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Abstract

Healthy coronary circulation is crucial for the heart, and thus for a person’s health. The
treatment of acute myocardial infarction (MI), one of the major reasons for death, has
greatly improved over the last decades. Percutaneous coronary intervention (PCI) is a
standardised procedure where a stent is used to reopen MI-patients’ blocked coronary
arteries. Re-establishing flow in the macrocirculation was a long time in the focus of MI-
research. Poor patient outcome is today often linked to impaired microcirculation after
the MI. Myocardial microvascular obstruction (MVO) describes the occlusion of vessels
of the microvasculature caused by distal embolisation with microthrombi, mostly smaller
than 120 pm. About half of all ST elevation MI (STEMI) patients are reported to show
MVO after PCI. The prognostic outcome of patients with MVO is up to half as good as
for patients without. Treatment of MVO is a key issue to be addressed in MI treatment.

This study addressed this need by establishing an in vitro multiscale benchtop model,
representing the coronary circulation by starting with physiological blood flow in an aortic
root phantom and going down to the microcirculation of the left anterior descending
coronary artery (LAD). A morphologically correct microchip was used to investigate drug
distribution in vessels between 700 pm and 50 pm.

Due to the small scale, only pharmaceutical approaches are possible. So far, no ther-
apies convinced. Failing due to fluid dynamic reasons is suspected. Different dye infusion
protocols (representing intracoronary infusion of pharmaceutical agents) were tested to
investigate local flow conditions in MVO-affected regions and to quantify drug delivery
efficiency. Both, a simple MVO model with plugged outlets and an enhanced MVO model
using real porcine microthrombi was used. Basic knowledge about microthrombi causing
occlusions could be gained. A multi-lumen occlusion infusion catheter was used for intra-
coronary infusion, while proximally occluding the coronary artery by inflating its balloon.
Like this, the maximal drug concentration, as well as the cumulated drug dose, could be
improved by enabling a wash-in effect driven by the intramyocardial pump effect. De-
pending on the MVO model used, up to three times higher maximal drug concentrations
and up to five times higher cumulated doses could be obtained.

Further, studies to investigate the effect of collateral flow, bypassing the balloon oc-
clusion, and optimising the infusion protocol were performed. While the collateral flow
led to a significant decrease of the evaluated values, lower infusion rates showed to be
beneficial to increase the two defined measures, respectively to decrease the needed dose.

The obtained results and findings demonstrate the beneficial effect of performing prox-
imal vessel occlusion by balloon inflation for simultaneous intracoronary drug infusion to
increase the local concentration of therapeutic agents and reach dead-ended vessel ob-
structions which otherwise would not be reached by the therapeutic agents. Future treat-
ment strategies for MVO may benefit from the gained knowledge and could lead to huge
improvements in patients outcome.
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Chapter 1

Background

1.1 Introduction

The heart constantly drives blood through our body. With over 100’000 beats per day,
it pumps more than 7’000 litres of blood through the cardiovascular system. 5% of this
blood is needed by the heart itself to work properly. The coronary system comprises
all blood vessels supplying the heart’s muscle tissue, the so-called myocardium. Once
this supply is interrupted or limited, the whole system is impaired and can lead to acute
life-threatening situations.

Coronary artery diseases (CAD), like acute myocardial infarctions ((A)MI), are next
to cancer or strokes, one of the most occurring reasons for death. In 2017, up to 862’000
people in Europe died from CAD. This accounts for 19% of all deaths (European cardiovas-
cular disease statistics, 2017). Most CADs are related to (previous) coronary atheroscle-
rosis, which evolves due to genetic conditions or lifestyle-depending risk factors and leads
to slow calcification and obstruction of the coronary vessels. Coronary atherosclerosis
often ends up in AMI. Today’s MI treatment is mainly based on percutaneous coronary
intervention (PCI) and complemented with drugs.

Patients’ recovery from MI is very different and depends on multiple factors. One
factor that gains more and more attention is so-called microvascular obstruction (MVO).
MVO has several underlying causes and expresses itself in many different forms. The most
common forms are caused by distal embolisation or debris breaking off from the primary
thrombus during PCI. Vessels of one to two orders of magnitude smaller than the primary
MI get occluded by microthrombi (120 —40 pm). Between 40— 60% of all STEMI patients
are diagnosed with significant amounts of MVO (Klug et al., 2012; [Waha et al.| [2017).
Several studies report that patients diagnosed with MVO are at double risk of dying
within five years after MI compared to MI patients without significant MVO diagnoses.
Hence, immediate treatment of MVO is crucial for the patient. Mechanical removal, as in
PCI, is impossible due to its small size and a lack of imaging possibilities in the catheter
laboratory. Drug-based treatments with thrombolytics or platelet inhibitors are reported
to have limited success, even when infused intracoronary (Moser et al., [2003)). Different
administrations do not overreach others clearly, and the outcome is to be improved in all
cases.

So far, many clinical studies addressed this problem. A more detailed fluid dynamic-
based approach, leading to an understanding of the local phenomena is needed to im-
prove drug delivery into cardiac MVO-affected vessels. The pathological situation with

1



2 CHAPTER 1. BACKGROUND

obstructed vessels leading to dead ends combined with low Reynolds number flow regimes
in the microvasculature could cause situations where the drugs simply just do not reach
the sites they should. The company CorFlow Therapeutics AG, Baar, Switzerland ad-
dresses this approach with their new medical device and method Controlled Flow Infusion
(CoFT). This catheter-based method is based upon balloon occlusion during the intracoro-
nary drug infusion. By the occlusion, early dilution and washout of the drug should be
prevented.

1.1.1 Thesis outline
Chapter This chapter introduces the reader to the subject of microvas-

cular obstructions (MVO). It summarises the relevant and required knowledge of the
coronary system, its anatomy and physiology, its pathophysiology regarding preliminary
myocardial infarctions and MVO, and current treatment strategies and their limitations.
The investigated treatment approach using controlled flow infusion (CoFI) is presented.
It also provides the needed basics of fluid dynamics and its translation to the human body.
At the end, this work’s investigated hypotheses and objectives are deduced.

Chapter [2|[Materials and Methods| This chapter explains the used multiscale set-up
consisting of a left heart mock loop, a coronary-circulation model and a microcirculation
model. All incorporated components, including their function and representation, are
interpreted. It also illustrates how the gained data were post-processed and introduces
the variables used to evaluate and compare the performed experiments.

Chapter [3|[Proximal Balloon Occlusion] A study is presented, investigating the po-
tential benefit of proximal balloon occlusion during drug infusion. MVO-affected regions
are targeted to improve local drug concentration. Experimental protocols are explained in
the chapter’s materials & methods section [3.2] The results are presented in the chapter’s
results section [3.3], followed by the corresponding discussion in section [3.4]

Chapter [4 Microthrombi Model A follow-up study of chapter [3| is presented. An
improved MVO model is used to further investigate the potential benefit of proximal
balloon occlusion during drug infusion, regarding single channels, occluded by real porcine
microthrombi. Experimental protocols are explained in the chapter’s materials & methods
section [4.2] The results are presented in the chapter’s results section followed by the
corresponding discussion in section [4.4]

Chapter [5|[Influence of Collateral Flow| A study investigating the influence of col-
lateral flow during drug infusion is presented. To the experiments of chapter [3] collateral
vessels, bypassing the balloon occlusion, at different orders in the network are added. Ex-
perimental protocols are explained in the chapter’s materials & methods section [5.2] The
results are presented in the chapter’s results section [5.3] followed by the corresponding
discussion in section 5.4

Chapter [6] [nfusion Rate Optimisation] A study investigating the optimisation of
proximal balloon occlusion during drug infusion by changing the drug’s infusion rate
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is presented. Different patient settings are taken into account as well. Experimental
protocols are explained in the chapter’s materials & methods section [6.2] The results are
presented in the chapter’s results section [6.3] followed by the corresponding discussion in
section [6.4]

Chapter [7] This chapter contains a global discussion, putting all gained

results and findings in a common translational and medical context.

Chapter [§[Conclusion and Outlook] In this chapter, a final conclusion, summarising
the results, is drawn, and further research proposals to investigate are given.

1.2 The coronary system

The heart and the cardiovascular system are one of the most investigated organs. Various
books like Martini et al| (2012) and Netter| (2014)) provide detailed anatomical studies,
while others like |Schmidt et al. (2010 provide detailed physiology of the heart and the
cardiovascular system. [Fung (1997) and [Kassab| (2019)) provide fundamental engineering
points of view to the topic.

1.2.1 Macrovasculature

The human heart, placed in the middle of the chest, contracts roughly 70 times per minute
and pumps with each beat about 70 ml blood through the body, leading to a cardiac output
of roughly 51/min. It consists of the right and the left side, both with one atrium and
one ventricle. Those chambers contract in a coordinated way. Blood coming back from
the body arrives during diastole, the heart’s relaxing phase, in the right atrium and flows
further through the tricuspid valve into the right ventricle (Fig. |1.1). With the start
of the systole, the heart’s contraction phase, the atrium starts contracting, and after a

& ‘ p Aorta
Sup.
up. vena cava Pulmonary artery

Pulmonary circulation

Pulmonary veins
Left atrium ;
Mitral valve

. Pulmonary veins
Systemic circulation : . .
Y Right atrium

Tricuspid valve Left ventricle

Right ventricle Aortic valve

Capillary bed Inf. vena cava Descending aorta

Pulmonary valve ‘

Fig. 1.1: Left: Schematic of the human circulation divided into the pulmonary circula-
tion, systemic circulation and capillary bed. Right: cross-section of the heart
chambers with the most important anatomical indications['

1Figure 2.1 in |Mantegazza| (]2020[) (Adapted figure, original by www.vectorstock.com).
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short delay, the ventricle starts contracting too. The intraventricular pressure increases,
the tricuspid valve closes and the pressure rises further. As soon as the intraventricular
pressure exceeds the pressure in the pulmonary artery, the pulmonary valve opens and
blood is injected into the pulmonary artery, the starting point of pulmonary circulation.
The blood then reaches the lungs where the gas exchange takes place. The oxygenised
blood runs through the pulmonary vein back to the heart and into the left atrium (LA)
and through the mitral valve into the left ventricle (LV). During systoly, parallel to the
right side, the left atrium and shortly later also the ventricle starts contracting. The mitral
valve closes and the intraventricular pressure rises further. As soon as the intraventricular
pressure exceeds the aortic pressure, the blood is pushed through the aortic valve into
the aorta, and hence the systemic circulation, supplying the organs with blood. One of
the main tasks of blood is to transport oxygen and nutrition to the cells in the organ’s
tissue and discharge their waste and carbon dioxide.

For maximal exercise, the heart rate can increase up to 190 beats per minute (bpm) with
a stroke volume of 110ml (Schmidt et al., |2010). Consequently, the heart’s performance
depends on the reachable heart frequency as well as the stroke volume. A third, and
equally important factor, is the coronary circulation, supplying the heart’s muscle tissue,
the myocardium, with blood, and therefore oxygen and nutrition. To ensure that the
heart muscle gets enough blood, two major coronary arteries diverge from the aorta just
after the aortic valve (Fig. [1.2]). Each one originates in one of the three sinus portions,
in the so-called ostia. The major coronary artery supplying the heart’s right side is the
right coronary artery (RCA), and the major artery supplying the left side is named the
left coronary artery (LCA). Since the muscle of the left side of the heart needs to pump
the blood throughout the whole body, it is stronger and therefore thicker, and more
blood, delivering energy, is needed. The LCA bifurcates into the left circumflex artery
(Cx/LCX) supplying the posterior side of the left ventricle, and into the left anterior
descending artery (LAD) supplying the anterior side of the left ventricle.

Superior
vena cava Left pulmonary

artery

Left pulmonary

Aorta veins

. . Left coronary
Right atrium artery (LCA)
Left anterior
descending (LAD)

Right coronary
(or interventricular)

artery (RCA)

artery
Posterior (Left) circumflex
descending artery (Cx)

artery (PDA
v ) M1 Left marginal
. ) M2 arteries
Right marginal
artery (RMA) D1 Diagonal
D2 branches

Right ventricle Left ventricle

Fig. 1.2: Coronary arteries of the human heart. Red: Coronary arteries, Blue: other
landmarksﬂ

’Image by Mikael Higgstrom, MD. Public Domain (CCO 3.0), used with permission.
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1.2.2 Collateral vessels

About one-third of patients with coronary artery disease (CAD) (Sec. show collat-
eral arteries (Seiler, 2010). These anastomotic vessels interconnect arterial branches at
different levels and supply areas with blood that, e.g. due to CAD, like stenotic coronar-
ies, would be under-perfused. It is known that collateral growth happens after myocardial
injuries (Seiler, 2017)), but also that patients without any CAD can show collateral ves-
sels (Meier et al., 2013)), even though in different amounts. Nevertheless, collateral flow
after myocardial infarction may be sufficient for activities of daily life, but as
Schwartz (1983) showed in dogs, it may not be sufficient for exercising. Collaterals pro-
viding 20 — 25% of the natural flow of an acutely occluded coronary artery should prevent
ischaemia (de Marchi et al) 2012). [Wustmann et al| (2003) showed that one out of
four patients without CAD has enough collateral arteries, while one out of three patients
diagnosed with CAD shows enough collaterals (Pohl et al., 2001).

'Van Lier et al.|(2016]) published an anatomical study based on using an imaging cryomi-
crotome in hearts with fibrosis caused by a previous myocardial infarction. They showed
that most collateral vessels have diameters in the range of roughly 70 pm to 120 pm and
that intracoronary collateral vessels, creating connections inside the same major branch,
for example LAD-LAD (~ 9cm™3), are by factors of 25 and higher more frequent as in-
tercoronary collaterals, connecting, for example, the LAD with the LCX (~» 0.35c¢m™3),
or the LAD with the RCA (»0.1cm™3). Intercoronary collaterals were almost exclusively
(99%) found between the LAD and the left circumflex artery (LCX), whereas intracoro-
nary collaterals were most prevalent (74%) within the left anterior descending (LAD)
territory. Almost all collateral segments were found in the subendocardium. They could
not distinguish if those collateral vessels were a result of angiogenesis, native collater-
als, or collaterals that have developed or remodelled as a result of a previous myocardial

infarction (Sec. [L.3).

1.2.3 Microvasculature

Fig. 1.3: Types of blood vessels, including an arteriole and artery, as well as capillariesﬂ

3SEER Training Modules, Classification & Structure of Blood Vessels. U. S. National Institutes of
Health, National Cancer Institute. 11.12.2022. Public Domain (CCO 1.0).


https://training.seer.cancer.gov/anatomy/cardiovascular/blood/classification.html
https://creativecommons.org/publicdomain/zero/1.0
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The large blood vessels in the body are used to transport blood from proximal to distal
regions. When the organ /tissue to provide for is reached, the blood vessels decrease in size
and multiply in numbers, thus increasing in total cross-section and drastically reducing
flow speed. The flow velocity in the smallest vessels, the capillaries, is in the range of
30ums~! whereas the diameter is in the range of 5um to 10 pm (red blood cells have
a diameter of 7.5pm and a thickness of 2.5um). These small scales of diameter and
flow velocity are needed to enable gas and nutrition exchange which is driven by diffusion
processes. The process of branching from arteries to arterioles and ending up in capillaries

is pictured in Fig. [1.3

1.2.4 Anatomical data of the LAD

Kassab et al.| (1993) published fundamental anatomical data on the coronary vessel tree
from pig’s hearts. The following section provides an overview of this work that was also
used to design the microfluidic chip used for this thesis (Sec. . Since most of the
major myocardial infarctions occur in the left anterior descending coronary artery (LAD),
only the LAD’s anatomy and morphology will be the focus of this section.

Strahler’s model

In geography, the so-called Strahler model was used to describe how rivulets collect into
a river. Multiple versions of Strahler’s model exist. They all have in common, that
they assign an ’order’ number to all branches and elements of the network and start
at the smallest branches. In the first version of Strahler’s model, each branch gets an
‘order’ number. The smallest branches, the capillaries, are numbered as order-0, larger,
meaning more proximal vessels, get higher numbers. It bases on a totally symmetric
tree. Since vessels do not branch in a symmetrical way, meaning an order-4 vessel does
not only branch off in two order-3 vessels, a more complex model was needed. Further
derived models differ, in how orders at bifurcations are inherited. Therefore, in the second
version of Strahler’s model, e.g. vessels of order-3 meeting a vessel of order-2 remain an
order-3 vessel.

The final version then considered successive branches of vessels of the same order con-
nected in series as one vessel of greater length. But in this version, diameters overlapping
in different vessel orders created problems when describing the heart’s coronary vessel
tree. [Kassab et al.| (1993) then introduced the diameter-defined Strahler model. The
new rule was that when two vessels of a given order meet, the offsprings order number
is increased if and only if its diameter is larger than those of its parents by an amount
specified by a criterion. For example, the offspring of an order-3 and an order-1 vessel is
of order-4 if the diameter of the offspring is significantly larger than the order-3 diameter.
Otherwise, the offspring is of order-3 as well. Hence, a vessel is of order-n if and only
if its diameter D is in the range of the mean diameter D,, with standard deviation A,
between the bounds defined in and ((L.2):

D, 1+A,_ D, - A
boundleftz( o1 ¥ n1§+( L n) (1.1)

D,+A D1 — A,
bound, g = (Dn + &) +; ntl ) (1.2)
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Multiple iterations of recomputing D,, and A, were performed until the diameter ranges
did not overlap anymore. Fig. illustrates the order numbering.

Fig. 1.4: Example of vessel order numbering with the diameter-defined Strahler model.ﬁ

Elements and Segments

Tab. provides the diameters, element and segment lengths of each vessel order of
the LAD. A vessel between two successive nodes of bifurcation is defined as a segment.
Several segments of the same order in a series are called an element. Hence, the amount
of segments for every order is higher than the number of elements. In total, 11 orders
of vessels were found between the aortic sinus and the coronary capillaries. Tab.
contains the LAD’s ratio of segments per element S/E and the total number n of elements.
Tab. [I.3]holds the total amount of vessels ordered by vessel generation. Fig.[I.5graphically

summarises Tab. [I.T] and Tab. [I.2]
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Fig. 1.5: (a) Mean element diameters and (b) lengths and (c) segment per element

ratio per vessel orderﬂ

be fitted by the equations [I.3] and [I.4], also known as Horton’s law:

logg Dy, =a+bn

D,
10g10 (D—l) =b.

4Figure 4c in Kassab et al.|(1993). Reproduced with the publisher’s permission.
°Figures 6, 7, and 8 in [Kassab et al.| (1993). Reproduced with the publisher’s permission.
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The values for the parameters a and b to compute diameters, lengths of segments and

elements for each order of the LAD can be found in Tab 4 in Kassab

BACKGROUND

et al.| (1993).

Tab. 1.1: Diameters and lengths of vessel segments and elements of each order in pig

LAD]
Segments Elements
Order
Diameter, um n Length, mm n Diameter, um n Length, mm n
1 9.2+0.94 835 0.056+0.038 506 9.0+0.73 139 0.115+0.066 139
2 13.0£1.7 539 0.072+0.045 326 12.3+1.3 115 0.136+0.088 114
3 18.7+2.6 266 0.072+0.049 177 17.7£2.2 54 0.149+0.104 54
4 34.6+7.4 841 0.112+0.10 108 30.5+6.0 22 0.353+0.154 22
5 71.6+17.2 2,171 0.454+0.33 435 66.2+13.6 80 0.502+0.349 78
6 150+35.8 1,627 0.609+0.48 1,017 139+24.1 253 1.31+0.914 252
7 303+54.5 1,000 0.920+0.79 901 308+56.6 223 3.54+2.11 222
8 467+56.1 459 1.09+0.83 437 462+40.9 96 4.99+3.02 95
9 715£130 193 1.54+1.25 191 714+81.8 33 9.03+6.13 33
10 1,492+365 54 2.26+1.56 54 1,573+361 7 20.3+17.9 6
11 3,176+654 17 2.82+1.96 17 3,176 1 479 1

Values are means + SD; 7, no. of vessels measured. LAD, left anterior descending coronary artery.

Tab. 1.2: S/E in pig RCA, LAD, and LCX]

RCA LAD LCX
Order
S/E n S/E n S/E n

1 1.88+0.99 155 2.30+1.4 134 23014 134
2 1.88+1.0 138 1.79+095 117 1.79+095 117
3 2.20+1.2 89  2.00x1.1 54  2.00%1.1 54
4 2.30+1.8 50 2.28+1.3 18  2.06+1.2 16
5 2.00+£091 125 2.02+1.2 63  2.20+1.3 20
6 2.30+1.3 503 2.23+1.3 266  2.11+1.1 122
7 3.23+2.1 324 3.89%2.1 216  2.75+1.6 95
8 4.68+2.7 111 4.69+3.0 98  4.22+24 46
9 5.38+3.6 34 6.06+4.2 32  6.60+4.0 10
10 8.5+7.2 10 9.0+7.0 6 14 1
11 26 1 17 1

Values are means + SD; n, no. of observations. S/E, segment-to-
element numbers ratio, which is ratio of total no. of segments in a given
order to total no. of elements in that order. This ratio is also average no.
of vessel segments in series for each order of vessels.

Tab. 1.3: Total # of vessel elements in each order of pig RCA, LAD, L

CX, and LCCAF

Number of Vessel Elements

Order
RCA LAD LCX Whole Heart RCA and LCCA
11 1 1 2
10 10 7 1 18
9 35 372 10 83+2
8 1141 113+9 51 283+11
7 403+5 348+32 144+4 909+44
6 1,458+44 1,385+162 638+51 3,524+247
5 7,354+649 6,386+1,052 2,148+312 16,093+2,117
4 20,074+3,739 17,985+5,676 7,5654+2,338 46,194+12,089
3 51,915+13,644 44,456+19,672 17,820+8,001 115,638+42,301
2 138,050+46,070 140,293+72,949 56,915+29,829 339,873+152,326
1 393,294+158,657 368,554+221,134 149,380+90,276 923,339+480,169

Values are means + SE, expressed in no. of vessel elements. LCCA, left common coronary artery.

6Table 2 in Kassab et al. (1993). Reproduced with the publisher’s permission.
"Table 5 in Kassab et al. (1993). Reproduced with the publisher’s permission.
8Table 9 in Kassab et al.| (1993). Reproduced with the publisher’s permission.
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Connectivity Matrix

In Tab. 1.4 the connectivity matrix for a pig’s LAD explains how the vessel network
bifurcates. An element (m,n) is the number of elements of order-m that spring directly
from an element of order-n, divided by the total amount of elements of order-n given in
Tab. 1.3. When looking e.g. at column 1: one element of order-1 bifurcates, on average,
into 3.18 order-0 elements and 0.144 order-1 elements. In total 3.18/(3.18+0.675+0.148) %
368’554 = 292'780 order-0 elements and 0.144/(0.144+2.04+0.63+0.071) » 140’293 = 7/002
order-1 elements emerge from all order-1 elements.

Tab. 1.4: Connectivity matriz of pig LAD.”

1.2.5 Physiology of the coronary system

The content and values reported in this section are mainly based on Schmidt et al. (2010),
Fung (1997) and Kassab (2019).

Fig. 1.6 exhibits the aortic pressure over one heartbeat, and the blood flow in the LCA and
the RCA. It implies that the flow in the aorta, driven by the indicated pressure, increases
during systole and reaches a maximum at the peak systole and then slowly decreases.
This effect of slow decreasing flow despite pulsatile flow is based on the vessel’s distensi-
bility leading to the Windkessel effect (Westerhof et al., 2009): Blood gets ’stored’ in the
aorta during systole to create a more steady flow in the distal vessels also during diastole.
The blood flow in the RCA runs quite similar to the one in the aorta, meaning that the
heart’s right side gets perfused constantly, even though it underlies some variation and
peaks. Compared to the right side of the heart, where the myocardium is thinner, the
myocardium on the left side is thicker and the LCA’s flow gets strongly influenced by
the heart’s contraction (see "Waterfall pressure’ and 'Intramyocardial pump effect’ later
in this section). At the beginning of systole, flow is equal to zero, even slightly negative,
leading to reflux into the aorta. This corresponds to the phase when the myocardium
starts to contract, but the aortic valve is still closed and the pressure in the aorta is at
its minimum. During systole one can observe little flow in the LCA, decaying again in
the second half of the systole due to the increased intramyocardial pressure. In diastole,
however, flow increases to its maximum due to the relaxation of the myocardium and the

9Table 7 in Kassab et al. (1993). Reproduced with the publisher’s permission.
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