initial pressure set to atmospheric value, 7 is the pressure drop time-

constant and adjusted to be 35+5 milliseconds and ¢ is time. The duration of each cycle

47,48,49

was set to 100ms imitating the duration of rapid filling phase of diastole (E-wave).

2.3.3. Measurement methods

Displacement of the water level inside the atrial tube was captured using a high-speed
camera (Photron FASTCAM-Ultima APX, PHOTRON US4, INC. San Diego, CA) at 250
frames per second. The water level velocity was computed by finite difference based on
the measured water-level displacement data. Applying continuity equation and
considering a uniform profile for exit jet velocity over the annulus cross-section, trans-

annulus flow rate computed as:
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dVﬂ'

DIU,-Uy== DU -U
— =2 DU, Uy ( r) (2-2)

where V is the volume of fluid going through the annulus, U is the instantaneous exit jet
velocity, U, is the water-level velocity at the atrium, U, is the annulus plane velocity,
and D, and D , are the annulus diameter and the cross sectional diameter of atrial tube,

respectively. Instantaneous exit jet velocity (U ;) was computed as:

2

U, (1) = ;‘U O+(1-2 Z00,0) @23)

Displacement of the annulus plane was monitored by a second high-speed camera
[duplicating the first camera, mentioned earlier]. The two cameras were synchronized to
capture immediate changes in flow and the annulus plane dynamics. Mass of the fluid

inside the atrial tube at each instant of time was computed as:
T 2 X
plav, =pt, =, Ditx, = [ dv) o4
Xo

where p is water density, dV, is the fluid volume element at each instant of time, V), is
the initial volume of the fluid in atrium, x, is the initial position of atrial water level with

respect to the origin before starting the experiment, x is the instant position of water level
and dx is atrial water-level position element at each instant of time with respect to the
origin. Formation time (7*) was computed based on the definition described by Gharib,’

et al, as:

1
re=-JUsds @)
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The flow characteristic information [e.g. velocity field and circulation] was captured by
phase-averaged DPIV (Digital Particle Image Velocimetry)’’. DPIV uses two digital
images of a particle-seeded flow illuminated by a thin laser sheet to determine the
displacement field of the particles in the field of view (sampling window), by cross-
correlating pixels in a subsection of two images. A high-resolution monochrome CCD
digital camera (30fps, 768x480; TM-9701, PULNiX America, Inc.) was positioned
perpendicular to the ventricular chamber to capture the image sequences of particle field
(Figure 2.1). Pairs of images were captured from an illuminated sheet of fluorescent
particles generated by a 25mJ double pulsed Nd:YAG laser with the pulse separation of

1ms.

The length of each pressure-drop cycle was set to 100ms, as mentioned earlier. The CCD
camera used for DPIV took 2 pairs of images in each cycle. There were 20 consecutive
cycles which were identical because of the same pressure drop (t=35+5) applied. DPIV
data were phase-averaged over the 20 identical cycles. Therefore, a total of 40
velocity/vorticity fields were captured at different time points in the rapid filling phase.
This temporal resolution gave us an accurate estimate of the velocity and vorticity fields
and enabled us to compute circulation of the vortex rings as well as validate the exit jet

velocity (U, ) obtained from a different method (2-3). The CCD camera was triggered

simultaneously with the first cycle of the experiment and was synchronized with the
PHOTRON high-speed cameras. The laser sheet was set perpendicular to the jet and cut
through the center of annulus. This configuration allowed analysis of velocity and

vorticity fields resulting from the starting jet at the illuminated cross-section.
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Vortex ring circulation within its formation stages was computed using DPIV data
(Figure 2.7). Based on saturation status of circulation, the onset of pinch-off was
determined. Circulation (I') was computed based on the vorticity field (computed from
velocity field) of each captured frame. Vorticity (o) is defined as the curl of the velocity

vector:
w=Vxu (2-6)
Circulation (I') is characterized as the line integral of the velocity. Based on Stoke’s

theorem, the circulation around a reducible curve (c) is equal to the flux of vorticity

through an open surface (A) with unit normal vector “n” bounded by the curve, that is:

I'= iudk = Lco.nds (2-7)

where the right side is a surface integral and the left side is a line integral, “u” is the

velocity vector®!, ds is the surface element, and dk is the line element.
2.3.4. Control volume analysis

The momentum equation related to the setup was derived by considering the control
volume (Q) equations for the fluid inside the atrial tube (Figure 2.2). Flow was
considered inertia dominant because of high Reynolds numbers at the annulus, and shear
stress contribution to the momentum equation was neglected. Assuming constant
gravitational field (g) acting on the control volume (Q) with moving boundary, the

momentum equation would be described as:

0
— (mU,)+p j U,((U, —U,)n)ds = mg + j (P,—Pds (23
oQ oQ
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where U, is the instantaneous exit jet velocity, U, is the annulus plane velocity and m

is the mass of the annulus plane together with the instantaneous mass of the fluid:

m(t) = MAnnulus + IO.[ dVA (t) (2'9)
Q

P is the pressure at the annulus and P, is the pressure at the atrial side of the nozzle

(Table 2.1). Based on the momentum equation (2-8), recoil force is described as

0 0
Frecoil = a(mUp) = MAnnulusap + pjapdVA + pEJ‘UpdVA (2-10)
Q Q

where Qpis the annulus plane acceleration. Thrust generated by the propulsion is

described from momentum equation as:

Fiust = P j U, (U, - Up )-n)ds + J(P — P, )nds (2-11)
oQ o0Q

where n is the unit outward normal and ds is the area element. This study considered
uniform profile for the flow over the annulus. The only external force that applied to the
surface of control volume was the weight of annulus plane, together with the fluid at each
instant of time. Considering the direction of forces (Figure 2.2), equations (2-8), (2-10)

and (2-11) are summarized as:

Fthrust - mg (2' 1 2)

recoil
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Figure 2.2. Embedded control volume (€2) of fluid inside
the atrial tube and at the annulus. U is instantaneous

exit jet velocity, U, is the annulus plane velocity, F, is

thrust
the force generated by thrust, F

wcoil 18 the recoil force
exerted on the annulus plane and mg is the weight of annulus
plane plus instantaneous weight of water inside the atrial

tube (over the annulus plane).

2.4.1. Exit jet velocity and formation time

Exit jet velocity for each annulus diameter was computed based on equation (2-3) and is

shown in Figure 2.3. Formation time was computed based on the instantaneous exit jet

velocity (2-3) and the corresponding annulus diameter. For comparison purposes, all the

results were shown as function of formation time, which is a non-dimensional time

parameter'®. For the largest annulus size (D ,=3.00 cm), velocity reached its maximum

(10848 cm/s) at T*=0.97+0.3 and the trans-annulus flow ended at around 7*=2.00. For

D, =2.50 cm, trans-annulus jet reached its peak velocity (188+10 cm/s) at 7*=2.00+0.2

and the flow ended prior to 7*=6.00. Using the smallest annulus size (D, =1.75 cm),

trans-annulus jet velocity reached its maximum (28711 cm/s) at T*= 5.90+0.6 and the

flow terminated around 7*=12.00 (Figure 2.3).
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2.4.2. Trans-annulus pressure

Pressure difference between the atrial tube and ventricular chamber at the annulus (P)
was measured during pressure drop in each cycle. The trans-annulus pressure normalized

with the initial LV pressure ( 7, ) for each case plotted as function of formation time in
Figure 2.4. For D,=3.00 cm, pressure at the annulus dropped to 20 percent of its initial
value at 7*=].10+0.2. The same extent of pressure drop occurred for D, =2.50 cm, at

T#=2.30+ 0.3 and for D, =1.75 cm, at T*=3.40 + 0.3.

2.4.3. Recoil force and thrust

For each annulus size, the velocity (Up) and the acceleration of the annulus plane (dp)
were measured, and the recoil force (F,_,) was computed based on momentum equation

(2-8). The recoil force as function of formation time is shown in Figure 2.5 for each
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annulus size. For D,=3.00 cm, recoil force reached its peak at T*= 2.00+0.1, for
D, =2.50 cm, the maximal recoil force was attained at 7*=3.8+(0.2 and for D,=1.75 cm,

the forced had the peak at 7*=11.00+0.4 (Figure 2.5).

Force generated by the thrust (F),, ) was computed based on exit jet velocity, annulus

hrust
plane velocity and the pressure at the annulus (2-11). The magnitude of thrust can be
compared with the recoil force in Figures 2.6 and 2.5. The thrust subtracted by instant
weight of the atrial tube (mg) versus formation time is shown in Figure 2.6 for each

annulus size. For D, =3.00 cm, thrust reached its peak at 7*=2.00+0.1, for D,=2.50 cm,
the maximal thrust was attained at 7%=5.0+0.4 and for D, =1.75 cm, the forced had the

peak at 7*=11.00+0.3 (Figure 2.6). The recoil force was computed based on equation (2-
10) by tracking the annulus movement and trans-annulus flow with the high-speed

camera.

Figure 2.4. Trans-annulus
pressure normalized with
the initial LV pressure
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pressure at the annulus
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Likewise, the thrust magnitude was computed by measuring variations in trans-annulus

pressure together with the instantaneous jet velocity (2-11). Considering that F oot and

Fy..c¢ have been computed by different experimental techniques, the slight
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discrepancies in the relative timings of the two quantities could be attributed to

measurement errors.
2.4.4. Circulation

Circulation of the ejected vortex ring was computed based on vorticity/velocity fields (2-
6 and 2-7) obtained from phase-averaged DPIV (Figure 2.7). Vortex ring pinches off
when no additional energy or circulation would be added to the leading vortex ring'®. By
plotting the circulation versus formation time, the incident of pinch-off (formation
number) can be defined as the formation time (7*) at which the circulation curve
saturates. Figure 2.8 compares the vortex ring circulation as function of formation time
for each annulus diameter studied. It can be observed that the slope of circulation curve

dramatically flattens at 7*=2.00+0.2 for D,=3.00 cm. For D,=2.50 cm, circulation
curve started to saturate at 7*= 4.00+0.2. However, for D, =1.75 cm, the circulation

curve grew further than the former cases until 7*=13.00+0.6 at which the circulation

curve began to flatten (Figure 2.8).

.

Figure 2.7. (Left). The particle field of the experiment with D;=3.00 cm when a vortex ring is

forming from trans-annulus flow. (Right) the velocity field of the same experiment. The circulation
() of the leading vortex ring was computed from a sequence of velocity fields.
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2.5. Discussion

The timing of trans-annulus pressure drop was found to be inversely correlated with the
size of the annulus regardless of the similar pressure drop (t=35+5) in ventricular

chamber (Figure 2.4). Faster pressure drop for D, =3.00 c¢m resulted in completion of

trans-annulus flow [volume transfer] in a shorter formation time (Figure 2.3). For

D,=2.50 cm and D,=1.75 cm, trans-annulus flow completed in 7*=5.40+0.5 and

T*=11.30+0.6, respectively.

Although the volume of fluid transferred between the two chambers were identical, the
magnitude and the instant of the recoil force was not the same for the annulus diameters
studied (Figure 2.5). Therefore, the size of annulus is a significant parameter in dynamics
of the annulus plane during propulsion. This study was planned in such a way that no

other forces rather than the ones generated due to the trans-annulus flow can affect on the
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annulus plane. As a matter of fact, we computed the thrust generated during propulsion
(Figure 2.6) and the circulation of the ejected vortex ring for each case (Figure 2.8) to

correlate with the annulus plane recoil force.

The final magnitude of thrust generated by each annulus diameter was almost identical,
while the time it took for each annulus size to reach the peak was different (Figure 2.6).
This was the consequence of how momentum transferred from one chamber to another;
the peak incident showed a direct relationship with the time period needed to complete
the volume transfer (Figures 2.3 and 2.6). Considering the recoil force (Figure 2.5), it can
be observed that it reached a peak (Figure 2.5) once the thrust force was close to its
maximal magnitude (Figure 2.6), thus confirming the same occurrence of the recoil force

and the thrust.

The other parameter that was found to be changing with different annulus sizes was the
vortex ring circulation (Figure 2.8). It has been observed that decreasing the size of the
annulus increases the final magnitude of the circulation (Figure 2.8). However, the
formation time at which the magnitude of the circulation saturated was different for each

annulus size. The larger the annulus diameter, the sooner the circulation saturates.

Considering the trend of vortex ring circulation and the incident of maximal recoil force
(Figures 2.5 and 2.8), for D, =3.00 cm and D, =2.50 cm, it can be observed that the peak
recoil force occurred at the formation time (7*= 2.00+0.1 and T*=3.8+0.2, respectively)
in which circulation was saturating (7*=2.00+0.2 and T*=4.00+0.2, respectively). In the
case of D,=1.75 cm, the peak recoil force occurred at 7*=171.30+0.3, later than the

formation time at which circulation saturated (7*=170.00+0.3).
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Figure 2.9. Snapshot of the vorticity field obtained by DPIV for different cases at the onset of peak
recoil force. (A) D, =3.00 cm: in this case, the vorticity field shows that the leading vortex was not yet

pinched off (T*= 2.00+0.1), whereas it was hitting the bottom wall. This prevented further growth of the
leading vortex ring. (B) D, =2.50 cm: in this case the leading vortex has just pinched off (7%=3.8+0.2) and

(C) D, =1.75 cm: in this case, the recoil force had a peak at 7*=11.00+0.4. The corresponding vorticity

field shows that there was only trailing jet, meaning that the leading vortex ring has already been pinched
off.

It has been shown previously that a vortex ring is considered pinched off when the
circulation does not increase, which means that the leading vortex ring does not receive
any additional energy from the starting jet’°. In the present study, it was found that for

D,=3.00 cm and D,=2.50 cm, both maximal recoil force and maximal jet thrust

occurred at the formation time in which vortex ring circulation was saturated. Figure 2.9
shows a snapshot of the vorticity field obtained by phase-averaged DPIV for each case at
the onset of peak recoil force. The maximal value of the recoil force was attained in the

case with D, =2.50 cm at T*=3.8+0.2. In this case, the formation time at which the

recoil-force peak occurred was in the range of the formation number defined by Gharib,
et al’. This implies that all the circulation produced in the pulsed jet went into the leading
vortex ring, thereby maximizing the recoil force. This was also confirmed by the vorticity
plot in Figure 2.9b, which shows that the leading vortex pinches off at this formation

time.
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The vorticity field in Figure 2.9A shows that at this formation time the leading vortex
was not yet pinched off, whereas it was hitting the bottom wall. This prevented the
further growth of the leading vortex ring, thereby limiting the corresponding recoil force
and any further increase in magnitude of circulation (Figure 2.8). For the smallest

annulus (D, = 1.75 cm), the recoil force had a peak at 7*=117.30+0.3 and the peak value

was the smallest among all the three annulus sizes. By comparing Figure 2.5 and Figure
2.8, it can be inferred that at the incident of recoil force (7*=11.30+0.3), the circulation
curve has been flattened earlier, thus the vortex ring was already pinched off
(T*=10.00%0.3). This assumption was also confirmed by the corresponding vorticity field
at the onset of peak recoil force plotted in Figure 2.9C. In this case, it was apparent that
the vortex ring had already hit the bottom and the vorticity was no longer entrained from
the shear layer region of the trailing jet. The recoil force in this case was the result of the
trailing jet, rather than the consequence of vortex ring pinch-off; that might be a reason

for its much smaller magnitude compared with the other two annulus sizes (Figure 2.5).
2.5.1. Equivalent piston-cylinder setup

Starting jets are typically created by using a piston-cylinder setup. To relate the results of
the present study to the other known results for a standard piston-cylinder setup, an
equivalent stroke ratio (SR) was defined for each annulus size as the ratio of the length of

jet (L,) to the jet diameter ( D, ). These quantities were obtained based on conservation of

mass and equating volumes of fluid exchanged between the two chambers:

T N2 T N2
Vejected :ZDA'LA :ZDJ'LJ (2-13),



39

where Vejecrea is the total volume of fluid ejected from the atrial tube in a single run, L,
is the water-level height change in atrial tube (L ,=1.00 cm; constant for all the cases),

and L, is the nominal jet length, or the distance traveled by a piston with diameter D, ,

ejecting the same volume from an equivalent piston-cylinder setup. In other words, if the
total ejected volume is kept constant, the equivalent SR can be attributed to an equivalent
experiment performed with a piston-cylinder setup in which the total volume of ejected

fluid is the same.

Based on equation (2-13), the equivalent stroke ratios were 9.14 for D, =1.75 cm, 3.12
for D,=2.50 cm, and 1.80 for D, =3.00 cm. The equivalent piston-cylinder setup that

generated the maximal recoil force (Figure 2.5) had an SR of 3.12, which among all
cases, the closest to the ratio that Krueger and Gharib'’ found generated maximal
averaged thrust. It was also found that the recoil force was maximized at a formation time
close to the equivalent SR for each case (Figure 2.5). This was expected because of the
fact that the total thrust for the three cases was conserved (Figure 2.6), due to the constant
ejected volume (2-13). However, the magnitude of the peak recoil force was different in

each case (Figure 2.5).
2.5.2. Physiological significance

It has been shown previously that the normal pattern of LV filling is altered due to the
diastolic dysfunction, which occurs during development of heart failure (HF)***>*. This
variation in trans-mitral flow would also be reflected in diastolic motion of the mitral

annulus measured by Doppler tissue imaging (DTI)**. DTI of mitral annulus has been



40

55,56

recognized as an effective indicator of LV function in human heart™”". The peak velocity

of the mitral annulus away from the apex during early diastole ( £,, ), which indicates the

rate of longitudinal expansion of the LV, is reduced in patients with impaired diastolic

relaxation,

In the present study, we showed that in a simplified model of the left heart, the variation
in jet stroke ratio can be reflected in dynamics of mitral annulus plane. More specifically,
we found that for a physiologic base-apex distance and an annulus diameter of 2.50 cm,
which closely approximates the normal annulus diameter in adults, if the physiologic
pressure decay applied, the annulus plane recoil force would be maximal at the time in
which the vortex ring pinched off. In a real heart, the complex geometry and the
viscoelastic properties of the ventricular chamber, as well as the wall-flow interaction and
viscosity are also responsible for variations in dynamics of mitral annulus. However, the
above-mentioned parameters directly influence trans-mitral flow and the formed vortex

ring.

Almost all of the patients with idiopathic dilated cardiomyopathy have a significantly
larger mitral annulus®’. Therefore, as a result, the trans-mitral jet stroke ratio would be
different than a normal LV. In a recent study, Mori, et al®® showed that the peak mitral
annulus velocity also would be lower than normal in cases with dilated cardiomyopathy.
The results of their study is congruent with our observation-- confirming that by
increasing the annulus diameter to more than 2.50 cm, even if a physiologic LV pressure

drop is applied, the annulus recoil is not optimum when compared to normal.
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On the other hand, another recent study by Ozer, et al’” has demonstrated that the LV
long-axis function [evaluated by DTI] in patients with pure mitral stenosis is significantly
impaired, despite normal global systolic function. In this case, if the LV pressure drop
during diastole remains constant, the trans-mitral jet stroke ratio will increase. This
observation is also consistent with our study corroborating that by decreasing the mitral
annulus diameter, despite the fact that the trans-mitral jet velocity increases, the annulus

recoil force will be smaller than the normal case.

2.6. Conclusion

The present in-vitro study confirms the presence of a vortex ring during the rapid filling
phase of diastole and implies that the process of vortex ring formation can influence
mitral annulus dynamics. Additionally, this study suggests that vortex ring formation can
be used as an index for assessment of LV function during diastole and as a factor that

should be considered in design and implementing cardiac prosthetics devices.

2.7. Limitations

In this study we did not consider the active myocardial contractions, interaction of valve
leaflet and flow, nor the blood viscosity on formation of the vortex ring. Works are in
progress to design and use an actively contracting chamber for mimicking cardiac
expansion, using bioprosthetic heart valves in mitral position and blood analogs for
viscose flow. Another limitation of this study resulted from using a phase-averaged DPIV
technique, which slightly increased the error factor due to the fast nature of the
experiment. Work is in progress to use continuous laser for illumination and high-speed

cameras for stereo-PIV to obtain more accurate results.



CHAPTER THREE

Influence of mitral valve kinematics and left ventricular
pressure drop on annulus plane dynamics®

3.1. Chapter Abstract

Several studies have suggested that the mitral annulus displacement and velocity in early
diastole can be used as indicators of diastolic performance. The peak velocity of the
mitral annulus away from the LV apex during early diastole, indicating the rate of
longitudinal expansion of the LV, is reduced in patients with impaired diastolic
relaxation. With the intention of relating the trans-mitral flow to mitral annulus plane
dynamics, we measured annulus recoil force for different mitral valve sizes, while
applying exponential pressure decay programs in the ventricular chamber. The vorticity
plot was also obtained when the maximal recoil force was achieved. Comparing the
vorticity contour plots with the recoil force measurements, it was inferred that the
magnitude of recoil force is maximal whenever the vortex ring is about to pinch off,
regardless of the size of the valve and the pressure gradient. Plotting the force magnitude
versus formation time, it can be observed that the force is maximal in a range of
formation times between 3 and 5, which is the optimum range or the range of vortex

formation number.

¥ Submitted to Annals of Biomedical Engineering



43

3.2. Introduction

Dynamics of mitral valve annulus during diastole is a topic that has received much
attention recently given its important effects on valve performance in addition to its close
association with diastolic heart failure (HF). Several studies have suggested that the

60,61

mitral annulus displacement and velocity in early diastole can be used as indicators

of diastolic performance®* %% It has

also been shown previously that during the
development of HF, normal pattern of left ventricular (LV) filling would be altered due to
the diastolic dysfunction®~?"*=. This variation in trans-mitral flow would be reflected in

diastolic motion of the mitral annulus measurable by Doppler tissue imaging (DTI)**. The

peak velocity of the mitral annulus away from the LV apex during early diastole (£,,),

indicating the rate of longitudinal expansion of the LV, is reduced in patients with

impaired diastolic relaxation®®.

Mitral annulus anatomy and physiology has been extensively studied in both

experimental animals and human subjects using roentgenogram marker imaging®®®’,

7071 The current literature

sonomicrometry®®, MR Imaging® and echocardiography
strongly supports the dynamic motion of the annulus during diastole. However, the

influence of mitral valve kinematics in conjunction with trans-mitral flow on dynamics of

the mitral annulus has not been discussed so far.

3.2.1. Vortex formation in left ventricle

The presence of vortex rings that develop during cardiac diastole was initially recognized

10,11

by in-vitro visualization of the ventricular flow and subsequently confirmed by
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analyses based on color Doppler mapping and MR Imaging ™. Vortex rings
typically develop from a starting jet or slug of fluid ejected from a nozzle. In fluid
mechanics, trans-mitral flow is considered a rapidly starting jet. The process of the
formation of a vortex ring in fluid mechanics literature is described by a dimensionless

number called “formation time”'®:

U
f= ol (3-1)
where U is the mean velocity of the jet, T is the pulse duration and D is the diameter of
the nozzle. The importance of this number lies in the fact that by increasing it beyond a
certain range (~3.5-4.5) for a starting jet, no additional energy or circulation enters the
leading vortex ring, and the remaining fluid in the pulse ejects as a trailing jet'®. In a

I*° showed that the distribution of formation time in randomly-

recent article, Gharib, et a
selected volunteers converges to a unique range of values between 3.5 and 5.0. They also

showed that the vortex formation time in patients diagnosed with dilated cardiomyopathy

(DCM) is lower than that range.

The critical role of vortex ring formation rests on the relative contribution of the leading
vortex ring and the trailing jet (which appears after pinch-off) to the thrust supplied to the
flow'’. In a recent paper°, we measured the average recoil force exerted on an annulus
plane during rapid filling phase as function of formation time (3-1), and showed that it
would be maximal when the formation time reaches around the value of 4. This condition
was achieved only by implementing physiologic values for the annulus diameter (without
leaflets) and LV pressure drop to experimentally model the rapid filling phase. However,

kinematics of the heart valve’s leaflets as they open and close during diastole seem to
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interact with the process of vortex ring formation, thus complicating the response of the
mitral annulus to the pressure drop. In the present study, we correlate early diastolic flow
with the annulus plane recoil force and the trans-mitral pressure drop through the index of
vortex formation time that is computed from the early diastolic flow profile, and mitral

valve kinematics.
3.3. Methods

The experimental setup was built to imitate the trans-mitral flow during early diastole in
response to rapid pressure drop in the left ventricle. As a result of the pressure drop, the
mitral valve opens immediately, allowing the flow from atrium to ventricle, the ventricle
expands and the valve plane moves in the opposite direction with respect to the flow. To
be consistent with cardiac physiology, the LV pressure drop in early diastole was forced
to decay as an exponential function with a pressure-drop time-constant (7)*' in

physiological range (2-2).
3.3.1. Experimental setup components

The experimental setup was comprised of two chambers partially filled with water; the
nominal ventricle was built as a Plexiglas chamber connected to a suction pump (VSI
SPS3891, Vivitro Systems Inc.) to generate pressure drop, and the nominal atrium was a
cylindrical tube sitting inside the ventricular chamber as shown in Figure 3.1. Dimensions
of the ventricular box were 13cm (width) by 13cm (depth) by 20cm (height), although,
only the lower 13cm of the box was filled with fluid (Figure 3.1). The base-apex distance
was set to 9cm which is the same as the base-apex distance in LV as mentioned in

43 44

medical literature™"". The mitral annulus plane was replicated as a flat plate with a
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circular orifice for insertion of a mitral bioprosthetics. Additionally, to prevent the effect
of mass transfer on annulus-plane dynamics, a low flow resistant pneumatic check-valve
(R-702, Resenex Corp. Chatsworth, CA) was placed on ventricular chamber. The mass of
fluid entering from the atrial tube pushed the trapped air in the ventricular chamber to

leave the box through the check-valve avoiding mass transfer effect.

To reproduce the movement of the valve plane during early diastole, the valve plane was
allowed to slide in the downstream end of the atrial tube without friction (Figure 3.1).
Three L-shaped rods prevented the plate from falling in the ventricular chamber (Figure
3.1). The LV pressure drop was reproduced by a computer-controlled suction pump
(Superpump system VSI SPS3891). The considered ranges for pressure-drop time-

constant was within the physiologic range™™*

and the volume of ejected fluid at each
cycle was set to 50ml, which is equivalent to the volume of blood transferred into the

human LV during early diastole™.

Both chambers and the sliding annulus plane were made of Plexiglas to facilitate flow
visualization and the measurement of annulus plane displacements using high-speed
cameras. More details about the experimental apparatus are described in our recent

publication”.

Carpentier-Edwards’ PERIMOUNT bioprosthetic heart valves (Edwards Lifesciences,
Irvine, California) in different sizes (21, 23, 25 and 27mm) were used to mimic the mitral
valve function. For each experiment, the appropriate bioprosthetic valve was securely

placed within the annulus plane (Figure 3.1).
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Figure 3.1. Schematics of the experimental setup.

baud  SUPERPUMP SYSTEM
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rd valve plane valve

Ventricular Chamber

3.3.2. Reproduction of early diastole

For each run, both atrial and ventricular chambers were set to start from atmospheric
pressure approximately equal to the physiological pressure in the left atrium prior to rapid
filling. To reproduce the sudden pressure drop, the suction pump created a rapid trans-
mitral pressure difference. We used four different sizes of mitral valve to simulate
different flow conditions. For all considered cases, the pump was set to displace a
constant volume of fluid (50ml) while the pressure drop scheme and the initial water
height in the system were kept the same. The pressure inside the ventricular chamber was
measured with a pressure monitoring system during the experiment (Deltran DPT-400

pressure transducers and VSI-TP8891 Vivitro Systems, Inc.).

For accuracy of measurement and to make sure that the obtained results were

reproducible and consistent with each other, every set of experiment consisted of 20
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consecutive cycles. For each single cycle, the LV pressure was forced to decay as an

exponential function in response to the applied suction:
—t
P = Pyexp(—) (3-2)
T

where ¢ was time, B, was the initial pressure set to atmospheric value, 7 were the

pressure drop time-constants and adjusted to 35+5 and 2045 milliseconds.
3.3.3. Measurement methods

The displacement of water level inside the atrial tube, displacement of annulus plane and
the opening area of the valve were measured using two synchronized high-speed cameras
(Photron FASTCAM-Ultima, PHOTRON USA, Inc. San Diego, CA) at 2501fps. The water
level velocity was computed by finite difference based on measured water level data.
Applying continuity and considering a uniform profile for exit jet velocity over the valve

cross-section, trans-mitral flow rate computed as:

fi_f = AU, ()-U, () =SWU,()-U, (1) (3-3)

where dV is the volume element of fluid going through the orifice, U, () is the

instantaneous exit jet velocity, U ,(?) is the water-level velocity at the atrium, U, (f) is

the valve plane velocity, S is the open cross-section of the valve and 4 is the cross
sectional area of atrial part, which is constant (Table 1). Instantaneous exit jet velocity

(U, ) was computed from (3-3) as:

A A
U, = EUA +(1- E)UV (3-4)
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Displacement of the annulus plane was monitored by a third high-speed camera (Photron
FASTCAM-Ultima) at 2501fps, synchronized with the other two described earlier. Mass

of the fluid inside the atrial tube at each instantaneous of time was computed as:
T ) x
pldV,=pUy =7, Dix, = | d0) 35
X0

where p is water density, dV, is the fluid volume element at each instant of time, V), is

the initial volume of the fluid in the atrium, x,is the initial position of atrial water level

with respect to the origin before starting the experiment, x is the instant position of water-
level and dx is atrial water-level position element at each instant of time with respect to
the origin. Vortex formation time (7%)'® for temporally variable nozzle diameter is

. 19
modified as ~:

T*_ tUJ(é/)

= d 3-6
*Dy(¢) © G0

where U, and D;are instantaneous exit jet velocity and the effective valve diameter,

respectively and ¢ is the time.
3.3.4. Digital Particle image velocimetry (DPIV)

The flow characteristic information (e.g. velocity field and circulation) was captured by
phase-averaged DPIV (Digital Particle Image Velocimetry)™. DPIV uses two digital
images of a particle-seeded flow illuminated by a thin laser sheet to determine the
displacement field of the particles in the field of view (sampling window) by cross-

correlating pixels in a subsection of two images. Flow was seeded with neutrally buoyant,
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orange fluorescent particles with the diameter in the range of 60-80 um. A high-
resolution monochrome CCD digital camera (30fps, 768x480; TM-9701, PULNiX
America, Inc.) was positioned perpendicular to the ventricular chamber to capture the
image sequences of the particle field (Figure 3-1). The pair of images were captured from
illuminated sheet of fluorescent particles generated by a 25mJ double pulsed Nd:YAG

laser with the pulse separation of 1ms.

The length of each pressure-drop cycle was set to 100ms, as mentioned earlier. The CCD
camera used for DPIV took two pairs of images in each cycle. There were 20 consecutive
cycles which were identical because of the same pressure drop (1=35+5 or 1=20+5)
applied. DPIV data were phase-averaged over the 20 identical cycles. Therefore, a total
of 40 velocity/vorticity fields were captured for different time-points of the rapid-filling
phase. This temporal resolution gave us an accurate estimate of the velocity and the
vorticity fields to compute circulation of the vortex ring and to validate the exit jet
velocity (U ) obtained from a different method (3-4). The CCD camera was triggered
simultaneously with the first cycle of experiment and was synchronized with the
PHOTRON high-speed cameras. The laser sheet was set perpendicular to the jet and cut
through the center of annulus. This configuration allowed analysis of velocity and

vorticity fields resulting from the starting jet at the illuminated cross-section.

3.3.5. Control volume analysis

The momentum equation related to the setup was derived by considering the control
volume (Q) equations for the fluid inside the atrial tube (Figure 3.2). Flow was

considered inertia dominant because of high Reynolds number at the annulus and shear
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stress contribution to the momentum equation was neglected. Assuming constant
gravitational field (g) acting on the control volume (Q) with moving boundary, the

momentum equation would be described as:
0
—(mUy)+ p [ U,((U, ~Uy)m)ds = mg + [ (P, ~Pinds 3.
o0 oQ

where U, is the instantaneous exit jet velocity vector, U, is the annulus plane velocity

vector and m is the mass of the annulus plane together with the instantaneous mass of the

fluid:

m(t) = MAnnulus + pIdVA (t) (3'8)
Q
P is the pressure at the annulus and P, is the pressure at the atrial side of the valve

(Table 3.1). Based on the momentum equation (3-7), recoil force is described as

0 0
Frecon = E(mUV) =M s + pg_[dVA )ay + (paz[dVA)UV (3-9)

where @y is the valve plane acceleration vector.

+

s
X Figure 3.2. Embedded control volume (£2) of
fluid inside the atrial tube. Red broken line

shows the embedded control volume. Uj is

the instantaneous trans-mitral jet velocity. U,

is the wvalve plane velocity. The positive
F recoil  direction is shown on the Figure. The direction
T of the recoil force is shown.
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3.4. Results

3.4.1. Correlation between the valve size and the annulus plane dynamics

Valve plane acceleration was measured for all the tested valves and the recoil force was

computed based on that (3-9). Figure 3.3A depicts averaged annulus plane recoil force

for different sizes of valves in resting physiological condition (t=35+5ms) and Figure

3.3B shows the same function in a faster pressure drop condition (t=20+5 ms). For

comparison purposes, all results were shown as a function of formation time. Maximum

jet velocities measured for different sizes of valves are shown in Table 3.2.

M

Annulus

P

o0

Pressure at nozzle
Initial pressure at ventricle

Pressure drop time-constant
Volume of fluid passes the orifice

Instantaneous exit jet velocity

Water-level velocity at the atrium
Valve (annulus) plane velocity

Orifice diameter

Atrial tube diameter
Water density
Instantaneous volume of fluid in atrium

Initial volume of fluid in atrium

Initial position of water level in atrium

Instantaneous position of water-level

Formation time

Time

mass of the annulus plane plus mass of atrial fluid
Gravitational acceleration

Valve (annulus) plane acceleration

Mass of the annulus plane

Pressure at atrial side of the nozzle

Table 3.1. Abbreviations and acronyms
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Figure 3.3. Averaged annulus recoil force. (A) Left: shows annulus recoil force as function of formation
time for different valve sizes due to a pressure drop with the time constant of 1=35+5 ms. (B) Right:
annulus recoil force as function of formation time for different valve sizes due to a pressure drop with the
time constant of 1=2045 ms.

3.4.2. Correlation between the pressure drop and the annulus plane dynamics

To relate different pressure-drop programs with the annulus recoil force, two distinct
pressure programs were applied to the system. The pressure decay scheme followed the
same exponential format as stated in (3-2), with different time-constants (t=30+5 ms
andt=20+5 ms). Formation time and the mitral annulus recoil force were computed as
stated in (3-3) to (3-9). Comparative plots of averaged recoil force as function of

formation time for all the valve sizes are depicted in Figure 3.4.

For the valve size 21mm, variation in pressure drop time-constant did not result in a
significant change in the magnitude or at the onset of the maximal recoil peak (Figure
3.4A). Variation of pressure drop time-constant using a 23mm mitral valve resulted in a
change in magnitude of recoil force (Table 3.1), but no significant change at the peak
incident (Figure 3.4B). Both magnitude and incident of peak recoil force changed

considerably in response to different pressure drop programs when a 25mm valve were
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used in mitral position (Figure 3.4C). For the valve size 27 mm, variation in pressure
drop time-constant resulted in a change at the incident of the recoil peak; however, the

magnitude of the peak did not change (Figure 3.4D).

Mitral Maximum Maximum exit jet Maximum recoil force | T* for maximum recoil
valve effective velocity (cm/s) (dyne) force
size _ opening 1=20+5 | t=35+5 | 1=20+5 | t=3545
diameter (cm) ms ms ms ms
27mm 2.79 93.27 7107 7191 3.30 3.50
25mm 2.27 120.56 8262 6660 4.10 4.50
23mm 2.11 125.00 2683 2434 5.30 5.40
21mm 1.98 129.40 3090 3134 7.80 7.70

Table 3.2. Physical dimensions of the Bioprosthetic mitral valves used for the experiments. Magnitude
of maximal exit jet velocity, maximal recoil force and the formation time at which maximal recoil force

occurred has been shown.
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Figure 3.4. Comparison of annulus plane recoil force for different pressure drop programs
(t=3545 ms versus 1=20+5 ms). (A) mitral valve size 21; (B) mitral valve size 23; (C) mitral valve size
25 and (D) mitral valve size 27.
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3.4.3. Correlation between vortex formation and the annulus plane dynamics

The vorticity field was computed from DPIV measurements during trans-mitral flow for
each experiment. Figures 3.5 and 3.6 depict the vorticity fields captured simultaneously

with the maximal recoil force using different pressure-decay programs.

Figure 3.5 shows the vorticity field captured at the maximal recoil force after the pressure
decay with the time constant of 7=35+5 ms. Figures SA and 5B depict the vorticity field
for valve sizes 21mm and 23mm, respectively, superimposed over the particle-seeded
flow field when the recoil force reached its maximal value. The vorticity fields shown in
both subfigures demonstrate the leading vortex ring has pinched off from the generating
jet and a significant trailing jet appears. Figure 3.5C shows the vorticity contour plot just
after completion of the pinch-off process from a 25mm valve. Figure 3.5D shows an
isolated vortex ring ejected from a 27mm valve, which is not yet pinched off from its

generating jet.

Vorticity contour plots obtained at the peak recoil force after applying a faster pressure
drop (1=20+5 ms) are shown in Figure 3.6. The pinched off leading vortex ring and a
considerable trailing jet is captured for the valve sizes 2Imm and 23mm (Figures 3.6A
and 3.6B, respectively). Figure 3.6C shows a just pinched-off vortex ring, which appears
to be in an earlier stage than in Figure 3.5c (valve size D=25mm). Figure 3.6D shows a

growing vortex ring ejected from a 27mm valve.
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3.5. Discussion

Figure 35. Vorticity
contour plots computed from
DPIV measurements during
trans-mitral flow for each
valve size when pressure
decay time constant is

assigned to 7=35£5 ms. (A)
D=21 mm; (B) D=23mm. (C)
D=25 mm and (D) D=27mm.

In an intact heart, motion of the mitral annulus during the rapid filling phase represents

the recoil force applied to the base of the heart. This motion is the consequence of

interrelated changes in several parameters including LV volume status’®, left atrial

pressure”, atrioventricular flow’®

and the rate of myocardial relaxation®'. All these

factors can affect the LV flow structure. In the present study, we recapitulated the

involved factors within the index of vortex formation time to quantify the mitral annulus

recoil force based on that. We also substitute the myocardial relaxation effect with the

LV pressure drop; bioprosthetic valves were used in mitral position and the left atrial

pressure and the ejected volume were chosen similar to physiologic state.



Figure 3.6. Vorticity
contour plots computed from
DPIV measurements during
trans-mitral flow for each
valve size when pressure
decay time constant is

assigned to 7=20£5 ms. (A)
D=21 mm; (B) D=23mm. (C)
D=25 mm and (D) D=27mm.
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By looking at the status of the formed vortices generated by a pressure drop with a time

constant of 20+5ms (Figure 3.5) at the time in which the maximum recoil force was

attained (Figure 3.3A), it can be observed that for valve sizes 2Imm and 23mm, the

vortex ring has already pinched off earlier than the force peak and the maximum

momentum has been transferred through the remaining trailing jets. However, in the

larger diameter cases of mitral valves, the vorticity field (Figure 3.5) shows that the

vortex ring is still forming (D=27mm) or the ring has just pinched off (D=25mm) when

the maximum recoil force is achieved. Comparing the magnitude of recoil force in each

case and considering the same transferred volume, it can be suggested that a maximal

recoil force is generated over the mitral valve at the onset of vortex pinch off.
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By increasing the rate of pressure drop (t=20+5), the maximal recoil force occurred at an
earlier formation time for larger valve diameters (25mm and 27mm) and the magnitude
of the force has also changed (Figure 3.3B). By looking at the vorticity contour plots
(Figures 3.6C and 3.6D) and comparing them with the previous case (7=30+£5), it can be
inferred that the magnitude of the recoil force is maximal whenever the vortex ring is
about to pinch off, regardless of the size of the valve and the pressure gradient. Plotting
the force magnitude versus formation time (Figure 3.7), it can be observed that the force
is maximal in a range of formation times between 3.00 and 5.00, which is the optimum

formation time'’ or the vortex formation number'®.

For the smaller diameters (21mm and 23mm), the magnitude of the force did not show a
significant difference by increasing the rate of the pressure drop (Figure 3.4A and 3.4B).
The explanation for this phenomenon lies within the fact that momentum is mostly
transferred by the trailing jets, rather than the vortex ring. Therefore, since the maximum
size of the vortex ring is relatively small and its contribution to momentum transfer is less
than the trailing jet, the onset of vortex ring pinch off does not change the magnitude of

generated force.

Figure 3.7. Maximal

Maximal Recoil Force as function of Formation Time . .
recoil force magnitude

9 versus formation time.
o The yellow band shows the
A range of formation time
7] that the maximal
i . .
E 61 magnitude of recoil force
£ As
g 51 has occurred at.
c
=} i
g a
£ 5
2
2 -
1 -
0] T T T T T T T T
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In summary, we suggest that the vortex formation process is the direct result of how the
trans-mitral pressure difference is produced. Here, we do not seek the cause of
disturbances in pressure gradient, which might have numerous explanations related to LV
geometry, impaired relaxation, etc. However, we try to show that the vortex formation

process can be used as an index for disturbances in trans-mitral flow.

3.6. Limitations

In this study we did not consider the active myocardial contractions. Works are in
progress to design and use an actively contracting chamber for mimicking cardiac

expansion.




CHAPTER FOUR

Impact of Ventricular Pressure Drop on Early Diastolic
Mitral Recoil through Vortex Formation Time

4.1. Chapter Abstract

The assessment of the mitral annulus motion with tissue Doppler imaging is claimed to
be an accurate method to quantify global left ventricular systolic and diastolic function.
In the present study, we used a mechanical model of the heart to generate different flow
conditions based on systolic ratio. The model of left ventricle consisted of a transparent
silicone sac with similar geometric characteristics for the mammalian heart. Two
bioprosthetic heart valves were positioned at the mitral and aortic locations of the sac.
The mitral valve recoil and the trans-mitral thrust were measured during early diastole
and were correlated with the vortex formation time computed from trans-mitral flow and
the temporal variation in mitral valve diameter. Results show that time-averaged thrust is
maximized when formation time is in the range of 4 and 5 regardless of the shape of the

waveform or the value of the pressure drop time-constant. In conclusion, we found that
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the non-dimensional number representing the duration of early diastole is an important
parameter with significant impacts on the quality of ventricular filling. The maximal
mitral recoil and trans-mitral thrust were observed in conditions under which the left

heart generates optimal propulsion.

4.2. Introduction

In cardiac physiology, left ventricular (LV) diastolic function, particularly early trans-
mitral flow is an outcome of ventricular relaxation, compliance, and filling pressures.
However, a number of additional physiological factors can influence diastolic function.
Among them, diastolic suction or initial LV pressure drop -- as a result of ventricular
relaxation during isovolumic relaxation -- were shown to actively contribute to early
ventricular filling®®. This rapid pressure drop is a phenomenon by which the LV can
receive adequate filling volume at low pressure’’. Thus, diastolic suction is one of the
major parameters that affect the dynamics of LV filling.

The mitral annulus moves upward into the left atrium during diastole and downward
toward the LV apex during systole’’. The annulus movement exhibits rapid recoil back
toward the left atrium during early diastole, which increases the net velocity of mitral

inflow as much as twenty percent’". Recent studies””"*

suggest that the diastolic motion
of the mitral annulus, a representative of mitral annulus recoil force can be used to
provide additional information on diastolic function.

In the present in-vitro study, the correlation between trans-mitral thrust, as a force that
generates annulus recoil, and ventricular suction/filling has been studied through the

index of vortex formation number. Ventricular pressure-drop and trans-mitral jet velocity

were used as indicators for ventricular suction and ventricular filling, respectively.
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4.3. Methods

In Chapters 2 and 3 we discussed the mitral annulus recoil force computed from the
movement of the annulus plane. In the present study the recoil force was directly
measured with a custom made load-cell” (A.L. Design, Inc., Buffalo, NY) in an

environment replicated as the mitral annulus inside a ventricular sac.
4.3.1. Experimental setup components

This study has been accomplished using Caltech’s left heart pulsed flow simulator’
modified specifically for this experiment. The schematic layout of the experimental
system is shown is Figure 4.1. The system is comprised of a ventricle, shaped according
to molds in the systolic state, and made of transparent silicone rubber (Figure 4.2). The
ventricle was suspended around the Plexiglas atrium (Figure 4.3) at the upper part of a
rigid, water filled, cubic container. The container is made of Plexiglas to avoid optical
distortion.

The container is connected to a hydraulic pump system (Superpump system, VSI,
SPS3891, Vivitro systems Inc., Victoria, BC, Canada). The Superpump system consists of
a piston-in-cylinder pump head driven by a low inertia electric motor. The pump is
controlled by a MATLAB® code compatible with a National Instrument Data Acquisition
(DAQ) device. The code controls the pump’s piston to move according to predefined
functions. The oscillatory flow generated as a response to the appropriate waveform
provides position and velocity feedback to the power amplifier (VSI, SPA3891Z). The

water waveforms induce appropriate suction in the silicone ventricle during diastole.

™ Dimensions and the engineering drawing of the load cell are provided in appendix (A.3.3.)
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PRESSURE REGULATING VALVE

—SUPERPUMP SYSTEM
V51 SPS3891

FLOW PROBE

RESISTORS

PUMP CONTROL

Figure 4.1. Schematics of |
the experimental system.
The experimental setup was E
comprised of an LV silicone |
sac running by a suction |
pump that generates pressure E

. AORTIC VALVE
drop outside the sac. One

high-speed camera monitor
mitral valve kinematics while
a DAQ system records LV
pressure, force exerted on
mitral valve and the trans-

FLOW MEASUREMENT

mitral flow simultaneously. HIGH SPEED MEASUREMENT OF MITRAL VALVE KINEMATICS

One 27mm and one 23mm Carpentier-Edwards’ PERIMOUNT heart valves (Edwards
Lifesciences, Irvine California) were used in mitral and aortic positions, respectively.
The mitral valve was mounted over the sensitive side of the load-cell (4.L. Design, Inc.
Buffalo, NY) at the distal part of the atrial housing at the entrance of the LV sac (Figure
4.2). The aortic valve was positioned at the outlet of the LV sac (Figure 4.2). The mitral
valve plane was designed in such a way that mimics the physiologic properties of a
natural mitral valve and the passive mechanical properties of the papillary muscles were

81,82,83

taken into account . The load cell had a capacity of 14.00kg with the accuracy of

0.05% in vertical (trans-mitral flow) direction.
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4.3.2. Reproduction of cardiac cycle

We used three different waveforms to imitate different physiological conditions for the
left ventricle (Figure 4.3). The waveforms reproduced systolic ratios of 35%, 40% and
50% (Figure 4.3). Systolic ratio (SR) is the fraction of time in a cardiac cycle that the LV
is in systolic phase. The frequency of cycles was set to different values for each systolic
ratio group ranging from 0.5Hz to 1.67Hz (0.5Hz= 30 bpm; 1.0Hz=60 bpm;
1.2Hz=72bpm; and 1.67Hz =100bpm) reproducing operational range of cardiac function.
Each experiment was running for 10 seconds. Since the motivation of this study was the
dynamics of LV during early diastole (E-wave), atrial contraction phase (A-wave) was
not generated by any types of waveform; except the 35% SR that generated a form of
trans-mitral flow with an E-wave (35% of the cycle) followed by an A-wave (30% of the

cycle).

In order to generate the physiological conditions, the aortic afterload was set to fluctuate
in the range of 80-120 mmHg (mean 100 mmHg) during each cardiac cycle. The pressure
at the aortic loop was measured by a pressure transducer (Deltran DPT-400). The
pressure information was used as an input to a feed back control system that adjusts the

stroke ratio of the hydraulic pump system.

4.3.3. Measurement methods

4.3.3.1. Trans-mitral flow/velocity measurement

Trans-mitral flow/velocity was measured by a flow measurement system (Transonic
volume flow-meter, T-208, Transonic Systems Inc.) in real time. The flow rate

information were acquired by Ni-DAQ card (CA-1000, National Instrument
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Corporation) for further analysis along with the ventricular pressure, mitral recoil force
and the effective open valve area. Trans-mitral jet velocity was computed from the flow
rate and the effective open area of the mitral valve:
dQ
u,=— 4-1
' =S (4-1)

where Q is the trans-mitral flow rate and S is the open area of the mitral valve.

Figure 4.2. Close-up view of the ventricular sac and |8 ' LOAD CELL
its components. A 27mm bioprosthetic mitral valve - ‘i

was securely positioned on a load cell that measuring
the total force exerted on the valve plane. A Swan-
Ganz catheter was used to measure the LV pressure
during cardiac cycles. A 23mm bioprosthetic valve

was used at the aortic position. AORTIC VALVE A VALV/E

PRESSURE CATHETER

4.3.3.2. Ventricular pressure measurement

While the experiment was running, a clinical quality pressure transducer (Deltran DPT-
400) monitored the real-time pressure changes inside the ventricular sac distal to the
mitral valve through a Swan-Ganz catheter (Figure 4.2). The transducer was compatible
with the pressure measurement system (VSI, TP8891) which amplified the signals and
passed them to the DAQ card for further analysis on the computer. The schematic layout

of the experimental system is shown in Figure 4.1.
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Figure 4.3. Standard waveforms used in experiments to run the ventricle. (A) 35% systolic ratio; (B)
40% systolic ratio and (C) 50% systolic ratio. All the waveforms are shown in a 60 bpm experiment.

4.3.3.3. Mitral recoil measurement

Recoil applied over the mitral valve [preventing it from movement in a cardiac cycle]
was measured using a load cell positioned at the mitral entrance of the ventricular sac.
The load cell was designed as a hollow disk letting the flow pass though it. The mitral
valve was meticulously positioned over the sensitive area side of the load cell. The force
signal generated from the load cell was transferred to an SGA strain-gauge transducer
amplifier (Interface, Inc. Scottsdale, AZ). The amplified signal was captured by the Ni-
DAAQ system described earlier, together with the pressure and the flow signals. The load-
cell was accurately calibrated with standard weights within its housing prior to the

experiment.
4.3.3.4. Measurement of mitral valve open area

To capture the effective open area of the mitral valve in real-time, a high-speed digital
camera (Photron FASTCAM-Ultima APX, PHOTRON USA, INC. San Diego, CA) was
used at 1000 frames per second (fps) which was synchronized with the pressure signal,

trans-mitral flow and force measurements. The open area of the mitral valve in each
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fraction of second was computed from the acquired images (Figure 4.4) using a MATLAB

code (Mathworks Inc.) specifically written for this study.
4.3.3.5. Computation of formation time

Early diastole consists of early rapid filling phase and mid-diastole or diastases which
continues until the beginning of the atrial contraction phase. In echocardiography, early
diastolic flow is characterized by an E-wave which represents the trans-mitral jet
velocity. However, as a convention, the duration of early diastole is called the “E-wave”
by cardiologists. Vortex formation time was computed from early trans-mitral jet velocity

and the instantaneous open diameter of the mitral valve'’:

% tUJ(g) _
! _LDS@)‘M 2

where U, and Dy are instantaneous exit jet velocity and the effective valve diameter,

respectively; and ¢ is the duration of the trans-mitral jet. For trans-mitral jet during early
diastole, maximum 7* can be regarded as a non-dimensional measure for the total

duration of the E-wave.

|=+=SR=40%, HR=T2bpm |

Valve Open Area [cmz]

4 5 [

] 1 2 3
Formation Time [T*]

Figure 4.4. A clinical quality 27mm bioprosthetic valve at mitral position. Left. The image is taken
when the valve was fully open during rapid filling phase. The excellent resolution of the image
(1024x1024) with high frame rate (1000fps) makes the computation of effective open area as function
time accurate. Right. Mitral valve open area as a function of formation time for 72 bpm: 40% SR.
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4.3.4. Control volume analysis

An axisymmetric, fixed control volume (Q) surrounding the trans-mitral jet flow in front
of the mitral valve is shown in Figure 4.5. Assuming that the control volume allows the
fluid external to the trans-mitral jet (residual fluid in LV) to be considered independent
from the jet mechanism, making it explicit that the pressure at the mitral valve, and the
recoil (Fr) measured by the load cell can be regarded as the external forces between the
jet and the ambient fluid acting on the mitral valve. Recoil (Fg) is the force that restrains
the valve from moving. In other words, Newton’s third law guarantees that any force
exerted on the control volume by the trans-mitral jet is also exerted on the trans-mitral jet
by the control volume in an opposite direction, resulting recoil. Since the circulatory
system is a closed system, gravitational forces are not applied to this control volume.

Newton’s second law for the control volume Q is:

D
YF= pIEUJdV + [P =P)ndS +Fy =0 (43
Q oQ

where U, is the instantaneous exit jet velocity vector, n is the unit outward normal, dS is

the area element, dV is the volume element, Py is the LV pressure and P, is the ambient
pressure at the atrium. Thrust (R) generated by trans-mitral flow is the rate of change of

momentum of the fluid transferred from atrium to the ventricle:
R= ijUJdV = p [ U, (U, m)ds + pQIUJdV (4-4)
o Dt o ot o

The thrust (R) should also balance the pressure forces applied to the control volume
exerted at the valve level. From (4-3) and (4-4) e the thrust (R) can be computed as the

vector summation of recoil (Fr) and the pressure forces:



R=—[(B, —P,ndS+F,)

4.4. Results

69

(4-5)

4.4.1. Pressure drop during isovolumic relaxation phase

Isovolumic relaxation (IVR) phase is the first part of diastole during which both valves

are closed while the LV pressure is decaying as the volume of the chamber is constant.

For each run, pressure drop during IVR was recorded and regressed to an exponential

decaying function:

P(t)zPoexp(‘Tt) (4-6)

where P(t) is the ventricular pressure, Py is the end-systolic pressure, t (tau) is the

pressure drop time-constant and 7 is the time. By increasing the heart rate in each group

of different systolic ratios (SR), the magnitude of the pressure drop time constant

decreased. Increasing the heart rate induces a faster pressure drop and improves the LV

suction.

Figure 4.5. Control volume (€2) for
trans-mitral flow and the

corresponding force diagram. U is

the instant trans-mitral jet velocity.
Pressure forces and the recoil (Fgr)
measured by the load cell act on the
control volume. Total thrust (R) is the
rate of change of momentum of the
trans-mitral flow. Py is the LV

pressure and P, is the ambient /

pressure at the atrium.

.....
- ..

------------

/H@JL_;H

lp\,




70

" : ' ' : 5 — SR=36% tau=54.67 ms| FiguUre 4.6. Left
—SR=35% tau=41.71 ms|| ventricular pressure drop
100 —égigf;é; zau?ggg ms | during Isovolumic
Aol Qﬁ: 096 22 relaxation phase for the
group of SR = 35%.
Pressure drop time-
= 8 constant (tau) has been
E computed from regression
E of the pressure to an
S exponential function. The
g details of the curve fitting
o are shown in Table 4.1.
—
iF- 4 140 160 1860 0
Tiae [ms]
P=P,*exp(-t/tau))
35% SR* | P, (mmHg) | 95% CI Tau” 95% CI Tau (ms) | SSE’ | Adjusted R> | RMSE®
30bpm 45.42 43.74,47.10 | 0.01829 | 0.01728,0.01930 | 54.6747 4835 0.9445 6.098
60bpm 1154 111.5,119.3 | 0.02397 | 0.02277,0.02516 | 41.7188 9571 0.9628 9.286
72bpm 113.1 109.2,116.9 | 0.02625 | 0.02495, 0.02755 | 38.0952 7594 0.9662 8.671
80bpm 112.1 108.4, 115.7 | 0.02802 | 0.02670, 0.02934 | 35.6888 6561 0.9704 8.06
100bpm 107.9 104.7,111.0 | 0.03293 | 0.03155, 0.03432 | 30.3674 3581 0.9794 6.416
Table 4.1. Regression of pressure drop during isovolumic relaxation phase in 35% systolic ratio. SR:
Systolic Ratio; SSE: Sum of Squared Errors; RMSE: Root Mean-Square Error.
P=Py*exp(-t/tau))
40% SR* | Py (mmHg) | 95% CI Tau’ 95% CI Tau (ms) | SSE’ | Adjusted R* | RMSE®
30bpm 47.45 46.07,48.84 | 0.01168 | 0.01115,0.01222 | 85.6164 3907 0.9427 0.9423
60bpm 122.4 117.0,127.9 | 0.01449 | 0.01349,0.01549 | 69.0131 | 36550 0.9039 0.9033
72bpm 119.9 114.7,125.1 | 0.01894 | 0.01771,0.02017 | 52.7983 | 23940 0.9284 0.9278
80bpm 119.7 114.6,124.9 | 0.02294 | 0.02148, 0.02440 | 43.5920 | 18700 0.9394 0.9389
100bpm 113.8 108.1, 119.4 | 0.02495 | 0.02301, 0.02689 | 40.0802 10740 0.9307 0.9298

Table 4.2. Regression of pressure drop during isovolumic relaxation phase in 40% systolic ratio. SR:
Systolic Ratio; SSE: Sum of Squared Errors; RMSE: Root Mean-Square Error.

P=P,*exp(-t/tau))

50% SR* | P, (mmHg) | 95% CI Tau’ 95% CI Tau (ms) | SSE' | Adjusted R> | RMSE®
30bpm 46.85 45.37,48.33 | 0.01384 | 0.01318,0.01450 | 72.2543 | 3698 0.9448 0.9445
60bpm 116.3 112.5,120.0 | 0.01776 | 0.01689, 0.01862 56.3063 14340 0.9545 0.9542
72bpm 114.6 111.2,117.9 | 0.02097 | 0.02009, 0.02186 | 47.6872 | 10020 0.9681 0.9679
80bpm 112.7 109.7, 115.6 | 0.02230 | 0.02145,0.02314 | 44.8430 | 7319 0.9753 0.9751
100bpm 108.7 106.1, 111.3 | 0.02362 | 0.02284, 0.02441 42.3370 4949 0.9816 0.9814

Table 4.3. Regression of pressure drop during isovolumic relaxation phase in 50% systolic ratio. SR:
Systolic Ratio; SSE: Sum of Squared Errors; RMSE: Root Mean-Square Error.
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The range of pressure drop time-constants (tau) for 35% systolic ratio was between
30.36ms for 100 beat per minute (bpm) and 54.67ms for 30bpm (Figure 4.6 and Table
4.1). The range of tau for 40% systolic ratio was between 40.08ms for 100bpm and
85.61ms for 30bpm (Figure 4.7 and Table 4.2). Pressure drop time-constants for 50%
systolic ratio (equal duration of systole and diastole) was in the range of 42.33ms for

100bpm and 72.25ms for 30 bpm (Figure 4.8 and Table 4.3).

4.4.2. Formation time

Formation time (7*) as a non-dimensional measure for the duration of early diastole (E-
wave) was computed from equation (4-2) using instantaneous exit jet velocity and the
corresponding mitral valve open diameter as a function of time. The results for each
experiment are summarized in Table 4.4. The range of E-wave duration in scale of
formation time for the group of SR=35% was between 4.50 and 7.66; for the group of
SR=40% was between 4.10 and 6.59 and, for the group SR=50% was between 5.56 and

7.83 (Table 4.4).
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4.4.3. Correlation between formation time and pressure drop time-constant

Pressure drop time constant (tau) was computed for each experiment as described in

sections 4.3.3.2 and 4.4.1. Magnitude of maximal 7* and tau in milliseconds are provided

in Table 4.4. Figure 4-9 depicts T* (the non-dimensional duration of early diastole)

plotted in a scatter diagram with tau (t). The logarithmic regression was applied to

formation time data versus tau. The best-fit logarithmic equation for this data was

approximately: 7*=3.834 Log(r)—9.141 with correlation coefficient of 0.9693 (Table

4.5).
SR Formation time (T*) Tau (ms)
30 60 72 80 100 30 60 72 80 100
bpm bpm bpm bpm bpm bpm bpm bpm bpm bpm
35% | 6.5947 | 5.0263 | 4.7014 | 4.1852 | 4.1062 54.6747 | 41.7188 | 38.0952 | 35.6888 | 30.3674
40% | 7.6678 | 6.8931 | 6.1499 | 53762 4.5041 85.6164 | 69.0131 | 52.7983 | 43.592 | 40.0802
50% | 7.1885 | 6.5755 | 6.1127 | 5.6942 52335 | 72.2543 | 56.3063 | 47.6872 | 44.843 42.337

Table 4.4. Formation time and pressure drop time-constant computed for each experiment. SR:
systolic ratio; Tau: pressure drop time-constant.
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Figure 4.9. Non-
dimensional duration of
early diastole (T*) plotted
in a scatter diagram with
tau (1). A logarithmic
regression was applied to
formation time data versus
tau. The goodness of fit and
information about the fit
coefficients are provided in
Table 4.5.

Recoil applied to the mitral valve was measured in real time with a load cell as described

earlier in Section 4.3.3.3. The vector summation of recoil (Fr) and the pressure forces

applied to control volume (Figure 4.5) was computed as the trans-mitral jet thrust (R) for

each case (4-5). Maximal thrust for each experiment along with its corresponding non-

dimensional duration of early diastole (7*) are summarized in Table 4.6.

The time-averaged thrust (R) of the trans-mitral jet during rapid filling phase can be

regarded as an evaluation tool for the LV as a suction pump. The averaged thrust during

early trans-mitral jet was computed as:

_ 1 ¢
R = T—LRdC (4-7)

Jet

where T}, is the duration of trans-mitral jet (E-wave) and R is the thrust.

For comparison purposes, evolution of time-averaged thrust for each case was plotted

against formation time for each group in Figures 4-10 to 4-12.
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4.4.5. Correlation between maximal thrust and the formation time

Magnitude of maximal trans-mitral thrust (R) during early diastole was plotted in a
scatter diagram with non-dimensional duration of E-wave (7%*) for each case (Figure
4.13). A second-order polynomial regression was applied to the maximal thrust data
versus formation time. The best quadratic polynomial equation that fit this data was
computed as: R =—10°(1.124 (T*)* —9.863 (T*)+8.038) with R-squared of 0.7856

(Table 4.5). The maximal thrust in dyne and 7* for each case are provided in Table 4.6.

y | x Regression A 95% CI B 95% CI CC R’

T* | Tau | y=A*Log(x)tB | 3.834 3.251,4.416 -9.141 -11.41,-6.875 | 0.9693 | 0.9396
R | Tau | y=A*exp(B*x) 3.446e+6 | 1.54e+6,5.352¢+6 | -0.025 -0.038, -0.012 0.8240 | 0.6938
R [ T* | y=A*xX’+B*x+C | -1.124e+5 | -2.221e+5,-2650 | 9.86e+5 | 2.877e+5,2.26e+6 | - | 0.7856

Table 4.5. Regression analysis for the involved parameters. CI: confidence Interval; CC: Correlation
Coefficient.

SR Formation time (T%) Peak Thrust (dyne)

30 60 72 80 100 30bpm | 60bpm | 72bpm | 80 bpm | 100 bpm
bpm bpm bpm bpm bpm

35% | 6.5947 | 5.0263 | 4.7014 | 4.1852 | 4.1062 | 4.76E+05 | 1.20E+06 | 1.22E+06 | 1.44E+06 | 1.37E+06

40% | 7.6678 | 6.8931 | 6.1499 | 5.3762 | 4.5041 | 2.83E+05 | 9.45E+05 | 1.07E+06 | 1.10E+06 | 1.25E+06

50% | 7.1885 | 6.5755 | 6.1127 | 5.6942 | 5.2335 | 1.72E+05 | 8.54E+05 | 1.12E+06 | 1.24E+06 | 1.64E+06

Table 4.6. Formation time and peak recoil computed for each experiment. SR: systolic ratio.
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4.4.6. Correlation between maximal thrust and the pressure drop time-constant

Figure 4.14 depicts the maximal trans-mitral jet thrust (R) computed from early diastolic
flow in a scatter diagram with the pressure drop time-constant (tau) for each experiment.
An exponential regression was applied to the maximal thrust versus tau. The best

exponential equation that describes the relation between two parameters was computed
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as R = 3.46e006 exp(—0.0257) with the correlation coefficient of 0.8240. Magnitude of

maximal thrust and tau for each case are provided in Tables 4.4 and 4.6.

4.5. Discussion

In Chapter 2, we used a simplified valve ess model for trans-mitral flow to study the
presence of vortex ring formation. We observed that, while it was expected applying of a
negative pressure (suction) to the LV base (annulus plane) would restrain the annulus
plane from moving, the valve plane jumped in an opposite direction with respect to the
flow”. By analyzing the vorticity field of the ejected flow, it was shown that the maximal
recoil occurs once the formed vortex ring pinches off. We also showed that the size of
mitral annulus is an important factor in magnitude of recoil and the duration of trans-
mitral jet flow”".

In Chapter 3, different sizes of bioprosthetic heart valves were positioned at the nozzle to
inspect the influence of temporally variable motion of leaflets on the recoil motion of the
annulus, and the vortex ring formation process. It was found that regardless of the size of
the heart valve and regardless of the pressure drop time- constant, the recoil force
computed from the annulus plane motion would be maximized once the vortex ring

pinches off in a range of formation time between 3 and 5.

In the present study, we used a silicone sac that has comparable viscoelastic properties
with the left ventricle. A bioprosthetic valve was placed at the aortic outlet of the sac to
consider the effect of systole as well. This new experimental setup resulted in a more
uniform pressure drop everywhere inside the sac (Figure 4.2). The previous studies

(Chapters 2 and 3) did not take into account the systolic effect on the rapid filling phase.



77

However, the present study considered the effect of systole by experimentally simulating

the systolic ratio and the flow disturbances due to the systolic ejection phase.

182 1w
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4.5.1. Impact of suction on formation time

We categorized the experiments in three different groups based on the shape of
waveforms (Figure 4.3) that generate the cardiac cycle. For all the considered groups,
increasing the heart rate resulted in a smaller pressure drop time-constant which led to a

faster pressure drop (Figures 4.6 to 4.8).

For a systolic ratio of 35%, a 30 beats per minute (bpm) heart rate (HR) produced a
virtually slow pressure drop (tau= 54.67ms). This slow pressure drop resulted in a
remarkably prolonged duration of early trans-mitral flow in scale of formation time
(T*=6.59; Table 4.4). The faster heart rate in this group (100bpm) resulted in tau= 30.67
ms and 7%=4.10. Increasing the heart rate would decrease the tau, resulting in a shorter

non-dimensional duration of early diastole (Table 4.4).

In the group of 40% systolic ratio, an increase in magnitude of tau was observed by
slowing down the heart rate for all the cases. The slower pressure drop increased the non-
dimensional duration of the E-wave (Table 4.4). In the group of 50% SR, similar to the
former two groups, increasing the heart rate decrease the pressure drop time-constant

(tau) resulting in an increase in non-dimensional duration of the E-wave (Table 4.4).

Increasing the duration of the E-wave by reducing the systolic ratio’!" extended the non-
dimensional duration of early diastole (7*) for each experiment with similar heart rates.
However, shape of the waveform did not show to be correlated with the magnitude of tau.
On the other hand, non-dimensional duration of the E-wave was strongly correlated with

the pressure drop time-constant (tau). In Figure 4-9, it is shown that for a physiologic

711 Refer to section 4.3.2 for further information about the duration of E-wave generated by each waveform.
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range of tau” ", the formation time lies in a range of 4-5.5 which is an optimal range for

vortex ring formation.

4.5.2. Influence of formation time on mitral valve thrust

The time-averaged thrust within the early diastolic phase of a cardiac cycle is an indicator
of the total momentum transferred to the LV by trans-mitral jet*®. In the group of 35%
SR, maximal averaged thrust was observed in the cases of 80bpm and 100bpm. In both
cases, the E-wave was completed around the formation time range of 7*=4. By
increasing the formation time beyond 7*=5, the magnitude of the averaged thrust
dropping 80% below the cases where the early diastole completed in formation time

range of 7*=4 (Figure 4.10).

For the group of 40% SR, the experiment in which the E-wave completed in less than
T*=5 attained the maximum thrust among the group. Increasing the formation time

further than 7*=6 resulted in a drastic fall in magnitude of the thrust (Figure 4.11).

Within the group of 50% SR, the case in which the E-wave completed around 7*=5
reached the maximal thrust (Figure 4.12). Increasing 7* beyond 6 resulted in a decline in
magnitude of averaged thrust. However, increasing 7* further than 7*=7 ended in a

significant drop in time-averaged thrust (Figure 4.12).

Regressing the scattered diagram of time-averaged thrust versus non-dimensional
duration of the E-wave to a quadratic polynomial (Figure 4.13), shows that the thrust
reaches to a peak when formation time (7%*) is in the range of 4 and 5 regardless of the
shape of the waveform or the value of tau. The results obtained from this study along

with the fact that increasing formation time greater than the range of 3.5 to 5, does not
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add any additional energy or circulation to the ejected leading vortex ring '® strongly
support the hypothesis that formation of a vortex ring has a major contribution in thrust

generation during early diastole.
4.6. Conclusion

The non-dimensional duration of early diastole (7*) is an important parameter that
influence the quality of ventricular filling. If the non-dimensional duration of early
diastole increases due to any type of disorder (mitral stenosis, bradycardia, etc.), the
trans-mitral thrust will be dramatically affected which can influence the magnitude of

mitral valve recoil.
4.7. Limitations

The most important limitation of this study is the fact that we did not take the effect of
muscle contraction into account. The rate of change of elastic and damping modulus of
the ventricular muscles, as well as mitral valve papillary muscles, can actively affect the
LV expansion during rapid filling phase and/or the mitral valve recoil. In the next
chapter, a novel technique to assess the LV viscoelastic behavior based on ventricular

harmonic motion would be discussed.



CHAPTER FIVE

Assessment of Left Ventricular Viscoelastic
Components based on Ventricular Harmonic Behavior®

5.1. Chapter Abstract

Background. Assessment of left ventricular (LV) function with an emphasis on
contractility has been a challenge in cardiac mechanics during the recent decades. The
LV function is usually described by the LV pressure-volume (P-V) relationship. Based on
this relationship, the ratio of instantaneous pressure to instantaneous volume is an index
for LV chamber stiffness. The standard P-V diagrams are easy to interpret but difficult to
obtain and require invasive instrumentation for measuring the corresponding volume and
pressure data. In the present study, we introduce a technique that can estimate not only
the elastic component but also the viscous properties of the LV based on oscillatory
behavior of the ventricular chamber and it can be applied non-invasively as well.

Materials and Methods. The estimation technique is based on modeling the actual long

¥ This paper is published as “Kheradvar A, Milano M, Gorman RC, Gorman III JH, Gharib M. Assessment
of left ventricular viscoelastic components based on ventricular harmonic behavior; Cardiovascular
Engineering, 2006 March 6(1): 30-39”
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axis displacement of the mitral annulus plane toward the cardiac base as a linear damped
oscillator with time-varying coefficients. Elastic deformations resulting from the changes
in the ventricular mechanical properties of myocardium are represented as a time-varying
spring, while the viscous components of the model include a time-varying viscous
damper, representing relaxation and the frictional energy loss. To measure the left
ventricular axial displacement ten healthy sheep underwent left thoracotomy and
sonomicrometry transducers were implanted at the apex and base of the LV. The time-
varying parameters of the model were estimated by a standard Recursive Linear Least
Squares (RLLS) technique. Results. LV stiffness at end-systole and end-diastole was in
the range of 61.86-136 dyne/g.cm and 1.25-21.02 dyne/g.cm, respectively. Univariate
linear regression was performed to verify the agreement between the estimated
parameters, and the measured values of stiffness. The averaged magnitude of the stiffness
and damping coefficients during a complete cardiac cycle were estimated as 58.63+12.8
dyne/g.cm and zero dyne.s/g.cm, respectively. Conclusion. The results for the estimated
elastic coefficients are consistent with the ones obtained from force-displacement
diagram. The trend of change in the estimated parameters is also in harmony with the
previous studies done using P-V diagram. The only input used in this model is the long
axis displacement of the annulus plane, which can also be obtained non-invasively using

tissue Doppler or MR imaging.
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5.2. Introduction

Assessment of left ventricular function with an emphasis on contractility has been a
major challenge in cardiac mechanics during the recent decades. To date, extensive work
has been done to develop models describing left ventricular (LV) dynamics. An excellent
series of publications by Suga and Sagawa®’, Yellin®*** , Weiss?', Peskin® and other
researchers ultimately resulted in a more precise conceptual understanding of how the
heart works. However, an applicable model that can differentiate between different
pathophysiological states based on mechanical properties of the heart is still needed.

In regards to describing ventricular function, Suga and Sagawa introduced a diagram for
instantaneous ventricular pressure-volume (P-V) relationship. Based on their diagram®’,

they described the ratio of instantanecous pressure to instantaneous volume
(P(®)/(V()—V,;)) as the time varying stiffness of ventricular chamber. The standard P-

V diagrams are easy to interpret and give a rough estimate of the mechanical work done
by the LV®’. However, the pressure and the corresponding volume of the LV need to be
measured invasively wusing sophisticated techniques, such as intravascular
micromanometers and conductance catheters®, which restrict the clinical applications of

this model. Furthermore, this model ignores the viscoelasticity of the heart by not
considering viscous damping. It has also been shown that although dp/dv provides a

useful description of simultaneous LV pressure and volume events, it does not represent

actual LV physical properties®'*%>%*.
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longitudinal base to apex displacement
zero-mean displacement
mean of stiffness coefficient

Table 5.1. Abbreviations and acronyms

Kpp  end diastolic stiffness coefficient
Kps  end systolic stiffness coefficient
h mean of damping coefficient

fp  Force density

MUy  mean of the mean of stiffness coefficient

Hj,  mean of the mean of damping coefficient
sample index

covariance matrix of the estimated parameters
smoothing (forgetting) factor

estimation error

adaptive estimator gain

identity matrix
time

~=- 0 0 N v~

Templeton and Nardizzi®® implemented a different model based on perturbations of left
ventricular pressure and volume. They described a second order linear differential
equation for pressure with ventricular volume displacement as the model input. The
model was then used to describe nominal elastic and viscous coefficients for the
ventricle. However, their time varying coefficients were computed from an externally
applied sinusoidal volume change rather than the naturally existing absolute volume and
pressure of the ventricle. Additionally, this model was also dependant on obtaining LV
pressure data in response to some LV volume perturbations, which makes the model
almost impossible to use for clinical applications.

1.”° proposed a novel mathematical model that relates LV

Recently Campbell, et a
pressure-volume relationships to cardiac myocyte force-length dynamics in rat’s hearts.

This sophisticated model makes the beating heart amenable to studies that aim the

relevance of myofilament contractile behavior to cardiac system function. However, the
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parameters inferred from this model mostly reflect the contractile parameters at cellular

level rather than global state of the heart.

A more applicable model for diastolic function that uses Doppler velocity profile input
has been developed by Kovécs, et al.”’. Their motivation was the similarity between the
left ventricle during diastole as a suction pump and a damped harmonic oscillator. They
used a linear differential equation that describes the motion of a forced, damped harmonic
oscillator with constant coefficients. The forcing term of the model was set to zero during
early diastole and to a sinusoidal forcing term during atrial contraction. Kovacs, et al.
used an approximation of the trans-mitral jet velocity obtained from Doppler
echocardiography to validate their model. Despite the fact that their model only describes
diastolic function, the major advantage of the Kovacs model to other existing ones is its
simplicity. However, recent technological advances in ultrasound techniques allow for
accurate, direct measurements of annulus displacement, thus paving the way for the use

of more sophisticated modeling techniques, capable of describing the entire cardiac cycle.

In the present study, we use a technique to assess the LV contractile behavior during the
entire cardiac cycle. The estimation technique is based on modeling the actual long axis
displacement of the mitral annulus plane toward the cardiac base as a linear damped
oscillator with time-varying coefficients. We derive longitudinal rather than global
indexes of stiffness and damping of the left ventricle. Elastic deformations resulting from
the changes in the ventricular mechanical properties of myocardium are represented as a
time-varying spring. The viscous components of the model include a time-varying
viscous damper, representing relaxation and the frictional energy loss. Thus, one would

expect the ventricular viscous properties to reflect the force-velocity behavior of cardiac
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muscle translated into ventricular level®®. The nominal oscillator also has structural

99,100

similarities to internal viscoelastic loading in papillary muscles and myocytes

resembling Voigt’s model of viscoelasticity'*'.

5.3. Method
5.3.1. Mathematical model

Longitudinal displacement of the mitral annulus plane toward the apex during a cardiac
cycle was considered analogous to the motion of a damped harmonic oscillator with time-
varying coefficients. The time dependency of the coefficients is an advantage of this

model to the existing ones’ "

and allows the model to describe systole, diastole and the
transitional isovolumic phases of the cardiac cycle. This is consistent with the fact that
the LV acts as two distinct pumps in a cardiac cycle; acting as a suction
pump' 01419319 qyring diastole and as a positive displacement pump during systole in
which the pressure in the chamber depends on the walls displacement and the blood

107,108
volume )

Due to the natural time-dependency of the LV mass (blood and tissue), identification of
LV mass, separated from the rest of the heart, as a function of time was impractical.
Therefore, the equation of motion for a linear harmonic oscillator with time varying

coefficients was divided by the instantaneous mass of the system and rewritten as:

y+h(®)y+K()y=0 (5-1)
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where (y) is the zero-mean displacement of the system and (x) is the longitudinal base to

apex displacement (Table 5.1):

y=(x-x) (52

The bar indicates mean value, the dot denotes differentiation with respect to time and “4”
and “K” are the damping and elastic (stiffness) coefficients per unit mass, respectively.
Equation (5-1) can also be reorganized to a constant-coefficient harmonic oscillator with

time varying forcing term, as follows:
J+hy+Ky=(h-h@)y+K-KO)y (53)

In (5-3), “k»” and “K” are the averaged values of damping (4) and stiffness (K)
coefficients during a cardiac cycle, respectively. The function on the right-hand side of
(3) is the intrinsic forcing function, which can be a representative of contractile elements

of the left ventricle'””"''®!"!. The intrinsic forcing function is described as:

SO =h=h@)y+EK-K@®)y (5-4)

Considering that we measure the longitudinal displacement “x(#)”, the parameters in this
model, as well as the forcing function, can be estimated by using a standard identification
technique''?, which will be described in details after the description of the data

acquisition procedure.
5.3.2. Animal preparation

In order to assess the model behavior, an animal study with limited cases was performed

with Dorset sheep. Animal data was collected at the Harrison department of surgical



88

research, University of Pennsylvania School of Medicine. Animals were treated under an
experimental protocol approved by the University of Pennsylvania’s Institutional Animal
Care and Use Committee (IACUC) and in compliance with NIH publication No. 85-23,
as revised in 1985. Animals were induced with Thiopental sodium (10 to 15mg/kg
intravenously [IV]) and intubated. Anesthesia was maintained with Isofluorane (1.5% to
2%) and oxygen. All animals received Glycopyrrolate (0.4mg IV) and Enrofloxin (10
mg/kg IV) on induction. To measure the left ventricular axial displacement and
intraventricular pressure, ten healthy sheep between 35 and 45kg underwent left
thoracotomy after induction of anesthesia. Sonomicrometry transducers (/.0mm;
Sonometrics Corp., London, Ontario, Canada) were implanted at the apex and the base
of the left ventricle to measure their mutual distance. The surface electrocardiogram
(ECQG), arterial blood pressure (ABP) and left ventricular pressure were continuously
monitored and recorded. Left ventricular pressure was measured using a high-fidelity
pressure transducer (Spc-350, Millar Instruments Inc., Houston, TX) inserted from the

femoral artery into the left ventricle. Different phases of the cardiac cycle were defined

based on the trend of ‘Z—f in each case and the results confirmed by the ECG.

5.3.3. Equation of motion and parameter estimation

The relative displacements obtained from sonomicrometry transducers were substituted
in equation (5-1). The problem of tracking the parameters was tackled by re-sorting to a

112

class of recursive linear least squares algorithms ~. To estimate the model parameters

(Table 5.1), equation (1) was re-written as:

j=-hy-Ky=0-9" (5-5)
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where®={n.k}", and ¢={j-y}". The coefficients 0 are estimated by a standard

Recursive Linear Least Squares (RLLS) technique. Putting a ‘hat’ symbol on top of the

estimated quantities, the RLLS equations read:

1 A7
P == (I -G, )Pi (6)
A
where 7 denotes the sample index; | is the 2x2 identity matrix; P, is the covariance matrix

of the estimated parameters; G, is the adaptive estimator gain; and the scalar A adjusts

the smoothing of the estimations (i.e. the closer A to one, the smoother the estimation:
typical values for this parameter are between 0.9 and 0.99). The adaptive estimator tracks
the time varying coefficients, and then an estimation of the forcing term is obtained by
computing the averaged coefficients and using equation (5-3). The model parameters are

updated by computing the estimation error (e, ) for the second derivative, as follows:

€ = J:z - 01‘ ’ @z’T (5-7)

The estimation error is used to update the estimate for the model parameters:

GHI = Bi + Giei (5-8)

where G, is the linear estimator gain. The optimal value for the estimator gain G,,, for

i+1

use in the next step is computed as a function of the covariance matrix P, :

— Pi+1@i
/1 + @iTPHl@i .

©)

i+1

The RLLS technique improves the parameter estimation by sequentially processing each

sample. In order to make the estimator maximally responsive in the initial adaptation
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phase, the starting value for the covariance matrix P, is set at 1000 xI . The starting

value for the parameters is chosen to be zero. Each step of the RLLS algorithm updates

the covariance matrix of the predictions P,,, by using current measurements, as in

equation (5-6). The RLLS also improves the parameters estimation by predicting a
measured quantity with (5-5), using current values of the parameters. Equation (5-7)
computes the estimation error, which is used in equation (5-8) to improve the estimated
parameter by means of an adaptive correction gain computed in equation (5-9).

Equation (5-1) is chosen as a continuous time model to make the physical interpretation
of the parameters easier. However, in equations (5-6) through (5-9), discrete samples of
the first and second derivatives of the measured displacement were used. Due to the
presence of noise in the measured data and the effects of sampling rate, care was taken,
while approximating these quantities with finite differences, to prevent the quantities

from diverging. Soderstrom, et al.'

thoroughly described the crucial choice of a
suiTable estimator for the derivatives. In the present study, we use an estimator for the

derivatives compatible with the RLLS technique''%.

5.4. Results

Based on our model, the system can be studied as an unforced damped harmonic
oscillator with time-varying coefficients (5-1), or a forced damped harmonic oscillator

with constant coefficients (5-3).
5.4.1. Unforced model with time-varying coefficients

Temporal evolutions in stiffness (elasticity) and damping of the system within a cardiac

cycle is extracted from the unforced form of the oscillator (5-1). Stiffness and damping
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coefficients of the system for each individual case are estimated as a function of time,
based on the RLLS algorithm [equations (5-6) through (5-9)]. Time evolution of the
stiffness and damping coefficients used in the unforced form of the model are shown in

Figures 5.1 and 5.2.

Since the estimated coefficients for “K” were obtained from a one-dimensional model of
the left ventricle, their magnitudes represent longitudinal stiffness rather than the actual
stiffness of the ventricle. Therefore, the magnitude of stiffness at the end-systole and the
end-diastole do not have the same dimension as the results of the previous studies based

87,114,115

on P-V curve . However, to verify the accuracy of the results estimated by the

model, we described a nominal force-displacement ( f, -x) diagram equivalent to Suga®’
and Sagawa’s P-V diagram. In this diagram, instead of LV volume, long axis

displacement is used and the pressure is replaced by the force density per unit mass ( /5 ),
defined as LV pressure times unit area divided by the heart mass. The measured f, of

each case was plotted against the longitudinal displacement of the mitral annulus (Figure
5.3). Based on our definitions, the slopes of this curve at the end-systole and the end-
diastole have a dimension equivalent to the estimated “K”. The results for the oscillator’s

stiffness coefficient and f,-x diagram stiffness at the end-systole and the end-diastole

are provided in Table 5.2.

Univariate linear regression was performed to test the agreement between the model’s
estimation, and the measured values of “K” from f,-x diagram. Bland-Altman
analysis''® was also employed to evaluate systematic bias in the correlation. Statistical
analysis was performed using STATA statistical software (version SE 8.00, STATA

Corporation, College Station, Texas).
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Figure 5.1. Time evolution of stiffness coefficients for all the 10 cases.
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Figure 5.2. Time evolution of damping coefficients for all the 10 cases.



93

Figure 4 displays group regression and Bland —Altman plots for 10 comparisons between
model-estimated stiffness and pressure-Displacement measured “K” at end-systole and

end-diastole,  respectively. The  regression  equation  for K g was

Kps =0.5357K gg  +42.3460 (R’=0.7141, p<0.002). Correlation coefficient between two

data sets is 0.8450. The mean difference is 0.543 dyne/g.cm (p=0.910, 95% confidence

interval: -10.03422, 11.12022) that is, no systematic bias. Fork,,, the regression

equation is K ep =0.7046K g, +2.8758 (R’=0.8253, p<0.00001). The correlation

coefficient between two data sets is 0.9084. The mean difference is 0.675 dyne/g.cm

(p=0.465, 95% confidence interval: -1.327367, 2.677367) and therefore, no systematic

bias exists.
5.4.2. Forced model with constant coefficients

The forced form of the oscillator (5-3) provides information about the global (averaged)
state of elasticity and damping of the system, in addition to the instantaneous intrinsic

longitudinal force generated over a cardiac cycle.

Values of mean stiffness and damping coefficients for each case used in the forced form
of the equation (5-3) are provided in Table 5.2. To determine whether the coefficients
were from the same distribution and possessed the same mean, we applied Student’s t-test

for each sample of coefficients. For each coefficient of stiffness and damping, we

calculated the mean of the means of all 10 cases, “ #x “and” 4;, >, respectively.

Then the null hypothesis that each sample of coefficients had the same mean as

“Hg "and” U}, was tested. The estimated “ Mg “and” H;,” for 10 healthy cases were
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58.63+12.8 dyne/g.cm and zero dyne.s/g.cm, respectively. The p-value for each sample is
shown in Table 5.2.

The forcing term of equation (5-3) was also computed based on (5-4), using the estimated
parameters, zero-mean longitudinal displacement (y) and zero-mean longitudinal velocity

(7). Evolution of the forcing term within a cardiac cycle is shown in Figure 5.5. Incident

of diastole and systole were determined based on simultaneous ECG and the LV pressure

measurements
K (dyne/g.cm) h (dyne.s/g.cm) K g (dyne/g.cm) K gp (dyne/g.cm)
magnitude P-value magnitude P-value measured estimated measured estimated
Sheepl 49.11 0.16 0.05 0.90 74.5 85.81 2.15 2
Sheep2 51.32 0.50 0.02 0.90 98.33 83.83 8.73 5.84
Sheep3 62.39 0.39 0.09 0.68 70.35 61.86 3.12 1.25
Sheep4 47.16 0.12 0.01 0.64 96.67 89.64 12.2 16.62
Sheep5 44.40 0.05 0.04 0.79 74.17 68.74 5.69 4.8
Sheep6 56.86 0.83 0.04 0.79 100 86.41 4.33 543
Sheep7 63.62 0.15 0.07 0.70 71.52 66.86 5.2 3.42
Sheep8 83.40 0.05 0.12 0.68 111.25 134.5 11.22 7.07
Sheep9 83.48 0.05 0.12 0.68 111.25 136 10.59 7.07
Sheep10 47.84 0.06 0.02 0.85 97.83 86.79 18.04 21.02
Table 5.2. Magnitude of coefficients
Fe Figure 5.3. Plot of
o the force density of
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d against the
> longitudinal
400 =,d§ o displacement of the
- ¥ 04 mitral annulus. See
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Figure 5.4. validation of the coefficients estimated by the model versus coefficients obtained from
experiment. (A) Linear regression (solid line) and the line of identity (dotted line) comparing estimated
left ventricular stiffness ( Ky, ) at end-diastole derived by harmonic oscillator model and by pressure-

displacement diagram for 10 sheep. (B) Bland-Altman plot of difference between measured ( K, ) and
estimated ( K ;5 ) versus mean value. Mean and 95% confidence interval of the mean difference are shown.

(C) Linear regression (solid line) and the line of identity (dotted line) comparing estimated left ventricular
stiffness (K g ) at end-diastole derived by harmonic oscillator model and by pressure-displacement

diagram for 10 sheep. (D) Bland-Altman plot of difference between measured ( K ;¢ ) and estimated ( K z )
versus mean value. Mean and 95% confidence interval of the mean difference are shown.

5.5. Discussion

We developed a technique that employs a dynamic model for longitudinal displacement
of the annulus plane toward the apex. Using this technique enables us to estimate
longitudinal elastic and damping coefficients for the left ventricle based only on the
mitral annulus displacement. Although the estimated values of coefficients were
considered as one-dimensional parameters, their time-varying trends were consistent with
the previous studies that considered dP/dV as an index of stiffness®”'" and gave

quantitative information about LV dynamics. The only input used in this model is the
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long axis displacement of the annulus plane, which can also be obtained non-invasively
using tissue Doppler. The fact that the technique can be used as a non-invasive way to
evaluate LV function is the key advantage of this model with respect to existing

techniques.

As it can be observed in Figure 2, in all the cases, the stiffness of the model has a
minimum at the end-diastole, increases during systole and reaches a maximal peak at the

end-systole. This observation is consistent with the f,-x diagram plotted based on

measured data (Figure 5.3), with P-V diagram of Suga and Sagawa®’ and with the other

92,93,98,104,115

models that describe LV stiffness based on P-V relationship

i i i i i
0 01 02 03 04 05 06 07 08 09 1 0 o1 02 03 o4 05 06 07 08 09 1
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Figure 5.5. Time evolution of forcing term for all the 10 cases.

Estimation of damping coefficient gives additional information on ventricular contractile

behavior with respect to the estimated elastic component data. The estimated damping
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coefficient for the system had a zero mean value, and its range of variation was between -
10 and +10dyne.s/g.cm (Figure 5.3). The coefficient showed a negative peak during
systole. Considering the fact that the stiffness coefficient is always positive and greater
than the damping coefficient during systole (Figures 5.1 and 5.2), it can be inferred from
the linearized stability analysis''’ that the equilibrium solution is unstable for each time
point in which “A” is less than zero. This means that the displacement of the system
grows (usually exponentially). This can be a justification for the sharp longitudinal

displacement of the mitral annulus plane toward the apex during systole.

Although there are quite a number of published articles about the stiffness of LV
chamber, less attention has been paid to viscous damping in the left ventricle. However,
measured global damping of left ventricle over a cycle can also be used as an index for
evaluation of cardiac functionality. Recent papers have studied the damping
characteristics of myocardial contractile elements at cellular level''®'"”. Nevertheless, to
our best knowledge, none have been published relating viscous damping at the cellular

level to the global damping of the left ventricle as a continuum.

Time-varying behavior of stiffness and damping coefficients can be incorporated into an
intrinsic forcing term (5-4) of an equivalent harmonic oscillator with constant coefficients
(5-3). This forcing term shows periodic behavior over cardiac cycles and has a maximal
positive peak at the end-diastole. However, other than the maximal peak at the end-
diastole, no other features can be observed in common in all the cases (Figure 5.5). This
may imply that the intrinsic forces generated by cardiac contractile elements are naturally
complex and are not showing the same patterns in different hearts. Literature reports

109.HO.ILIS gyo0est that myocardial contractile elements (e.g., titin) may affect active
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force generation in the heart. The present model confirms the existence of such an

intrinsic active force in the left ventricle without articulating about its origin.

Another interesting observation resulting from the forced form of the oscillator is the
similarity between the magnitude of K and % in all the 10 cases (p>0.05). Based on the
present model, the mean damping coefficient can be considered zero in healthy hearts,
denoting that the viscous damping is minimal in normal LV. Further studies are in
progress to observe the variations of coefficients in cases where the physical state of the

LV has been changed due to acquired or congenital heart diseases.



CHAPTER SIX

Effect of Isovolumic Relaxation Phase on Diastolic
Rapid Filling in the Process of Postinfarction Cardiac
Remodeling

6.1. Chapter Abstract

Myocardial infarctions, especially large ones, lead to complex variations in cardiac
structure over the time, which involves not only the infarcted area but also the intact
zones. In the present article, the relation between the time constant of isovolumic
pressure-drop (1) and left ventricular axial strain (€) has been studied during the course of
cardiac remodeling after induction of different types of myocardial infarction (MI) in
sheep. Animals were categorized in three different groups for anteroapical, anterobasal,
and posterobasal infarctions and were followed up two, five, and eight weeks after
infarction. Gradual increase in end-diastolic and end-systolic lengths of the long axis was
recorded followed by certain types of myocardial infarction. Our results showed an
inverse relation between t and ¢ in all three groups. However, in most infarction models,
¢ did not follow the same trend of change in either end-systolic or end-diastolic LV axial
length. The present study also confirms that the post-infarction changes in isovolumic

relaxation phase have direct influence on diastolic rapid filling phase, which leads to
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complex variations in end-diastolic lengthening, and end-systolic shortening of the LV

contractile elements.

6.2. Introduction

Efficient left ventricular (LV) filling during diastole is a vital component of normal
cardiac function. Evaluation of diastolic function is crucial with the aim of early detection
of dysfunctions after infarction However, the effect of infarction-induced remodeling on
LV diastolic function is poorly understood. This is particularly true with regard to the
time course and the effect of infarct location. The process of cardiac relaxation occurs
mostly during the isovolumic relaxation (IVR) phase of the cardiac cycle. IVR is
described as the period between aortic valve closure and mitral valve opening when
ventricular pressure drops rapidly. Diastolic performance during IVR is best
characterized by the time constant of isovolumic pressure drop (t)*', which is the time
that pressure has fallen to approximately one-third (1/e=~1/3) of the end-systolic pressure.
The early diastolic filling is the direct result of the LV suction and can be assessed by LV

expansion after mitral valve opening.

Myocardial infarctions, especially large ones, in hearts as a homogenous system result in
complex variations in cardiac structure over the time, which not only involve the infarct
area but also affect the intact zones. This time dependent phenomenon is expressed as the
ventricular remodeling process'?’. Remodeling is associated with impaired LV systolic
performance'?! but its effect on diastolic function is poorly understood. In this study, the
LV longitudinal axis function was considered an important determinant of its global

performance due to longitudinally oriented subendocardial myocardial fibers'**'**.
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In the present study, we investigated the effect of LV remodeling on diastolic function

124 . . . .
similar in size, but

during both IVR and filling by using three ovine infarction models
at different locations. The results confirm that the post-infarction changes in IVR phase

have direct influence on diastolic rapid filling expressed as end-diastolic lengthening, and

end-systolic shortening of LV contractile elements.

6.3. Methods

6.3.1. Surgical procedure and data acquisition

Twenty sheep between 35 and 45kg were anesthetized and underwent left thoracotomy
and ligation of two major coronary arteries'”*. Animals were treated under an
experimental protocol approved by the University of Pennsylvania’s Institutional Animal
Care and Use Committee (IACUC) and in compliance with NIH publication No. 85-23,
as revised in 1985. Animals were induced with Thiopental sodium (10 to 15mg/kg
intravenously [IV]) and intubated. Anesthesia was maintained with Isofluorane (1.5% to
2%) and oxygen. All animals received Glycopyrrolate (0.4 mg IV) and Enrofloxin
(10mg/kg IV) on induction. Under aseptic conditions, animals underwent left
thoracotomy, and polypropylene snares were loosely placed around the appropriate
coronary arteries. In all the animals, sonomicrometry transducers (/.0mm,; Sonometrics
Corp., London, Ontario, Canada) were implanted at the apex and base of the LV. The
surface electrocardiogram (ECQG), arterial blood pressure (ABP) and LV pressure (LVP)
were continuously monitored and recorded. LVP was measured using a high-fidelity
pressure transducer (Spc-350, Millar Instruments Inc., Houston, TX) inserted from the

femoral artery into the LV.



102

Fourteen days after initial instrumentation, the sheep were anesthetized again. ECG, ABP
and the LVP were continuously monitored and recorded as baseline data. Afterward, the
subcutaneous snares were exposed, tightened, and tied to produce a myocardial
infarction. Each animal received Magnesium sulfate (1g IV), Amiodarone (150mg 1V)
and Lidocaine (3mg/kg IV bolus, then 2 mg/min infusion) prior to infarction. ECG, ABP
and the LVP were collected again thirty minutes after induction of infarction representing

post-infarction data.
6.3.2. Infarction Models'*

Six sheep had ligation of the distal left anterior descending and second diagonal arteries.
This type of infarction involved 2243 % of the LV mass and led to the development
anteroapical MI'* (Figure 6.1A). An anterobasal infarction involving 2442 % of the LV
mass was created in nine animals followed by ligating the first and second diagonal
arteries (Figure 6.1B). Five animals underwent of ligation of the second and third obtuse
marginal arteries resulted in a posterobasal MI'*®'*” which involved 21+4 % of the LV

mass (Figure 6.1C).

Desired data as mentioned earlier were collected during the eight weeks after infarction.
Following the eighth week, the animals were euthanized (80 mEq potassium chloride IV
bolus); the heart was excised, and inspected for validation of infarct size and location as

well as position of sonomicrometry transducers.
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Figure 6.1. Animal infarction models. (A) shows the anteroapical infarction model; (B) shows the
anterobasal infarction model; (C) shows the posterobasal infarction model.

6.3.3. Mathematical analysis

A mono-exponential model was used to describe the course of pressure drop during

isovolumic relaxation phase:
P=Pe’ +P, (6-1)
where P is the LV pressure, P, is the pressure at minimalc;—f , T 1s the pressure drop time-

constant, P_represents the pressure asymptote’ and ¢ is the time (Figure 6.2). The

asymptote will be zero if the LV pressure during IVR does not fall below zero. The IVR

phase was identified based on the trend of LVP and i—f in each case and the results

confirmed by the ECG™.
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Figure 6.2. Left ventricular pressure
f—a: and dp/dt plots. Red curve shows the
¥ measured LVP for a healthy sheep. Blue
o curve shows the dp/dt computed from
‘ié' the LVP. Isovolumic relaxation (IVR)
g A phase is defined based on LVP and dp/dt
= curves. IVR was regressed to a decaying
exponential function as showed in the

Figure.
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The length of ventricular long-axis segments through the cardiac cycles were measured

using sonomicrometry transducers. Long axis segmental Eulerian strain (¢) was

computed as:

,_ EDL—ESL

EDL (6-2)

where EDL is the length of end-diastolic long-axis segment and ESL is the length of end-

systolic long-axis segment.
6.4. Results
6.4.1. Left ventricular pressure.

The LV pressure drop time-constant (1) and pressure asymptote (P,) were computed

based on regression of the measured pressure during IVR to an exponential pressure drop
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function (6-1). Pressure drop time-constant (1) was computed for each sheep at baseline,
post infarction, two, five and eight weeks after induction of infarct (Table 6.1). For
comparison purposes, each time-constant (tr) was normalized by the primary time-

constant obtained at the baseline (7,) for each sheep. The averaged curve as the

representative of each group is depicted in Figure 6.3. Results for each group show
similarities in the overall trend of change in time-constant (tau):

The normalized tau curve for the anteroapical infarct group showed a 21.00 + 2.00%
increase instantly after infarction. Two weeks after infarction, it declined 7.00 + 2.50%
lower than the baseline and remained at this level until the fifth week. By the eighth
week, measured tau was 14.00 + 4.00% greater than the baseline (Figure 6.3 and Table
6.1).

Results for the anterobasal MI groups showed 26.00 + 4.00% increase in tau,
immediately after infarction. After two weeks, tau dropped 5.00 £ 3.00% below the
baseline and remained at this level until the fifth week. After 8 weeks, tau increased
29.00 £ 8.00% above its baseline (Figure 6.3 and Table 6.1).

The trend of change in tau for the posterobasal MI group showed 58.00 = 10.00 %
immediate elevations after infarction (Figure 6.3); then it fell to 42.00 + 3.00% below the
baseline at the second week. Within the fifth and the eighth weeks, tau grew. However, it

was still 12.00 + 1.00% lower than the baseline level at the eighth week (Figure 6.3).
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6.4.2. Measurement of long-axis segment

End-systolic (ESL) and end-diastolic (EDL) long-axis segments were measured as the
distance between the base and the apex of the heart at end-systole and end-diastole,
respectively.

For the anteroapical MI group, the average ESL and EDL at baseline were 68.42 + 4.76
mm and 71.92 + 4.30 mm, respectively. Eight weeks after infarction, these values
increased to 77.85 £ 4.43 mm and 80.41 + 5.24 mm, respectively. For the anterobasal MI
group, the average ESL and EDL at the baseline were 61.09 + 8.02 mm and 64.60 + 7.98
mm, respectively. Eight weeks after infarction, ESL and EDL increased to 68.04 + 6.51
mm and 71.30 £ 7.71 mm, respectively. For the posterobasal MI group, the average ESL
and EDL at the baseline were 67.11 + 5.26 mm and 69.55 + 6.21 mm and increased to
72.47 £ 4.83 mm and 76.26 + 7.00 mm, respectively, eight weeks after infarction. The
averaged normalized curves of EDL and ESL for each case during remodeling process

have been depicted in Figure 6.4.
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Tau (ms) Anteroapical Anterobasal Posterobasal
Baseline 22.652 +5.430 28.461 + 11.603 26.278 + 4.173
30 minutes after MI 28.125 £ 10.689 33.908 = 10.131 43.240 + 3.006
2 Weeks after MI 19.957 £1.923 24511 +£4.416 16.527 + 8.773

5 Weeks after MI
8 Weeks after M1

20.965 +£5.935
24,107 +£3.387

26.136 £9.615
31.978 + 12.563

21.566 £ 1.692
22.884 + 2.681

Table 6.1. Averaged pressure drop constant after different models of MI. Note: Values are means plus/minus
standard deviations. All values are in millisecond

Long Axis Strain Anteroapical Anterobasal Posterobasal
Baseline 0.049 £ 0.026 0.055+0.011 0.034+0.010

30 minutes after MI 0.034+0.017 0.050 £ 0.015 0.030 +0.005
2 Weeks after MI 0.041 £0.018 0.051 £0.022 0.041 £0.016
5 Weeks after MI 0.039 +0.031 0.050 £ 0.015 0.040 +0.020
8 Weeks after MI 0.031+0.016 0.045 +£0.013 0.048 +0.024

Table 6.2. LV Long Axis Eulerian Strain following MI. Note: Values are means plus/minus standard
deviations.

Long axis Eulerian strain was calculated based on the definition that has been described
in the method section (6-2). Results showed a drop in Eulerian strains followed by the
induced infarction in all the cases. The trend of the variations during the remodeling

process is depicted in Figure 5 and also shown in Table 6.2.

6.5. Discussion

The interrelated changes in trend of pressure drop during IVR phase and LV long-axis
strain during remodeling process suggest that variation in diastolic function can directly
influence the systolic performance of the left ventricle. Location of the infarct, regardless
of its size induces a variety of changes in IVR dynamics during remodeling process
which accordingly results in a range of variation in LV long-axis strain. However, certain

phenomena seem to take place in spite of infarct location.
6.5.1. Variation of diastolic function

Previous studies have shown the effects of myocardial ischemia on global hemodynamics

128

of the heart'*®. Marsch et al’’ showed that the time-constant of IVR (tau) temporarily
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increases during ischemia but recovers completely one hour after reperfusion. The results
of the present study show an immediate rise in tau, 30 minutes after infarction as a
common characteristic for all the examined groups (Figure 6.2). This phenomenon
demonstrates that the dysfunction in IVR is the immediate response of the heart to
infarction and it occur regardless of location of infarct. However, reduction of time-
constant during the first two weeks after all three types of infarction in this study can be
described as a compensatory mechanism to retrieve the diastolic function. A possible
hypothesis that can explain this phenomenon is the inverse relation between the

intraventricular pressure gradient and the tau'®’

. In a post infraction condition, heart
struggles to improve the diastolic function by increasing the intraventricular pressure

gradient faster than normal.
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In each infarction group, results showed that after the second week, tau gradually
increased and by the week eighth, it reached to a level very close to its baseline (in
posterobasal) or beyond the baseline level (anteroapical and anterobasal). At this stage,
the compensatory mechanisms have failed to maintain the diastolic function and diastolic
failure occurred. As a matter of fact, it can be concluded that the remodeling is initially
an adaptive response to maintain normal cardiac function. However, it gradually becomes

maladaptive and leads to progressive decompensation.

6.5.2. Variation in ventricular expansion

Contraction of the ventricle in the longitudinal axis is mainly caused by subendocardial
fibers which are sensitive to ischemia'’’. End-systolic and end-diastolic long-axis
segments of LV represent the size of the maximally contracted and maximally expanded
LV, respectively. It has been previously shown that the length of the unstressed
myocardial segments increases when they are subjected to ischemia'**'*!. However, the
process of ventricular enlargement after infarction is more complex and is also influenced
by several other factors such as infarct size'*?, infarct healing'*’, and ventricular wall
stresses' 2. Deformation of ventricular geometry has been reported as the final stage of

infarct expansion which is a consequence of lengthening in non-contractile region'*.

Infarction initiates a process resulting in plastic deformation of the ventricle. Continuous
increase in the length of the myocardial elements is referred as creep, which is an
engineering term defined as time-dependant change in length, at a constant stress from

external forces'>.
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Our results confirm the gradual increase in EDL and ESL within the studied myocardial
infarction groups. However, the trend of lengthening was not quite similar in all the
groups studied (Figure 6.3A). In anteroapical MI group, the lengthening was stabilized at
the fifth week to a level around 13% greater than the baseline (Figure 6.3B). In
anterobasal MI group, the lengthening process steadily continued until the eighth week
(Figure 6.3C). However, the extent of lengthening in anterobasal group was less than in
anteroapical group at any time points after MI. The trend of long-axis elongation in
posterobasal MI group was quite different with the other two groups. The long-axis
segment enlarged after infarction but unlike the other groups, it shrank after two weeks

and then rose again until the eighth week.

6.5.3. Correlation between IVR time-constant and ventricular contraction
The correlation between IVR time-constant (tau) and the ventricular contractility is a

topic that has been less thoroughly studied in the process of remodeling after infarction.
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In the present study, we considered long-axis Eulerian strain (¢) as an index of LV
contraction.

In anteroapical MI group, epsilon (€) dropped to 69% of its baseline level after infarction,
while tau (1) elevated 120% with respect to its baseline valve. Two weeks after infarction,
epsilon elevated to 84% of its baseline value whereas tau dropped 7% below the baseline.
Five weeks after infarction, epsilon slightly dropped to 81% of its original value while
tau slightly increased to 94% to the baseline magnitude. Eight weeks after infarction,

epsilon dropped again to 64% of the baseline value as tau elevated 14% above its original

valve (Figure 6.5A).

In anterobasal MI group, epsilon dropped to 91% of its baseline level after infarction,
while tau (1) elevated 126% with respect to its baseline valve. Two weeks after infarction,
epsilon slightly elevated to 94% of its baseline value whereas tau dropped 5% below the
baseline. Five weeks after infarction, epsilon slightly dropped to 90% of its original value
while tau slightly increased to 96% to the baseline magnitude. Eight weeks after
infarction, epsilon dropped again to 81% of the baseline value as tau elevated 29% above

its original valve (Figure 6.5B).

In posterobasal MI group, epsilon dropped to 86% of its baseline level after infarction,
while tau (1) elevated 158% with respect to its baseline valve. Two weeks after infarction,
epsilon elevated to 21% above the baseline value whereas tau dropped to 58% of the
baseline. Five weeks after infarction, epsilon slightly dropped to 16% above its original
value while tau increased to 83% to the baseline magnitude. Eight weeks after infarction,
epsilon increased to 41% above the baseline value as tau slightly elevated to 88% of its

original valve (Figure 6.5C).
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Results showed that € in most cases did not follow the trend of change in neither EDL nor
ESL; except the interval between the fifth and eighth week after MI in posterobasal group
(Figure 6.5C). However, there was an inverse relationship between tau (t) and epsilon (g)

in all the studied groups (Figure 6.5).
6.6. Conclusion

The present study has confirmed the strong inverse relationship between tau and epsilon.
On the other hand, it was observed that the trend of change in epsilon (¢) is independent
of length both EDL and ESL. Therefore, it can be postulated that ventricular longitudinal
shortening as an index for contraction, is not a direct consequence of myocardial segment

lengthening as previously thought'*®*.

The presence of an infarct zone deteriorates the homogeneity of the LV chamber. This
geometrical change alters the untwisting motion in IVR phase and eventually affects the
LV suction in early filling phase of diastole. The isovolumic movements, rather than
being a simple coiling and recoiling phenomenon, constitute components of a specific
and complex ventricular reshaping process, most probably creating the optimal

conditions for the diastolic filling and systolic ejectionm.
6.7. Study limitations

The relatively small number of cases and the variety in the weight and the age of the

sheep resulted in moderately wide standard deviations for the computed parameters.



APPENDIX

A.1. Cardiac physiology

The heart is a hollow muscular organ of a somewhat conical form; it lies between the
lungs in the middle mediastinum and is enclosed in the pericardium. The heart, in the
adult, measures about 12c¢m in length, 8 to 9cm in breadth at the broadest part, and 6¢cm
in thickness. Its weight, in the male, varies from 280 to 340grams; in the female, from
230 to 280grams. The heart continues to increase in weight and size up to an advanced
period of life; this increase is more marked in men than in women. The heart is
subdivided by septa into right and left halves, and a constriction subdivides each half of
the organ into two cavities, the upper cavity being called the atrium, the lower the
ventricle. The heart, therefore, consists of four chambers, right and left atria, and right
and left ventricles. The base (basis cordis) which is directed upward, backward, and to
the right, is formed mainly by the left atrium, and, to a small extent, by the back part of
the right atrium. The apex (apex cordis) is placed downward, forward, and to the left, and
is overlapped by the left lung and pleura. The left atrioventricular opening (mitral orifice)
is surrounded by a dense fibrous ring and covered by the lining membrane of the heart
and is guarded by the bicuspid or mitral valve; it measures about 1 inch in diameter. The

bicuspid or mitral valve is attached to the circumference of the left atrioventricular
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orifice. It consists of two triangular cusps, formed by duplication of the lining membrane,
strengthened by fibrous tissue, and containing a few muscular fibers. The cusps are of
unequal size, and are larger, thicker, and stronger than those of the tricuspid valve are.
The larger cusp is placed in front and to the right between the atrioventricular and aortic
orifices, and is known as the anterior or aortic cusp; the smaller or posterior cusp is
placed behind and to the left of the opening. The cusps of the bicuspid valve are
furnished with a number of delicate tendinous cords known as chorda tendinae. The
papillary muscles are two in number, one being connected to the anterior, the other to the
posterior wall of the ventricle; they are of large size, and end in rounded extremities from
which the chorda tendinae arise. The chorda tendinae from each papillary muscle are

connected to both cusps of the bicuspid valve* (Figures A.1-A.4).

Figure A.1. Base and diaphragmatic
surface of heart. The position of left
atrium and left ventricle could be observed.
[Henry Gray (1825-1861). Anatomy of the
Human Body).

Left pulmonary veina
~ Right pidmaonary
veins

Obligue vein of leftatrium
Great cardias vein

Left marginal vein.

Small cardiac vein

Posierior vein of left ventric
Middle cardiae vein

The oxygenated blood from lungs returns to left atrium, then left ventricle, and finally
pumps through the aorta from left ventricle. Cardiac cycle has two major functional
phases; diastole, which is the phase that ventricles are filled with blood and systole which
blood pumps out of the heart. Each cycle takes around 800 milliseconds which 60% of it

is during diastole and the rest is during systole. Each phase divides to several stages.
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Diastole is divided to isovolumic relaxation and ventricular filling which is subdivided to
rapid inflow, diastasis and atrial contraction. Systole includes isovolumic contraction and

ventricular ejection (Figure A.5).

Figure A.2. Interior of left side of heart. The
base of the heart, papillary muscles inside the
left ventricle and the inlet of the left atrium has
shown [Henry Gray (1825-1861). Anatomy of
the Human Body].

Figure A.3. Coronal section of the heart;
showing the ventricular septum; position of
mitral valve corresponding to papillary muscles
could be observed too [Henry Gray (1825-
1861). Anatomy of the Human Body].
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A.2. Echocardiography

Cardiac ultrasonography (echocardiography) is a valuable non-invasive tool for imaging
the heart and surrounding structures. In general, echocardiography is used to evaluate
cardiac chamber size, wall thickness, wall motion, valve configuration and motion, and
the proximal great vessels. Using ultrasound, anatomic relationships can be determined

and some information regarding cardiac function can be derived.
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Diagnostic ultrasound employs pulsed, high frequency (>20,000 Hz) sound waves that
are reflected back from body tissues and processed by the ultrasound machine to create
characteristic images. Sound waves are propagated to the surrounding medium at a
characteristic speed (approximately 1540 m/sec in soft tissues), the thickness, size and
location of various soft tissue structures in relation to the origin of the ultrasound beam
can be calculated at any point in time. The intensity of the ultrasound beam decreases as
it travels away from the transducer because of beam divergence, absorption, scatter, and
reflection of wave energy at tissue interfaces; these factors influence the intensity of the
returning echoes. Three types of echocardiography are used clinically: M-mode, two-
dimensional (2-D B-mode or real time), and Doppler. Each has important applications,

which are briefly described below:

The M-mode echocardiogram provides a one-dimensional view (depth) into the heart.
The M-mode images represent echoes from various tissue interfaces along the axis of the

beam (Figure A.4).

Two-dimensional echocardiography allows a plane of tissue (both depth and width) to be
imaged. Thus, the orientation and anatomic relationships between various structures are
easier to appreciate that with M-mode images. A variety of planes through the heart can

be imaged from several locations on the chest wall (Figure A.5).


http://www.cvm.tamu.edu/cardiology/notes/m-mode_echo.html
http://www.cvm.tamu.edu/cardiology/notes/two_dimen.html
http://www.cvm.tamu.edu/cardiology/notes/two_dimen.html
http://www.cvm.tamu.edu/cardiology/notes/doppler.html
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5 Normal Left Yentricular M-Mode Figure A.4. M-Mode Echo of a
T Sdptum Normal left ventricle. Septum is
A the wall separating LV and RV. LV:
_u¥Posterior wan Left ventricle and LA: Left atrium.
; The structures during systolic and
diastolic  phase are depicted
(Courtesy of the University of
Kansas Medical Center).
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Doppler imaging allows evaluation of blood flow patterns, direction, and velocity; thus, it
permits documentation and quantification of valvular insufficiency or stenosis and
cardiac shunts. Estimations of blood flow and cardiac output can also be made. Doppler
echocardiography is based on detection of frequency changes (the Doppler shift)
occurring as ultrasound waves reflect off individual blood cells moving either away from
or toward the transducer. Calculation of blood flow velocity is possible when the flow is

parallel to the angle of the ultrasound beam.

Normal Cardiac Anatomy, Inverted Subcostal Image Figure A.S. Normal cardiac
anatomy shown by 2-D-Echo. AO:
Aortic arch; RA: Right atrium: LV:
Left ventricle and LA: Left atrium
(Courtesy of the University of
Kansas Medical Center).
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The parameters that can be obtained from Doppler imaging and are useful in evaluating
the diastolic function are: E-wave, which is the early trans-mitral flow velocity during
rapid filling phase; A-wave, which is the trans-mitral velocity during atrial contraction in
late diastole; the ratio between the early peak trans-mitral flow velocity (E) and the late
peak atrial systolic velocity (A) (E/A ratio), which is expressed in terms of the peak
velocities; deceleration time (DT), which is calculated and expressed as the time for the
peak filling velocity (E-wave) to fall to baseline; and isovolumic relaxation time (IVRT),
which is the time from aortic valve closure to the onset of mitral valve inflow (Figure
A.6).

The Doppler principle can also be used to measure the velocity of movement of tissue in
the direction of the ultrasound beam (Tissue Doppler Imaging). Because the velocities are
generally much lower than that of blood, the frequency shift is correspondingly lower and
more difficult to measure. Modern ultrasound machines, however, frequently offer 'tissue

Doppler' as an option and it is being used with increasing frequency in echocardiography.

el [igure A.6. Normal echo Doppler
L i LSl  components. E-wave, which is the
early maximal trans-mitral flow
velocity; A-wave, which is the peak
velocity during atrial contraction in
late diastole and deceleration time
(DT), which is calculated and
expressed as the time from the peak
filling velocity (E-wave) to fall to
baseline have been shown in this
Figure (Courtesy of University
Medical Center Hamburg-Eppendorf).

A.3. Patient selection criteria for evaluation of formation number

To test whether the Formation Number could characterize the flow process in the left
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ventricle, the goal is to conduct a series of in vivo tests on approximately 100 consented

subjects within the following specific groups.

A.3.1. Patient selection inclusion criteria

1) At least 50 healthy volunteers (preferably, 25-M & 25-F) of the following
characteristics:

a) Age: > 20,

b) Normal rhythm,

c¢) Normal heart valves,

d) Normal blood pressure,

e) Normal EKG,

f) No history of any kind of myocardial infarction,

g) Left ventricular ejection fraction > 50%,

h) Non-smoker,

1) Appropriate weight for the height.

2) At least 20 patients with dilated cardiomyopathy with the following criteria:
a) Left ventricular end diastolic dimension > 60mm,
b) Left ventricular fractional shortening < 25%,

c¢) No segments of cardiac hypertrophy (left ventricular wall thickness < 12mm).

3) At least 20 hypertensive patients in the age group of 30-60 with the following criteria:
a) Diagnosed as essential hypertension with diastolic blood pressure > 95 mmHg,

b) No prior history of myocardial infarction.

4) Any patients diagnosed with hypertrophic or restrictive cardiomyopathy.
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5) At least 10 patients with different stages of mitral stenosis (higher formation numbers).

A.3.2. Protocol for Echocardiography

1) Use a 3.5 MHz or 5.0 MHz phased-array transducer

2) Use Pulsed-Wave (PW) Doppler

3) Optimize depth and repetition rate

4) Obtain 4-chamber gray-scale view or left 2-chamber view (LV & LA) of at least 15
cycles

5) Measure diameter/area of mitral annulus (as a function of time, preferably)

6) Measure the distance from mitral annulus to the cardiac apex, L

7) Obtain Color Doppler Flow Mapping (CDFM) of the trans-mitral flow of at least 15
cycles

8) Obtain E-wave and A-wave

9) Measure DT, IVRT and E/A ratio

10) Measure color-coded diameter of mitral annulus, D(color)

11) Obtain mean trans-mitral velocity, Vivean)

12) Develop cut-off criteria for tracing E-wave

13) Obtain velocity-time integral (V'77) from PW Doppler

14) Obtain tissue Doppler indices (E’, A’, etc.)

15) Obtain ejection fraction (EF), LVEDV and LVESV
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A.4. Engineering drawing of the load cell
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