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Abstract

Introduction - Right heart failure is increasingly being recognized as an independent predictor

of adverse outcome in the critically ill. Right ventricular (RV) - pulmonary artery (PA) coupling

quantifies right heart efficiency and performance. Mechanical ventilation, pulmonary pathology,

and cardiovascular support affect RV-PA coupling. Therefore, assessment of RV-PA coupling in

ICU patients may yield important guidance for diagnosis and treatment. Theoretically, bedside de-

termination of RV-PA coupling is possible using ultrasound, circumventing the need of MRI and/or

right heart catheterization.

Objective - To determine validity and feasibility of ultrasound derived RV-PA coupling.

Methods - RV systolic pressure, RV stroke volume and RV end systolic volume were estimated

from ultrasound measurements. Thereof RV-PA coupling was determined using a multiple beat

method and a single beat method. Obtained estimates were compared against invasive pressure

measurement and cardiac MRI. Besides, feasibility of the method was assessed in the intensive care

unit.

Results - Using ultrasound, a systolic RV pressure profile as well as a systolic RV volumic profile

could be obtained. However, ultrasound derived RV systolic pressure, RV stroke volume and RV

end systolic volume showed poor correlation with gold standard invasive pressure measurements

respectively MRI. Poor correlation existed between ultrasound derived single beat RV-PA coupling

and gold standard single beat RV-PA coupling. In the ICU, ultrasound derived RV-PA coupling

estimation was challenging. Tricuspid regurgitation was not always present and ultrasound views

of the pulmonic valve could often not be obtained.

Conclusion - It is feasible to derive RV-PA coupling value from ultrasound measurements. Despite

discrepancy between gold standard and ultrasound measurements, a single beat ultrasound method

may provide patient specific guidance during ICU treatment and may therefore be of additional

value. Future research should be aimed at the reduction of estimation errors and the ability of

ultrasound derived RV-PA coupling to describe treatment effects.
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Patients admitted to the intensive care unit (ICU) require optimal personalized care for all organ

systems. Interaction between organ systems is abundant and failure of one system can result in

multiple organ failure. One of the most important systems is the circulatory system. The circu-

latory system is a closed system, which consists of the heart, systemic circulation and pulmonary

circulation. It enables the transport of oxygenated blood and nutrients throughout the body and

the removal of waste products from other organ systems. Left heart function is routinely evaluated

in contrast to right heart function. However, right heart function is affected by mechanical ventila-

tion. Therefore, frequent monitoring is important in an ICU setting.

In critically ill patients, the left heart function is often assessed to monitor hemodynamic treat-

ment effects, whereas the right heart is not. The right heart is known for its high capability to

adapt to fast fluctuations in venous return (VR) and to pressure or volume overload. A failing

right heart is a strong predictor of poor outcome. Failure results in decreased cardiac output (CO),

thereby diminishing organ perfusion. Severely diminished organ perfusion may result in failure of

multiple organ systems and eventually to death. Over the last years, the acknowledgement of the

importance of right heart evaluation in critically ill has increased. [1–4]

The interaction between RV systolic function and RV afterload (RV-PA interaction), is correlated

with the capability of the RV to maintain cardiac output. RV to pulmonary artery (RV-PA) coupling

may be mathematically defined as the ratio of RV end systolic elastance, or ventricular elastance,

to pulmonary vasculature elastance, or arterial elastance. Ventricular elastance represents systolic

contractile function and arterial elastance represents RV afterload. The ratio of ventricular elastance

to arterial elastance describes the ability of the RV to meet RV afterload. When RV afterload in-

creases, RV adaptational mechanisms increase RV systolic function to meet increased RV afterload,

thereby maintaining RV-PA coupling. Decreased RV-PA coupling reflect the inability of adapta-

tional mechanisms to compensate for further increasing RV afterload. [5]

In the current clinical practice, RV-PA coupling can only be measured using a combination of

right heart catheterization (RHC) and cardiac MRI. However, RHC is highly invasive and MRI is

expensive and cannot be performed bedside. Therefore, frequent assessment would result in high

burden.

Cardiac ultrasound is often used to assess left and right heart systolic function. In depth right

heart US evaluation consists of quantification of chamber dimension, systolic function, diastolic

function, and afterload estimation [6]. A combination of these parameters provides insight into RV-

PA coupling but does not quantify this interaction. To provide objective quantification of RV-PA

interaction, we propose to use US to derive RV-PA coupling. Then, RV-PA coupling can be used as

a new parameter to monitor right heart function. US provides a non-invasive, cheap, bedside and
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frequent applicable technique. US is often used in the ICU setting, therefore this new parameter

can be easily implemented in daily care. Frequent assessment of RV-PA interaction provides insight

in direct effect of treatment alongside with additional insight in disease prognosis and outcome. Us-

ing US to determine RV-PA coupling, enables the intensivist to frequently assess RV-PA interaction.

The aim of this study is to determine whether an US method is valid and feasible in the ICU

population. In the physiological background of RV-PA interaction and cardiac systolic function is

further explained. In the technological background, the US method to determine RV-PA coupling

is explained with underlying technical assumptions. In the chapter 3 and 4, validity of the US

method is tested. In chapter 5, the effect of a passive leg raise maneuver on ultrasound quantities

and invasive RV pressure is determined. In chapter 6, RV-PA coupling is determined using a mul-

tiple and single beat method. In chapter 7, feasibility of the methodology in the ICU population is

described.
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Chapter 1

Physiological background

The right ventricle (RV) is connected in series with the pulmonary circulation, left ventricle and sys-

temic circulation. To maintain cardiac output, adequate left and right systolic function is required.

The ability of the RV to maintain cardiac output is determined by RV systolic function and afterload.

The RV is a thin walled, elastic structure and consists of an RV body and RV outflow tract.

The RV body contains approximately 80% of total RV volume. These two parts differ in fiber

orientation as well as in timing of contraction. Compared to the left ventricle, the RV contracts

in a more peristaltic motion from the apex to the RV outflow tract, predominantly facilitated by

longitudinal oriented muscle fibers.

Systolic function of the heart is determined by intrinsic ventricular contractility and afterload.

Right ventricular afterload depends on a combination of pulmonary artery compliance, pulmonary

vascular resistance and left atrial pressure. Changes in compliance, resistance and left atrial pressure

are reflected in pulmonary arterial pressure and RV stroke volume. RV systolic function compen-

sates for fast fluctuations in venous return and RV afterload via autoregulation. The physiology of

the RV is outlined in the following sections. [7, 8]

1.1 Physiology of RV systolic function

The cardiac cycle consists of four phases, the isovolumic contraction, ejection, isovolumic relaxation

and filling (Figure 1.2c). During isovolumic contraction, pressure builds up in the RV without

RV outflow over the pulmonic valve. When RV pressure exceeds PA pressure, the pulmonic valve

opens and RV ejection begins. After ejection, RV pressure decreases, the pulmonic valve closes

and isovolumic relaxation starts. The tricuspid valve opens when right atrial pressure exceeds RV

pressure and ventricular filling begins. The phases in the cardiac cycle are affected cardiac muscle

properties. [9–11]

Cardiac muscle cell fibers consist of sarcomeres, which are the smallest contractile units of the
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cardiac muscle. Sarcomeres are connected to each other by the Z-discs and consist of actin, titin

and myosin filaments. During contraction, Z-discs move to each other because myosin filaments

slide between actin filaments and cross bridges are formed. Active myosin ATPase initiates move-

ment. Titin filaments attach myosin filaments to the Z-discs and contain several spring sections.

Titin filaments are the main determinants of diastolic stiffness.

Depolarization of cardiac muscle cells causes the influx of calcium ions, which triggers further

release of calcium ions from the sarcoplasmatic reticulum. Calcium ions also interact with myosin

ATPase whereby sarcomere shortening is initiated. After sarcomere shortening, calcium ions are

removed from the cytosol into the sarcoplasmatic reticulum or extracellular fluids. Removing cal-

cium ions from the cytosol allows the sarcomeres to relax to their initial length.

The magnitude of the force during contraction is determined by sarcomere length and by the intra-

cellular calcium ion concentration, which can be described by a sigmoidal curve (Figure 1.1a). An

increase in intracellular available calcium ions causes positive inotropic effect. Due to the increased

availability of calcium ions, the amount of formed cross bridges increases thereby increasing con-

traction force. An increase in sarcomere length causes increased sensitivity of the actin and myosin

filaments for calcium ions and causes a left- and upward shift of the curve. The effect of increase in

sarcomere length forms the basis of the Frank-Starling law of the heart. [12, 13]

Another characteristic of the cardiac muscle cell is the inverse relation between force and veloc-

ity of shortening. As force increases, velocity of shortening decreases. Maximal shortening velocity

occurs when stress on the sarcomeres is zero, and is not affected by sarcomere length, but is affected

by intracellular calcium availability. Alterations in preload and inotropy are known to affect the

force-velocity relationship.

With increased preload, the length tension relationship increases contractile force (Figure 1.1b).

The sarcomere can generate higher force, the velocity of shortening is increased and thus the sar-

comere contracts faster against constant RV afterload. Increased preload also increases maximal

isometric force, but maximal shortening velocity remains the same. Decreased preload results in

the opposite effect.

With increased inotropy, both maximal isometric force and shortening velocity increase (Figure

1.1c). Due to the increased inotropic state, force generation by the sarcomere increased due to the

increased amount of formed cross bridges against constant RV afterload.
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Figure 1.1: Schematic representations of cellular mechanisms determining RV systolic function.

(a) A schematic representation

of the interaction between in-

tracellular calcium concentration

(x-axis) and sarcomere length

(black arrow) on ventricular con-

tractile force (y-axis). Contrac-

tile force increases with sarcom-

ere length and intracellular cal-

cium concentration. [10–12].

(b) A schematic representation

of the effect of increased preload

on the relation between afterload

(x-axis) and velocity of shorten-

ing (y-axis) of the cardiac mus-

cle cell. The black curve rep-

resents initial condition and the

red curves represent the con-

ditions with increased respec-

tively decreased preload. As

preload increases, maximal ve-

locity of shortening remains the

same whereas maximal generated

force increases. [10, 11]

(c) A schematic representation

of the effect of positive inotropy

and negative inotropy on the re-

lation between afterload (x-axis)

and velocity of shortening (y-

axis) of the cardiac muscle cell.

The black curve represents ini-

tial condition and the red curves

represent the conditions with in-

creased respectively decreased in-

otropy. Positive intotropy causes

both maximal velocity of shorten-

ing and maximal generated force

to increase. [10, 11]

1.1.1 Right ventricular autoregulation

Two autoregulatory mechanisms exist to maintain cardiac output after changes in preload or af-

terload in the RV; heterometric and homeometric autoregulation. Heterometric autoregulation is a

fast mechanism based on the length-tension relationship. It is also known as the Frank-Starling law

of the heart. Homeometric autoregulation is a slower mechanism based on changes in contractility.

In case of increased RV afterload, homeometric autoregulation induces a positive inotropic effect,

also known as the Anrep-effect. [7, 14]

These mechanisms are not completely independent. For example, if an increase in RV afterload oc-

curs, heterometric autoregulation immediately responds by increasing end diastolic volume, thereby

altering the length tension properties of the muscle cell. If increased RV afterload persists, homeo-

metric autoregulation allows for an increase in muscle cell contractility.

1.1.2 Interventricular interaction

As the RV is connected in series with the left ventricle via the pulmonary vasculature, RV stroke

volume will influence left ventricular stroke volume. Via the interventricular septum a more direct
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interaction between the left ventricle and RV exists. During systole, left ventricular contraction

affects RV contraction. Left ventricular contraction contributes up to 40% to RV contraction.

Another direct interaction is due to the stiffness of the pericardium. Because the pericardium limits

all outer ventricular walls to expand, pressure and volume overload of the RV affect left ventricular

function via the interventricular septum. [15]

1.2 Quantification of right ventricular systolic function

1.2.1 Stroke volume and ejection fraction

Stroke volume is the amount of blood ejected by the RV in the pulmonary vasculature. Ejection

fraction is defined as the ratio of stroke volume to end diastolic volume and describes the fraction

of ejected blood from the RV into the pulmonary vasculature. Both stroke volume and ejection

fraction are affected by preload, afterload and contractile force of the ventricle. In a failing RV,

these parameters strongly reflect decreased RV systolic function.

1.2.2 Isovolumic pressure change

Maximal positive pressure change in the ventricle during the isovolumic contraction and maximal

negative pressure change during the isovolumic relaxation phase is determined as dP/dtmax respec-

tively dP/dtmin. Increase in RV inotropy is reflected in increased dP/dtmax. However,dP/dtmax

is also influenced by preload, afterload, heart rate and the myocardial hypertrophy. An increase in

lusitropy (relaxation) is reflected by increased dP/dtmin. Therefore, both dP/dtmax and dP/dtmin

can not serve as a quantity to solely describe RV contractile function. [10,11,16]

1.2.3 End systolic pressure volume relationship and ventricular elastance

The end systolic pressure volume relation (ESPVR) describes the relation between generated pres-

sure at given ventricular volume. ESPVR reflects intrinsic contractile state of the cardiac muscle.

The slope of ESPVR represents ventricular elastance (Ees). Ventricular elastance is merely insensi-

tive to changes in preload, afterload and heart rate. Due this relative insensitivity, using ventricular

elastance to describe RV contractility is superior to the use of dP/dtmin, dP/dtmax, stroke volume

and ejection fraction. Ventricular elastance will be further addressed in section 1.6.1. [17]

1.2.4 Chamber quantification

To gain insight in the occurrence of RV dilatation and the effect of volume and pressure overload

on the left ventricle, cardiac ultrasound or MRI can be performed. Septum deviation as well as

increased RV volume can be determined and gives a global information about RV systolic function

and its effect on left ventricular function. [6]
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1.3 Physiology of RV afterload

The RV generates pressure to eject blood into the pulmonary vasculature. The amount of pressure

generated by the RV depends on pulmonary vascular resistance, pulmonary arterial compliance,

wave reflections, left atrial pressure (or pulmonary capillary wedge pressure (PCWP)) and blood

inertance. Respiration is known to affect both pulmonary vascular resistance and venous return.

During a respiratory cycle total lung volume changes. With changing total lung volume, pulmonary

vascular resistance is affected. Total pulmonary vascular resistance is determined by extra-alveolar

and alveolar pulmonary vascular resistance. Alveoli expand during inspiration thereby compress-

ing alveolar capillaries whereas during expiration, pressure on alveolar capillaries decreases. In

extra-alveolar vessels, resistance decreases during inspiration. Extra-alveolar vessels become less

tortuous due to increased lung volume. The interaction between lung volume and total pulmonary

vascular resistance is displayed in Figure 1.2a. In mechanically ventilated patients, positive end

expiratory pressure (PEEP) is applied to prevent alveoli from collapsing. With the application of

PEEP, end expiratory volume is increased, thereby increasing pulmonary vascular resistance. [10,15]

Respiration affects venous return due to the change in intrathoracic pressure. During inspira-

tion, intrathoracic pressure decreases also causing right atrial pressure to decrease. This decrease

increases the pressure gradient between the systemic venous system and the right atrium thereby

increasing venous return. During expiration, intrathoracic pressure increases, thereby decreasing

the pressure gradient and decreasing venous return. In mechanically ventilated patients, this effect

is reversed. Air is pushed into the lungs with a positive pressure instead of sucked into the lungs

with a negative pressure. Therefore, intrathoracic pressure is higher during inspiration and lower

during expiration. [18–20]

Interaction factors determining RV afterload is displayed in Figure 1.2b. In a system with high

compliance, resistance is low but a slight change in resistance causes a significant change in com-

pliance. This inverse relation between resistance and compliance is defined as RC-time (= compli-

ance*resistance). RC-time is constant but can be affected by PCWP. [5]

1.4 Quantification of RV afterload

RV afterload consists of a steady and pulsatile component. RV afterload is mainly determined by

its steady component, the pulsatile component accounts 25-30% of RV afterload [21,22].
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Figure 1.2: Schematic representations of factors affecting RV afterload and the cardiac cycle.

(a) A schematic representation

of the interaction between total

lung volume (x-axis) and pul-

monary vascular resistance (y-

axis). Total pulmonary vascu-

lar resistance consists the sum-

mation of alveolar resistance and

extra-alveolar resistance. [10]

(b) A schematic representation

of the effect of increased pul-

monary capillary wedge pres-

sure (PCWP) on the interac-

tion between pulmonary vascu-

lar resistance (PVR, x-axis) and

pulmonary arterial compliance

(PAC, y-axis). At low PVR,

slight changes in PVR have a

major impact on PAC. At high

PVR, major changes in PVR

slightly affect PAC. As PCWP

increases, the relation between

PVR and PAC is affected. [5,10]

(c) A schematic representation

of the four phases of a cardiac

cycle, as presented by a pres-

sure (y axis) volume (x axis)

loop. The four phases of contrac-

tion and opening and closing of

the pulmonic valve and tricuspid

valve are displayed. [10]

1.4.1 Pulmonary arterial compliance

Pulmonary arterial compliance gives a measure of the arterial distensibility of the arterial tree of the

pulmonary vasculature. Compliance is defined as the ratio of volume change to pressure change.

Therefore, pulmonary arterial compliance is defined as stroke volume to pulmonary artery pulse

pressure (= pulmonary artery systolic pressure – pulmonary artery diastolic pressure). [10, 15,23]

1.4.2 Pulmonary impedance

Pulmonary impedance describes RV afterload in the frequency domain. Fourier analysis is applied

to simultaneous pulmonary artery pressure and flow measurements. Pulmonary impedance contains

information about the resistance, timing of arterial wave reflections, arterial stiffness and pulse wave

velocity. [21]

1.4.3 Pulmonary vascular resistance

To describe resistance of laminar flow of a Newtonian fluid in a circular rigid tube, the Hagen-

Poiseuille law must be applied. This law illustrates the sensitivity of resistance to radius of a

tube and thus explains the effect of narrowing of the pulmonary vasculature. However, a healthy
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pulmonary vasculature does not contain rigid tubes with equal radius, flow is not laminar but

pulsatile and blood viscosity depends on flow velocity. Therefore, pulmonary vascular resistance

is often determined by Ohm’s law. Ohm’s law states that the ratio of voltage across a resistor to

current is proportional to resistance. In the pulmonary circulation, pressure is analogous to voltage

and cardiac output to current:

R =
U

I
− > PV R =

meanPAP − PCWP

CO
(1.1)

where PVR represents pulmonary vascular resistance, mean PAP represents mean pulmonary artery

pressure, PCWP represents pulmonary capillary wedge pressure and CO represents cardiac output.

[10, 11,15]

1.4.4 Pulmonary capillary wedge pressure

PCWP gives an estimation of left atrial pressure. It is determined using a fluid filled catheter

which is introduced in the pulmonary artery via the right heart. A small artery of the pulmonary

arterial branch is occluded by balloon inflation. When the balloon is inflated, left atrial pressure is

measured through the static fluid column behind the balloon to the left atrium. If left atrial pressure

is increased due to left heart failure RV afterload will increase, thereby stressing the RV. [15]

1.5 Right ventricular - pulmonary vasculature interactions

Interaction between the RV and PA is determined by parameters determining RV systolic function

and RV afterload. Where increased SV increases RV afterload, increased RV afterload changes RV

systolic function. A concise representation of RV-PA interaction gives insight in RV systolic function

and RV afterload. Frequent quantification of RV-PA interaction provides insight in deteriorating

or improving RV-PA interaction. The ability of the RV to maintain CO is described and therapy

directed on RV-PA coupling can be quantified and objectively adjusted. [5, 24]

1.5.1 Pathophysiology of right ventricular - pulmonary vasculature interactions

Increased RV afterload can be caused by narrowing of the pulmonary arterial vasculature, left heart

failure, chronic lung disease, chronic embolisms in the pulmonary vasculature or systemic diseases

like sarcoidosis or thyroid disease. Pulmonary hypertension is defined as a resting mean pulmonary

artery pressure is at or above 25 mmHg, which reflects increased RV afterload. [15,25]

If the cause of pulmonary hypertension is adequately treated, RV afterload decreases or remains

the same and the RV does not have to compensate further to maintain stroke volume. To com-

pensate for chronic increased RV afterload, the RV may become hypertrophic. When the cardiac

muscle remains well perfused and an appropriate capillary bed develops, RV hypertrophy does not

necessarily result in RV failure. In case of cardiac malperfusion, RV failure can be induced. With
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therapy targeting RV afterload, RV hypertrophy can be reversed. [26,27]

RV failure can also be induced by its inability to further compensate increasing RV afterload.

Consequently, stroke volume will decrease. The RV then tries to compensate by dilation to main-

tain stroke volume. However, RV dilation and increased RV pressure results in increased wall stress.

With increasing wall stress, deviation of the interventricular septum is induced which interferes with

left ventricular function. End stage pulmonary hypertension is associated with a vicious circle of

further decreasing stroke volume and increasing RV dilation.

1.6 Quantification of right ventricular – pulmonary vasculature

interaction

RV systolic function depends on a combination of intrinsic contractility, afterload, preload and heart

rate. Intrinsic contractility defines the contractile force of the muscle to overcome RV afterload.

RV preload defines wall stress and affects the length-tension interaction of sarcomere. Heart rate

and heart rhythm affects filling and contraction time, thereby affecting preload and afterload. A

pressure volume loop represents the cardiac cycle and can be used to describe ventriculo-arterial

interaction. [5, 24]

1.6.1 Right ventricular pressure volume relation

A pressure volume loop gives insight in the change in pressure and volume during a cardiac cycle

(Figure 1.2c). Pressure volume loop analysis reflects systolic function. Ejection fraction, stroke

volume, stroke work, contractility, afterload and preload can be derived from a pressure volume

loop. Ventriculo-arterial coupling is described by the ratio of ventricular elastance to arterial elas-

tance. Sunagawa et al [28,29] were the first to describe this concept in the left ventricle. Ventricular

contractility is described by maximal elastance during contraction, occurring at end systole. [30,31]

The concept of ventriculo-arterial coupling was tested in the RV and proven applicable. [32–35]

Multiple beat methods and single beat methods have been designed to determine right ventricular-

pulmonary vasculature (RV-PA) coupling. A multiple beat method depends on a change in venous

return, thereby affecting RV preload. Via the Frank-Starling law of the heart, RV stroke volume,

RV pressure and RV end systolic volume are affected, without a change in RV contractility. From

a set of pressure volume loops at different preload conditions, RV-PA coupling is derived. A single

beat method obviates the need for a change in preload. Using the isovolumic contraction and re-

laxation phases, maximal isovolumic pressure is extrapolated and used to derive single beat RV-PA

coupling. The following section contains a more comprehensive description of both methods.
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1.6.2 Ventricular elastance and its relation to RV contractility

Cardiac contractility depends on sarcomere length and intracellular calcium availability. At end

systole, sarcomeres are fully contracted and all myofilaments contain bound calcium. Contracted

sarcomeres generate force (pressure) against end systolic volume. At end systole, sarcomeres are

neither lengthening or shortening. Therefore, end systolic pressure reflects to which extent the

cardiac muscle can generate force and thus provides a surrogate for contractility.

An acute increase in venous return increases end diastolic volume. Increase in end diastolic volume

increases sarcomere length and sarcomere sensitivity to calcium without changing intracellular cal-

cium concentration. This is related to the Frank-Starling law of the heart. The pressure volume

loop shifts to the right and due to increased stroke volume, RV afterload increases, also causing an

upward shift (Figure 1.3a). From these two pressure volume loops, end-systolic pressure volume

relation (ESPVR) can be derived. The slope of ESPVR reflects ventricular contractility and is

defined as end systolic ventricular elastance. Increased inotropy is related to a change in the slope

of the ESPVR (Figure 1.3a). At constant RV afterload, the RV can eject increased stroke volume

into the pulmonary vasculature.

Ventricular elastance is mathematically defined as:

Ees =
ESP

ESV − V 0
(1.2)

where Ees is ventricular elastance in mmHg/ml, ESP is end systolic pressure in mmHg, ESV is end

systolic volume in ml and V0 is the volume of the unstressed and unloaded ventricle in ml. [28]

The multiple beat method relies on the acquisition of multiple pressure volume loops under different

preload conditions. This method obviates the need of V0 estimation and ventricular elastance is

determined as the slope of the line between the end systolic pressure volume point of two pressure

volume loops (Figure 1.3a). Multiple beat ventricular elastance (Ees,mb) is mathematically defined

as:

Ees,mb =
ESP2 − ESP1

ESV2 − ESV1
(1.3)

where 1 (red in Figure 1.3a) indicates the first loading condition and 2 (blue in Figure 1.3a) the

second loading condition.

In animal studies, preload was decreased by the inflation of a balloon in the inferior vena cava.

The Valsalva maneuver was proposed and proven applicable as a non-invasive alternative to obviate

the need for inferior vena cava occlusion. [36,37]

The single beat method obviates the need to alter preload to determine ventricular elastance [16,38].

The isovolumic phases of the cardiac cycle are used to extrapolate maximal end systolic pressure
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(ESPiso) as would occur when the RV contracts and no blood is ejected (see left panel Figure 5.1b).

Single beat ventricular elastance (Ees,sb) is mathematically defined as:

Ees, sb =
ESPiso − ESP

SV
(1.4)

The single beat method has been validated in dogs by pulmonary arterial occlusion. Linear cor-

relation between extrapolated isovolumic pressure and measured isovolumic pressure existed. Ex-

trapolated isovolumic pressure overestimated measured isovolumic pressure by approximately 15%.

Positive inotropy affected estimated ventricular elastance, whereas changes in preload did not. [16]

1.6.3 Arterial elastance and its relation to right ventricular afterload

Afterload is defined as the wall stress during ventricular ejection and can be thought of the load

the RV faces during ejection. The RV generates pressure to eject blood in the pulmonary vascular

system, this pressure is generated to overcome the pressure to initiate blood flow. Therefore, pres-

sure generated in the ventricle during ejection is often thought of as afterload.

RV afterload consists of a pulsatile and steady component. Both components of RV afterload

can be described using arterial elastance (Ea) [39]. Arterial elastance is defined as:

Ea =
ESP

SV
(1.5)

where ESP is end systolic pressure in mmHg and SV is stroke volume in ml. Arterial elastance can

be determined from pressure volume loops (Figure 1.3c). Under different preload conditions, Ea

remains constant. Although Ea is more sensitive for changes in pulmonary vasculature resistance

than pulmonary arterial compliance [40–42], arterial elastance gives information about both RV

afterload components and can be compared to ventricular elastance.

1.7 Physiology of right ventricular – pulmonary vasculature cou-

pling

The dimensionless ratio of ventricular elastance to arterial elastance (Ees/Ea) is defined as RV-

PA coupling and describes RV-PA interaction. When the ratio is bigger than 1, the RV provides

enough energy to overcome RV afterload. When the ratio becomes smaller than 1, the system

becomes uncoupled. A ratio below 1 reflects the unability of the RV to compensate further for

increased RV afterload. Consequently, stroke volume decreases. [5, 24,36,43,44]
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Figure 1.3: Schematic representations the derivation of ventricular elastance and arterial elastance from

pressure volume loops.

(a) A schematic representation

of the end systolic pressure vol-

ume relation (ESPVR, black

solid line) and its estimation

from multiple pressure volume

loops (blue and red rectangle).

Ventricular elastance is deter-

mined as the slope of ESPVR.

Increase in inotropy causes the

slope of the ESPVR line to in-

crease, as indicated with the

arrow. End systolic pressure

(ESP) and end systolic volume

(ESV) are used to determine ES-

PVR. [32]

(b) A schematic representation

of the single beat estimation of

ventricular elastance. In the

upper left panel, extrapolation

(black dashed line) of isovolu-

mic pressure (black dot) from the

isovolumic phases of the pres-

sure curve (red line) is displayed.

Stroke volume (SV) and the dif-

ference between end systolic pres-

sure (ESP, red dot) and ESPiso

are used to determine ventricular

elastance (Ees,sb) [16]

(c) A schematic representation

of the derivation of arterial elas-

tance (Ea, black solid lines) from

pressure (y axis) volume (x axis)

loops. Arterial elastance is de-

termined as the ratio of end sys-

tolic pressure (ESP) to stroke

volume. [16, 28, 32]
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Chapter 2

Technical background

With ultrasound, RV function can be described. Systolic RV function is affected by RV afterload.

However, ultrasound quantities used in a clinical setting only describe systolic RV function or RV

afterload. A combination of these parameters provides insight in RV-PA interaction but does not

quantitatively describe this interaction. Therefore, ultrasound derived RV-PA coupling is proposed

as an additional ultrasound quantity to describe RV-PA interaction. The method relies on a combi-

nation of RV fractional area changes, RV systolic pressure and pulmonic valve flow. These quantities

are often assessed in extensive cardiac ultrasound, but not in the clinical setting at the ICU. [6]

2.1 Ultrasound

The active element of the ultrasound probe consists of piezoelectric elements. A piezoelectric ele-

ment converts electrical signals to mechanical vibrations and vice verse. This element can send and

receive signals. Transmitted mechanical vibrations, or sound waves, are conducted through tissues

and are partly reflected at boundaries between different kinds of acoustic impedance. The reflected

wave is received by the piezoelectric element and converted to an electrical signal. [45]

Two-dimensional images are constructed from an array of piezoelectric elements. Received sound

waves are reconstructed to depth and intensity values. Apart from two dimensional images, an

ultrasound probe can also determine velocity of flow based on the Doppler effect. The Doppler

effect describes that a change in frequency of the sound wave is equal to relative motion between

the source and receiver of the sound:

v =
cfd

2f0cosΘ
(2.1)

where v is blood flow velocity, c is speed of sound in tissue (= 1540 m/s), fd is frequency shift, f0 is

frequency of transmitted ultrasound wave and Θ is the angle between the ultrasound scan line and

direction of blood flow velocity. [10, 45]

On the cardiac ultrasound machine three Doppler modes exist; color Doppler, pulsed wave (PW)
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Doppler and continuous wave (CW) Doppler. Color Doppler provides an overview of the velocity

profile of a two-dimensional image, whereas PW Doppler and CW Doppler measure the velocity

over the scan line. The difference between PW Doppler and CW Doppler that PW Doppler mea-

sures velocity at a specified depth of the image whereas CW Doppler detects all velocities over the

complete scan line. With CW Doppler, all velocities can be detected, PW Doppler is limited to a

velocity range based on the depth of the velocity measurement. [6, 46]

2.2 Ultrasound right ventricular - pulmonary vasculature coupling

RV-PA coupling can be determined using a multiple beat or single beat method. Determining RV-

PA coupling requires the estimation of end systolic volume (ESV), stroke volume (SV) and end

systolic pressure (ESP). Using US, these parameters can be determined and theoretically RV-PA

coupling can thus be determined using US. To visualize required estimates to determine RV-PA

coupling using ultrasound, a descriptive diagrams are added to this thesis in Appendix A. The

following sections discusses ultrasound derived RV systolic pressure, RV stroke volume and RV end

systolic volume.

2.3 Ultrasound pressure estimation

Ultrasound estimation of RV systolic pressure relies on the occurrence of tricuspid regurgitation.

Maximal velocity detected in the tricuspid regurgitation orifice allows the computation to pressure

by the use of Bernoulli’s principle. Thereby RV systolic pressure is estimated. [46]

2.3.1 Detection of tricuspid regurgitation

Tricuspid regurgitation occurs during systole. The RV contracts and via a small deficit in the tricus-

pid valve, blood from the RV flows back into the right atrium. In healthy subjects the prevalence of

physiological tricuspid regurgitation is 65-75%. The prevalence of tricuspid regurgitation increases

with age and with the presence of a catheter through the tricuspid valve. Physiological tricuspid

regurgitation is often not holosystolic. The more severe tricuspid regurgitation becomes, the better

tricuspid regurgitation can be imaged. Using ultrasound, tricuspid regurgitation can be detected

using Color Doppler in the parasternal short axis views at height of the aorta (PSAXao), in the

subcostal view and in the apical four chamber view (AP4CH). Figure 2.1a displays the detection

of tricuspid regurgitation in the AP4CH view. Subsequently, the CW Doppler scan-line can be

aligned with the jet and a time-velocity profile of tricuspid regurgitation can be acquired (Figure

2.1b). The red line represents maximal measured tricuspid regurgitation velocity. From maxi-

mal tricuspid regurgitation velocity, the RV systolic pressure profile is estimated using a simplified

version of Bernoulli’s principle of fluid dynamics. [46–53]
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Figure 2.1: An example of acquired images to detect tricuspid regurgitation and measure its maximal velocity

profile.

(a) Color Doppler image of tricuspid regurgita-

tion in the apical four chamber view. The right

ventricle (RV), right atrium (RA), left ventricle

(LV) and left atrium (LA) can be observed in the

image. Inside the white box in the image, the

Color Doppler profile of tricuspid regurgitation is

displayed (TR).

(b) CW Doppler image of tricuspid regurgitation

velocity as measured in the apical four chamber

view. The ECG is displayed as the green line.

The horizontal plane of the image represents time

and velocities are detected in the vertical plane in

cm/s. The tricuspid regurgitation envelope (Tre)

is imaged and the red line represents the maximal

velocity profile.

2.3.2 Bernoulli’s principle of fluid dynamics

In fluid dynamics, Bernoulli’s principle of fluid dynamics describes that in a steady flow, the sum

of all forms of energy is constant. It states that in any point along a stream line, the sum of kinetic

(12ρv
2), internal (ρgh) and potential (p) energy is constant:

constant =
1

2
ρv2 + ρgh+ p (2.2)

where v is fluid flow speed, g is acceleration due to gravity, h is the elevation of the point above a

reference plane opposite to gravitational force, p is pressure and ρ is density. [10, 11]

The amount of each type of energy in a stream line depends on the diameter. In a horizontal

narrowing pipe with equal gravitational force of the complete pipe, flow velocity increases and pres-

sure decreases over the stream line. Bernoulli’s principle can be applied when flow is steady, the

fluid is incompressible and friction forces are negligible. [54]

The sum of all types of energy is constant at any point of the stream line according to Bernoulli’s

principle. Therefore, these points can be set equal. The points at the tricuspid regurgitation

stream line from RV to right atrium via the tricuspid regurgitation orifice can thus be described

using Bernoulli’s principle. Maximal conversion of the types of energy exist between the smallest

and biggest diameter along the stream line. The tricuspid regurgitation orifice has the smallest
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diameter and the RV the biggest. The sum of all energies is calculated by:

1

2
ρv2RV + ρghRV + pRV =

1

2
ρv2TRO + ρghTRO + pTRO (2.3)

where RV is the point at the stream line in the right ventricle, and TRO is the point at the stream

line in the tricuspid regurgitation orifice.

Assuming equal gravitational force in the RV and the tricuspid regurgitation orifice, Bernoulli’s

principle can be simplified to:

pRV − pTRO =
1

2
ρ(v2TRO − v2RV ) (2.4)

Thereby describing the pressure gradient between the tricuspid regurgitation orifice and the RV.

Assuming the complete conversion from potential to kinetic energy in the tricuspid regurgitation

orifice during tricuspid regurgitation, the equation can be further simplified to:

pRV =
1

2
ρ(v2TRO) (2.5)

Equation 2.5 describes the pressure gradient between RV and right atrium instead of absolute

pressure. Adding right atrial pressure (or central venous pressure) to the equation, results in

absolute RV systolic pressure:

pRV =
1

2
ρ(v2TRO) +RAP (2.6)

Using Color Doppler, tricuspid regurgitation is be detected. Alignment of the CW Doppler scan line

allows for the acquisition of maximal tricuspid regurgitation velocity. Even though RV contraction

does not provide constant steady flow, applicability of Bernoulli’s principle of fluid dynamics is

proven applicable for the estimation of RV systolic pressure. [46,48,55,56] RV systolic pressure can

be computed by the use of the simplified Bernoulli equation. Correct alignment of the CW scan

line is important, otherwise RV systolic pressure will be underestimated. [50]

2.3.3 Tricuspid regurgitation CW envelope

Severity of tricuspid regurgitation and alignment of the CW Doppler scan line alter the CW envelope

of tricuspid regurgitation. Tricuspid regurgitation is graded absent, physiological, mild, moderate

or severe and with severity density of the CW envelope increases. Ultrasound imaging of the RV

is often difficult because the RV is located behind the sternum and the RV is enclosed by the left

ventricle and lung tissue. These anatomical structures limit acoustic windows in which the RV

can be completely observed. Therefore, alignment of the CW Doppler scan line along the tricuspid

regurgitation stream line may be difficult. Also, respiratory heart movement can cause misalignment

of the CW Doppler scan line with the direction of tricuspid regurgitation flow. Consequently,

maximal velocity is underestimated. [50,57]
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2.4 Ultrasound volume estimation

2.4.1 Stroke volume

Stroke volume estimation using ultrasound is based on the measurement of systolic flow over the

aortic or pulmonary valve. In the parasternal short axis view at height of the aorta (PSAXao), the

pulmonary artery can be visualized. After the identification of the pulmonic valve, the PW Doppler

scan line is aligned parallel to the expected flow direction and the velocity sample volume is placed

at height of the pulmonic valve. Then the pulmonic valve flow profile is acquired. [58–60]

Assuming a flat flow profile over the pulmonic valve and a circular anatomical shape of the PV,

stroke volume is computed via:

SV = V TIpv ∗ 2π(
d

2
)2 (2.7)

Where VTIpv is the velocity time integral over the pulmonic valve and d is the diameter of the

pulmonic valve.

An example of the pulmonic valve velocity time integral can be observed in Figure 2.2a. Using

PW Doppler the gray flow velocity profile is acquired. The opening and closing clicks of the pul-

monic valve are imaged as narrow peaks with a high spectral density (white in the image). Between

the opening and closing click, the velocity time integral is determined as the red area. The diameter

of the pulmonic valve is determined in the PSAXao, as displayed in Figure 2.2b. The diameter of

the pulmonic valve is assumed not to change during systole.

2.5 End systolic volume

End systolic volume is determined using a combination of ultrasound derived stroke volume and

ejection fraction. Ejection fraction is defined as the ratio of stroke volume to end diastolic volume.

Residual fraction is defined as the ratio of end systolic volume to end diastolic volume or as 1 minus

ejection fraction.

As discussed further in this thesis, volumic estimation of the RV is difficult. Therefore, a com-

bination of ultrasound derived stroke volume and an estimation of ejection fraction by the use of

fractional area changes is used to compute end systolic volume:

ESV =
(1 − EF )SV

EF
(2.8)

where ESV is end systolic volume, EF is ejection fraction and SV is stroke volume. In chapter 3,

the estimation of these quantities using ultrasound is further discussed.
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Figure 2.2: An example of acquired images to determine right ventricular stroke volume.

(a) PW Doppler image of pulmonic valve flow

velocity as measured in the parasternal short axis

view at height of the aorta. The ECG is displayed

as the green line. The horizontal plane of the

image represents time and velocities are detected

in the vertical plane in cm/s. The pulmonary

artery flow velocity envelope (PAf) is displayed.

The closing click of the pulmonic valve (PVcc) is

also observed as a fast fluctuation in the velocity

profile. The pulmonic valve velocity time integral

is displayed as the red area in the image.

(b) Two-dimensional image of the pulmonary

artery (PA) and the bifurcation into the left pul-

monary artery and right pulmonary artery. The

PW Doppler scan line is displayed as the dotted

line and is positioned parallel to pulmonary artery

flow. The pulmonic valve (PV) is located next to

the aorta (Ao) and the diameter of the pulmonic

valve is measured.

This computation assumes that ejection fraction only consists of forward flow through the pul-

monic valve, which is not the case when tricuspid regurgitation exists. Also, in case of pulmonary

hypertension, stroke volume can be severely overestimated due to the occurrence of retrograde flow.

In Chapter 3, these subjects will be further discussed. [61–66]

Two-dimensional ultrasound ejection fraction may be estimated by uniplanar and multiplanar in-

dices. Fractional area change of the RV body is assessed in the apical four chamber (AP4CH) view,

fractional area change of the RV outflow tract is assessed in the parasternal long axis (PLAX) view.

The fractional shortening indices of RV length and width are assessed in the AP4CH view. The

fractional shortening index of the RV outflow tract is assessed in the PLAX view.

2.5.1 Right ventricular focused ultrasound protocol

The RV focused ultrasound protocol consists of three views; the apical four chamber view (AP4CH),

the parasternal long axis (PLAX) and parasternal short axis at height of the aortic valve (PSAXao).

In each view, two-dimensional images, PW Doppler images and CW Doppler images were acquired.

An example of the images obtained during the RV focused ultrasound protocol are displayed in

Figure 2.3 and 2.4.
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Figure 2.3: RV focused ultrasound protocol, part 1.
 

PLAX Abbreviation Measurement 

 

Right Ventricular 

Outflow Tract 

Aortic Valve 

Aorta 

Left Ventricle 

Left Atrium 

Mitral Valve 

Fractional RV 

outflow tract 

shortening (FSI 

RVOT) 

Fractional RVOT 

area change (FAC 

RVOT) 

PSAXao Abbreviation Measurement 

 

Aorta 

Pulmonary Artery 

Pulmonic Valve  

Pulmonary valve 

diameter (PVd) 

 

 

 

 

Pulmonary Artery 

flow 

Pulmonary Valve 

closing click 

Pulmonary artery 

velocity time 

integral (PA VTI) 

 

 

  

23



Figure 2.4: RV focused ultrasound protocol, part 2.
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Part III

Clinical studies
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Chapter 3

Validation of a cardiac ultrasound method to quantify

right ventricular stroke volume and end systolic volume

3.1 Introduction

To establish a pressure volume loop using ultrasound, RV pressure changes and RV volume changes

during the cardiac cycle must be determined. To determine RV-PA coupling, both end systolic vol-

ume and stroke volume must be determined. In this chapter, an ultrasound method to determine

these quantities is described and compared to gold standard MRI.

Volumic quantification of the RV using ultrasound is often debatable in its use due to complex

RV shape and RV contraction profile. [6, 67–69] Two-dimensional ultrasound is based on many as-

sumptions and at individual level these assumptions become erroneous. For example, RV dilatation

due to pulmonary hypertension, alters RV shape. Therefore, a geometric model based on the healthy

RV becomes less applicable. [70–73] The use of multiplanar indices improves the description of RV

shape. The description of RV global function is improved by the use of multiplanar indices. [74–76]

In clinical practice, PW Doppler is used to determine the velocity time integral over the pulmonic

valve during systole. In combination with the radius of the pulmonic valve, pulmonic valve area

is determined. Then, stroke volume is computed as the product of pulmonic valve velocity time

integral and pulmonic valve area.

A new method to determine end systolic volume using ultrasound is elaborated. Therefore, combi-

nation of ultrasound ejection fraction and ultrasound stroke volume is used. End systolic volume is

computed by:

ESV =
(1 − EF )SV

EF
(3.1)

where ejection fraction (EF) is estimated using two-dimensional ultrasound indices and stroke vol-

ume (SV) is computed by the product of pulmonic valve velocity time integral (VTIpv) and pulmonic
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valve area:

SV = V TIpv ∗ 2π(
d

2
)2 (3.2)

using the diameter (d) of the pulmonic valve as measured using two-dimensional ultrasound.

Ultrasound derived end systolic volume and stroke volume are compared to the MRI gold stan-

dard. In multiple slices of MRI recordings, RV border is manually drawn and end systolic volume

and end diastolic volume are calculated by the integration over the slices consisting the RV border.

Thereof stroke volume and ejection fraction are computed as:

SV = EDV − ESV EF =
EDV − ESV

EDV
(3.3)

where EDV is end diastolic volume and ESV is end systolic volume.

3.2 Methods

3.2.1 Study population

Retrospective analysis and prospective analysis was performed. Retrospective analysis was per-

formed at the Cardiology department in the Amsterdam UMC, location Amsterdam Medical Cen-

ter. Subjects screened prior to a MitraClip procedure who underwent cardiac MRI and RV focused

US from June 2015 to December 2016 were included. Prospective analysis was performed at the

Pulmonary Diseases department in the Amsterdam UMC, location VU University Medical Center.

Subjects with a clinical indication for right heart catheterization for the follow-up of pulmonary

hypertension from January 2018 to May 2018 were asked for informed consent. Ultrasound mea-

surements were performed under the wings of the OPTIEK 2 study.

3.2.2 MRI

Standardized clinical cardiac MRI was performed to quantify RV end diastolic and end systolic

volume. First end systolic and end diastolic frames were determined. Then the borders of the

RV were manually drawn in all slices. End systolic volume is calculated by the addition of all

determined volumes of the slices in the end systolic frame. End diastolic volume is calculated the

same in the end diastolic frame. From the MRI images, RV end systolic volume, RV end diastolic

volume and RV stroke volume were determined. RV ejection fraction was determined as the ratio

of stroke volume to end diastolic.

3.2.3 Ultrasound

Ultrasound was performed using a clinical CX50 (PHILIPS, Eindhoven, The Netherlands) or Vivid

E9 (GE Healthcare, Horten, Norway) ultrasound machine. The clinical cardiac probe (S5-1, M5S-

D) was used in two-dimensional and PW Doppler mode to obtain required images. Briefly, the RV
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focused ultrasound protocol consisted of three views (see section 2.5.1): the parasternal long axis

(PLAX), parasternal short axis at height of the aortic valve (PSAXao) and the apical four chamber

(AP4CH) view. Two-dimensional images of at least two subsequent heartbeats in the PLAX and

AP4CH view were acquired. PW Doppler images of the pulmonic valve velocity profile of at least

three subsequent heartbeats were acquired. Images were saved on the ultrasound machine and

exported as DICOM from the PHILIPS CX50 or loaded into the electronical ultrasound database.

From the ultrasound images, RV ejection fraction, RV stroke volume and RV end systolic volume

were determined.

Ejection fraction

From two-dimensional ultrasound, three fractional shortening indices and two fractional area changes

were determined (Figure 3.1). In the apical 4 chamber view (AP4CH) RV length, RV width and RV

body area are determined. In the parasternal long axis (PLAX) RV outflow tract diameter and area

are determined. All indices were determined at end systole and end diastole. Thereof fractional

shortening indices and fractional area change are computed by:

Fractionalchange(%) =
Indexenddiastole − Indexendsystole

Indexenddiastole
(3.4)

Stroke volume

RV stroke volume was estimated from acquired PW Doppler velocity profiles. The velocity profile

was automatically detected and smoothed using a cubic spline interpolation. A more detailed

description of the automatic Doppler velocity profile detection is depicted in in Appendix B and C.

After obtaining systolic flow profile, stroke volume was computed with Equation 3.2.

End systolic volume

To estimate end systolic volume, a combination of RV ejection fraction and RV stroke volume is

used. Three models derived using multiple linear regression were compared. The first model con-

sisted of three fractional shortening indices, the second of two fractional area change and the third of

one fractional area change. fractional area change and fractional shortening indices were manually

determined in MATLAB using the tool imfreehand. An example of these indices is displayed in

Figure 3.1.

The model with the highest R-squared value to estimate ultrasound derived ejection fraction was

used to determine RV end systolic volume. End systolic volume was computed according to Equa-

tion 3.1. Where stroke volume was computed according to Equation 3.2 and ejection fraction was

estimated using the chosen multiple linear regression model.
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Figure 3.1: Example of the determination of fractional shortening indices (FSI) and fractoinal area changes

(FAC) from two-dimensional images. The left four images display the apical four chamber (AP4CH) view, the

right four display the parasternal long axis (PLAX) view. In the upper row end diastolic images are displayed

with their determined indices and in the lower row the same indices were determined at end systole. [74]
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3.2.4 Offline data analysis

Using MATLAB (release 2017b, The Mathworks, Inc., Natick, Massachusetts, United States), frac-

tional area change, fractional shortening indices, stroke volume and end systolic volume were esti-

mated. Manually, fractional area change and fractional shortening indices were determined. First,

the end diastolic ultrasound frame and end systolic US frame were determined. Then all indices

were manually drawn in the ultrasound frame using the tool imfreehand.

Adequate PW Doppler envelopes were included for analysis based on visual inspection. If the

PW Doppler profile contained a closing click and the border of the profile was not affected by

aliasing, the PW Doppler envelope was included for analysis. Automatic detection of systolic PW

Doppler profile was performed. A detailed description of automatic PW Doppler velocity profile

detection and comparison of different processing methods is included in Appendix B and C. Shortly,

the algorithm is based on the detection of maximal PW Doppler velocity based on pixel intensity.

The obtained signal was smoothed using cubic spline interpolation.

3.2.5 Statistics

Statistical analysis was performed in MATLAB (version 9.3, 2017b, MathWorks, Eindhoven, The

Netherlands). Multiple linear regression was performed to determine a model between two dimen-

sional fractional changes and MRI ejection fraction. Linear regression was performed to determine

correlation between MRI stroke volume and end systolic volume and ultrasound derived stroke vol-

ume and end systolic volume. Sufficient fit of an obtained model is achieved when R-squared >0.8.

In our dataset, derived model with highest R-squared was used as a model to estimate RV ejection

fraction. Correlation between maximal RV systolic pressure and MRI stroke volume was deter-

mined. Regression was determined using the function regress. R-squared and regression coefficients

were determined. Bland-Altman analysis was performed to determine the difference between MRI

stroke volume and end systolic volume and ultrasound derived stroke volume and end systolic vol-

ume. Average difference between the measurement methods and corresponding limits of agreement

(± 1.96 SD) were determined and plotted.

3.3 Results

For retrospective analysis, 19 subjects were included. For prospective analysis, 15 subjects were

included. Clinical characteristics of the complete population are displayed in Table ??. MRI and

ultrasound evaluation were on average 11 days apart.
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Table 3.1: Clinical characteristics of the complete study population, n = 34. Subjects underwent RV US

evaluation and RV MRI evaluation. Values are displayed as mean (standard deviation).

Clinical characteristics
Age, years 69 (19)
Gender, Male, n 12
NYHA class 3 (1)
Body mass index 24.7 (4.8)
Arterial blood pressure

Systolic, mmHg 124 (20)
Diastolic, mmHg 73 (12)
Mean, mmHg 90 (13)

Hemoglobin concentration 8 (1.4)
Arterial saturation 95 (4)
Primary cause pulmonary hypertension

Group 1 - Pulmonary arterial hypertension, n 10
Group 2 - Left heart disease, n 21
Group 3 - Lung disease or chronic hypoxia, n 0
Group 4 - Chronic thromboembolic pulmonary hypertension, n 2
Group 5 - Blood, metabolic or systemic disorders, n 0

Atrial fibrillation 3
Cardiac output L/min 5.3 (1.4)

Echocardiographic indices
Heart rate, bpm 78 (13)
Left ventricle

Degree MI 3 (1)
E/A 4.2 (4.6)

Right ventricle
TAPSE, cm 1.9 (0.5)
E/e’ 6.4 (3.0)
RVSP, mmHg 44 (18)
PV VTI, cm 16.2 (5.6)
Diameter PV, cm 2.8 (0.7)
Cardiac output, L/min 8.6 (3.8)
Degree TR 2 (1)
Fractional area change

RV body 31 (11)
RV outflow tract 33 (12)

Fractional shortening indices
RV width, % 16 (13)
RV length, % 16 (6)
RVOT diameter, % 19 (9)

MRI indices
Heart rate, bpm 74 (14)
RV end diastolic volume, ml 142 (50)
RV end systolic volume, ml 75 (41)
RV stroke volume, ml 67 (20)
RV ejection fraction, (%) 50 (12)
Pulmonary forward flow, ml 59 (16)
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Table 3.2: Multiple linear regression model of multiplanar fractional area change (FAC) to cardiac MRI EF.

Regression coefficients with their corresponding 95% confidence interval are displayed. R-square and partial

correlation of the regression coefficients were determined.

Multiple linear regression Regression coefficient 95% CI
FAC RV body 0.37 -0.02 - 0.75
FAC RV outflow tract 0.28 -0.06 - 0.61
Constant 0.29 0.16 - 0.42

Statistics P-value
R-squared 0.26 <0.05
Partial correlation 0.37 <0.05

Table 3.3: MRI and ultrasound derived stroke volume (SV), end systolic volume (ESV) and heart rate during

MRI respectively ultrasound evaluation. Mean (standard deviation) values and [range] is displayed. No

significant difference was determined with a paired t-test.

US MRI
SV, ml 118 (87) [37-373] 64 (17) [41-116]
ESV, ml 117 (86) [35-436] 71 (43) [31-201]
HR, bpm 77 (13) 74 (14)

3.3.1 Ejection fraction

Three models describing the correlation between MRI ejection fraction and ultrasound derived linear

fractional changes were established using multiple linear regression. The use of a combination of

fractional area changes of the RV outflow tract and RV body yielded the best correlation with

MRI ejection fraction, but correlation remained poor. Regression coefficients R-squared and partial

correlation of the selected model are stated in Table 3.2. Both the model based on fractional area

change of the RV body and the model based on three fractional shortening indices, yielded a R-

squared of 0.19. Dispersion of the measurement data around the model based on the fractional area

changes of the RV body and RV outflow tract is displayed in Figure 3.2.

3.3.2 Stroke volume and end systolic volume

In 24 subjects the US PV velocity profile and PV diameter were acquired. In this subset, correlation

and agreement between MRI SV and US SV and MRI ESV and US ESV were determined. Results

are displayed in Figure 3.3. As can be observed in Table 3.3, ultrasound stroke volume overestimates

gold standard MRI stroke volume. Increasing RV pressure seems to decrease stroke volume as

determined using MRI (Figure 3.5). A not significant trend can be observed.

3.4 Discussion

All models to estimated ejection fraction from ultrasound fractional changes obtained poor cor-

relation to measurement data. Stroke volume and end systolic volume were overestimated and

underestimated by the described method. A large range in agreement between MRI derived stroke
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Figure 3.2: Three dimensional representation of the multiple linear regression model and the dispersion of

data around the model. Fractional area change of the RV outflow tract and RV body are represented at the

horizontal axes and MRI derived EF is represented at the vertical axis. Units of all measures are percentages.

The blue dots represent obtained data per subject, whereas the colored plotted plane represents the model.

volume and end systolic volume implicate a large estimation error.

3.4.1 Ejection fraction

Results obtained in this small cohort underline the improved description of RV ejection fraction using

multiplanar fractional change indices instead of uniplanar fractional change indices. [74–77] Further

improvement of ultrasound RV systolic evaluation may be achieved by the use of two-dimensional

indices instead of one dimensional indices. Expansion of the model cohort and a distinct validation

cohort is recommended for future research. As correlation of all models was poor, the model based

on two fractional area changes provided the best fit. However, a large estimation error remained.

A large variation in RV shape is expected in the population included in this small cohort study.

The population consisted solely of patients with pulmonary hypertension, which is known to affect

RV shape. Based on RV remodeling capacity and RV cardiac reserve, the effect of pulmonary hy-

pertension on RV shape and systolic function differs amongst this population. The derivation of a

model on a more general population is therefore recommended. [67,72,73]

The derived model was a fit for the measurement data and real ejection fraction was both overes-

timated and underestimated. A maximal overestimation of 20% and a maximal underestimation
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Figure 3.3: Correlation (left) and Bland-Altman (right) analysis between MRI derived stroke volume (SV)

and US derived SV in milliliters (ml). Left panel: Correlation plot. The blue dots represents measurement

data, the solid line represents correlation line and the dashed line represents the line of unity. R-squared value

is displayed in the plot area. Right panel: Bland-Altman analysis. The blue dots represent measurement

data, the solid line represents mean mean difference between the two measurement methods and the dashed

lines represents limits of agreement.
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Figure 3.4: Correlation (left) and Bland-Altman (right) analysis between MRI derived end systolic volume

(ESV) and US derived ESV in milliliters (ml). Left panel: Correlation plot. The blue dots represents

measurement data, the solid line represents correlation line and the dashed line represents the line of unity.

R-squared value is displayed in the plot area. Right panel: Bland-Altman analysis. The blue dots represent

measurement data, the solid line represents mean mean difference between the two measurement methods and

the dashed lines represents limits of agreement.
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Figure 3.5: The effect of RV pressure (RVP) in mmHg on measured MRI stroke volume (SV) in ml. At the

x-axis RV pressure in mmHg is displayed, at the y-axis SV in ml as measured using MRI is displayed. The

blue dots represents measured data points of all subjects. The solid line represents correlation between RV

pressure and MRI estimated stroke volume. Poor negative correlation exists, the line of unity (dashed line)

is therefore displayed with a negative slope.

of 15% were obtained. Normal ejection fraction values range between 55 and 75%. [67] Due to the

range of overestimation and underestimation of ejection, subjects may be incorrectly assigned to a

decreased ejection fraction group.

Precise estimation of ejection fraction using multiplanar fractional area changes remains not recom-

mended. Expansion of the model cohort and a second cohort to validate a model based on a larger

cohort will demonstrate whether RV ejection fraction can be estimated using two dimensional ultra-

sound indices within clinical acceptable limits. Also, the effect of sub optimal ultrasound views at

the ICU due to patient position, presence of thoracic drains and inability of the subject to cooperate

during ultrasound evaluation should be investigated. [78]

3.4.2 Stroke volume

In a clinical setting, stroke volume and cardiac output are estimated using ultrasound. Precise

sampling volume placement in the middle of the vascular trunk at height of the valve and align-

ment of the scan line with flow direction are important to obtain accurate measurements. Sample

volume placement at the cross sectional area which changes the least during the cardiac cycle, intro-

duces the least error. [58–60] However, cardiac output estimated using ultrasound overestimates and

underestimates gold standard cardiac output, as was also observed in our results. [79–83] Obtain-
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ing view of the pulmonary trunk to obtain pulmonic valve diameter is also known to be difficult. [84]

Due to pulmonary hypertension, systolic pulmonic valve flow is affected. PW Doppler velocity pro-

file shape changes and systolic retrograde flow from the pulmonary artery into the RV occurs. [61–66]

The occurrence of retrograde flow implicates the violation of the assumption that the PW Doppler

scan line represents the complete pulmonic valve velocity profile. The amount, onset and velocity

of retrograde flow is affected by individual pulmonary vascular characteristics and the magnitude

of the effect of retrograde flow cannot be easily incorporated in ultrasound stroke volume estimation.

A combination of retrograde flow and pulmonary artery dilatation might induce overestimation

of RV stroke volume. Healthy RV stroke volume ranges from 65-105 ml [67]. This range was also

expected in this cohort, because the RV is known for its high capability to adapt for increased RV

afterload. However, ultrasound derived RV stroke volume ranged from 33 to 373 ml and compared

to MRI, ultrasound overestimates stroke volume. This might be the effect a large area of the pul-

monic valve in combination with altered flow profile. [81]

The main pulmonic artery and the RV outflow tract dilate due to pulmonary hypertension, thereby

also affecting PV diameter. The pulmonic valve can be visualized using transthoracic ultrasound.

However accurate pulmonic diameter may be difficult. [85, 86]

3.4.3 End systolic volume

End systolic volume was determined from a combination of ejection fraction and stroke volume.

Comparing ultrasound estimated ejection fraction and stroke volume to MRI showed large dis-

crepancy and poor correlation. This implicates erroneous end systolic volume estimation which is

reflected in the results. Healthy end systolic volume ranges from 40 to 120 ml and in pulmonary

hypertension end systolic volume may increase. However, obtained ultrasound derived end systolic

volume ranges from 35 to 436 ml and compared to MRI ultrasound mainly overestimates end systolic

volume. In some cases, estimated RV end systolic was higher than RV volume and left ventricular

volume together. Therefore, there results are classified as inaccurate. [67, 68]

3.4.4 Overall implications for a ultrasound method to derive RV-PA coupling

MRI or three-dimensional ultrasound remain superior to two-dimensional ultrasound for the volumic

quantification of RV. [6, 72, 73, 87, 88] However, two-dimensional US is a bedside, non-invasive,

cheap and easy applicable technique. Operator dependency, training intensity and the amount of

post processing of two-dimensional ultrasound is lower compared to three-dimensional ultrasound.

Due to these properties, feasibility of a two-dimensional ultrasound method to determine RV-PA

coupling in an ICU setting is expected to be superior and further research for the two-dimensional

ultrasound estimation of ejection fraction, stroke volume and end systolic volume is encouraged.
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However, as the results also implicate, a large estimation exist in ultrasound estimation of all

quantities. Therefore, cautious use of ultrasound derived estimates is important.

3.4.5 Conclusion

It is evident that ultrasound derived stroke volume and end systolic volume overestimate gold stan-

dard stroke volume and end systolic volume. These results implicate cautious use of ultrasound

derived stroke volume and end systolic volume. Inter subject comparison of ultrasound derived

stroke volume and end systolic volume might result in poor decision making. However, individ-

ual comparison of ultrasound derived stroke volume and end systolic volume may yield further

information about disease progression and the effect of therapeutic strategies.

38



Chapter 4

Validation of a cardiac ultrasound method to quantify

right ventricular systolic pressure

4.1 Introduction

To establish a pressure volume loop using ultrasound, RV pressure changes and RV volume changes

during the cardiac cycle have to be determined. To determine RV-PA coupling, end systolic RV

pressure and isovolumic RV pressure must be obtained. In this chapter, a ultrasound method to

determine these parameters is described and compared to RV pressure measurements.

In clinical practice, a first screening tool for the possibility of pulmonary hypertension is ultra-

sound. Maximal RV systolic pressure is then estimated by the measurement of maximal velocity of

tricuspid regurgitation. The velocity profile of tricuspid regurgitation can be obtained using CW

Doppler ultrasound. In the vena contracta of the tricuspid regurgitation orifice, complete conver-

sion of potential energy (pressure) to kinetic energy (velocity) is assumed. The simplified Bernoulli

equation is then used to compute the pressure gradient over the tricuspid valve. A complete velocity

profile of tricuspid regurgitation may be used to derive a complete systolic pressure profile of the

systolic RV-RA pressure gradient.

RV-PA coupling can be determined using a single beat method or a multiple beat method. The sin-

gle beat method requires adequate measurement of the isovolumic contraction and relaxation curve

and an estimation of RV end systolic pressure. The multiple beat method requires an estimation of

RV end systolic pressure under different preload conditions.

4.2 Methods

4.2.1 Study population

The study population consisted of twenty-three subjects diagnosed with pulmonary hypertension.

Between January 2018 and May 2018, subjects underwent right heart catheterization for the follow
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up of pulmonary hypertension in the Amsterdam UMC, location VU University Medical Center,

Amsterdam.

4.2.2 Right heart catheterization

Clinical right heart catheterization was performed by a trained medical specialist using a balloon-

tipped thermodilution 7F Swan-Ganz catheter with three lumina. The Swan-Ganz catheter was

introduced via the right internal jugular vein and threaded through the right atrium and right ven-

tricle into the pulmonary artery. After the introduction of the tip of the catheter into the pulmonary

artery and measuring pulmonary capillary wedge pressure, the catheter was fixed. The pressure

transducer was then leveled at heart height. Heart height was defined at the midaxillary line at the

height of the nipple.

ECG, right atrial pressure, RV pressure and pulmonary artery pressure were simultaneously recorded

and stored using LabChart reader (Version 5, update 8.1.1, ADInstruments, Dunedin, New Zealand).

The continuous measurements were sampled with frequency of 1000 Hz. Pulmonary capillary wedge

pressure (PCWP) was obtained by balloon inflation. Recordings were exported from LabChart as

*.adicht files and converted to *.mat files.

4.2.3 Ultrasound

The RV focused ultrasound protocol (see Section: 2.5.1) was performed using a CX50 (PHILIPS,

Eindhoven, The Netherlands) ultrasound machine. The clinical cardiac probe (S5-1) was used in

two-dimensional color Doppler mode and CW Doppler mode. CW Doppler images of tricuspid

regurgitation velocity of at least three subsequent heartbeats were acquired. Images were saved at

the ultrasound machine and exported as DICOM images. From the ultrasound images, systolic RV-

RA pressure gradient and maximal isovolumic RV pressure were determined. CW Doppler pressure

measurements were performed at a maximum of 10 minutes before or during invasive pressure

measurements.

Systolic RV pressure

From CW Doppler images, systolic RV-RA pressure gradient was determined. Addition of RA

pressure to these curves yielded the systolic RV pressure profile. From the CW Doppler pressure

measurements and invasive pressure measurements maximal RV systolic pressure and end systolic

RV pressure were determined. End systolic RV pressure was determined as RV pressure occurring 30

ms before maximal negative pressure change in the isovolumic relaxation phase of the RV pressure

curve.
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Isovolumic RV pressure

Maximal isovolumic RV pressure was estimated by the extrapolation of the isovolumic phases of

the cardiac cycles. First maximal pressure change (dP/dtmax) in the contraction phase of the

RV pressure curve was estimated, thereafter maximal negative pressure change (dP/dtmin) was

determined in the relaxation phase of the RV pressure curve. For fitting purposes, the length of

the isovolumic pressure phases were equalized and maximal isovolumic RV pressure was estimated

using the non-linear Levenberg-Marquardt fitting technique. Isovolumic phases were fitted to a sine

wave:

Isovolumic pressure curve = a+ bsin(ct+ d) (4.1)

with a, b, c and d the fitting parameters and t time.

4.2.4 Offline data analysis

Using MATLAB (release 2017b, The Mathworks, Inc., Natick, Massachusetts, United States), sys-

tolic RV-right atrial pressure gradient was estimated. When an adequate CW Doppler profile was

obtained, the CW Doppler profile was included for analysis. Adequacy of CW Doppler profiles

was based on visual inspection. If the CW Doppler envelope was visually detectable over at least

half of systole, the CW Doppler envelope was adequate. Then, automatic detection of systolic CW

Doppler profile was performed. A detailed description of automatic CW Doppler velocity profile

detection and comparison of different processing methods is included in Appendix B and D. Shortly,

the algorithm used during data analysis is based on the detection of maximal CW Doppler velocity

based on pixel intensity. The obtained signal was smoothened using cubic spline interpolation.

4.2.5 Statistics

Statistical analysis was performed in MATLAB (release 2017b, The Mathworks, Inc., Natick, Mas-

sachusetts, United States). Linear regression was performed to determine correlation between gold

standard maximal RV pressure and end systolic RV pressure and ultrasound derived maximal RV

pressure and end systolic RV pressure. Regression was determined using the function regress and

R-square was determined. R-squared >0.8 implicates proper correlation between estimated values.

Bland-Altman analysis was performed to determine the difference between gold standard pressure

measurement and ultrasound pressure estimation. Maximal RV pressure, end systolic RV pressure

(as defined 30 ms before dP/dtmin) and isovolumic pressure were compared.

4.3 Results

4.3.1 Study population

Twenty-three subjects were included from January to May 2018. Clinical characteristics are dis-

played in Table ??. Thirteen subjects had adequate CW envelopes and were included for analysis.
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Table 4.1: Clinical characteristics of the complete study population, n = 23. Subjects underwent RV US

evaluation and right heart catheterization.

Clinical characteristics n = 33
Age 57 (15)
Gender (Male) 8
NYHA class 3 (1)
Body mass index 26.8 (5.8)
Arterial blood pressure

Systolic 125 (25)
Diastolic 78 (14)
Mean 94 (17)

Hemoglobin concentration 9.2 (1.1)
Primary cause pulmonary hypertension

Group 1 - Pulmonary arterial hypertension 13
Group 2 - Left heart disease 4
Group 3 - Lung disease or chronic hypoxia 1
Group 4 - Chronic thromboembolic pulmonary hypertension 4
Group 5 - Blood, metabolic or systemic disorders 0

Atrial fibrillation 0

Echocardiographic indices
Heart rate 76 (14)

RVSP 62 (31)
PV VTI 19.8 (4.6)
Diameter PV 3.2 (0.7)
Degree TR 2 (1)
Fractional area change

RV body 0.27 (0.11)
RV outflow tract 0.31 (0.12)

Invasive pressure measurements
Heart rate 79 (12)
Mean PAP 46.2 (19.3)
Mean RVP 26.9 (7.9)
Mean RAP 7.8 (5.1)
Pulmonary capillary wedge pressure 11.2 (6.6)
Cardiac output 5.3 (1.4)
Pulmonary vascular resistance 520 (351)
Arterial saturation 91 (8)
Venous saturation 66 (16)

One subject was excluded from analysis based on the presence of atrial fibrillation. A mean maximal

RV systolic maximal pressure was 55 mmHg, with an average intra subject variation of 10 mmHg.

4.3.2 RV systolic pressure

In Table 4.2, difference between ultrasound derived RV pressure parameters and gold standard

derived RV pressure parameters is depicted. As can be observed in Figure 4.1, ultrasound derived

maximal RV pressure caused an overall underestimation of invasive measured maximal RV pressure.

In two subjects, similar maximal RV systolic pressure and extrapolated isovolumic RV pressure were

determined by both methods. Correlation and agreement of ultrasound estimated RV pressure was

poor, as can be observed in Figure 4.2-4.4.
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Table 4.2: RV pressures derived from CW Doppler ultrasound (US) and invasive pressure measurements

(Invasive). Maximal RV systolic pressure (RVPmax), end systolic RV pressure (RVPes), maximal pressure

change during contraction (dP/dtmax) and maximal pressure change during relaxation (dP/dtmin), extrap-

olated isovolumic RV pressure (ESPiso) and heart rate depicted. Results are displayed in mean (standard

deviation). To illustrate comparability of the measurements, heart rate is also depicted. CW Doppler pres-

sure measurements were performed maximal 10 minutes before or during invasive pressure measurements.

US Invasive
RVPmax, mmHg 56 (34) 80 (29)
RVPes, mmHg 49 (31) 45 (19)
dP/dtmax, mmHg/s 733 (322) 469 (203)
dP/dtmin, mmHg/s -2139 (3674) -628 (293)
ESPiso, mmHg 57 (32) 115 (49)
HR, bpm 73 (17) 77 (13)
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Figure 4.1: Visual representation of maximal RV pressure and isovolumic RV pressure estimated using ultra-

sound and measured using invasive pressure measurements per subject. The x-axis represents measurement

method, the y-axis represents pressure in mmHg. A dot represents mean value, the errorbar represents stan-

dard deviation and the line connects pressure measured with two measurement methods. As can be observed,

ultrasound underestimated measured maximal RV pressure in all cases except two, which are highlighted with

a red line. As can be observed, when the difference between estimated RV maximal pressure is lower, the

difference in extrapolated isovolumic RV pressure is also lower.
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Figure 4.2: Correlation (left) and Bland-Altman (right) analysis between invasive pressure measurement and

US derived pressure in mmHg in obtained maximal RV pressure. Left panel: Correlation plot. The blue dots

represents measurement data, the solid line represents correlation line and the dashed line represents the line

of unity. R-squared value is displayed in the plot area. Right panel: Bland-Altman analysis. The blue dots

represent measurement data, the solid line represents mean mean difference between the two measurement

methods and the dashed lines represents limits of agreement.
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Figure 4.3: Correlation (left) and Bland-Altman (right) analysis between invasive pressure measurement and

US derived pressure in mmHg in obtained end systolic RV pressure. Left panel: Correlation plot. The blue

dots represents measurement data, the solid line represents correlation line and the dashed line represents the

line of unity. R-squared value is displayed in the plot area. Right panel: Bland-Altman analysis. The blue

dots represent measurement data, the solid line represents mean mean difference between the two measurement

methods and the dashed lines represents limits of agreement.
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Figure 4.4: Correlation (left) and Bland-Altman (right) analysis between invasive pressure measurement and

US derived pressure in mmHg in extrapolated isovolumic RV pressure. Left panel: Correlation plot. The blue

dots represents measurement data, the solid line represents correlation line and the dashed line represents the

line of unity. R-squared value is displayed in the plot area. Right panel: Bland-Altman analysis. The blue

dots represent measurement data, the solid line represents mean mean difference between the two measurement

methods and the dashed lines represents limits of agreement.

46



4.4 Discussion

4.4.1 RV systolic pressure

In our results, ultrasound derived RV pressure underestimates invasive RV pressure measurements.

Overestimation and underestimation of ultrasound derived pressure measurements is often reported

in literature. [47, 55, 81, 89–92] Overestimation and underestimation ranges from 10 mmHg to 40

mmHg, the latter can be observed in ultrasound derived of end systolic RV pressure, whereas max-

imal RV pressure was consistently underestimated.

In literature, underestimation was often accused to be the effect of misalignment of the CW Doppler

scan line or inadequate CW Doppler envelopes. [47,55,81,89,91,92] As can be observed from Equa-

tion 2.1, the frequency shift of the transmitted beam also depends on the angle between the ultra-

sound beam and direction of flow. If this angle increases, frequency shift decreases and without

correction real velocity is underestimated. Respiratory movements or slight probe movements may

cause slight changes in this angle. Average intra subject variation of estimated ultrasound pressure

was 10 mmHg in this study, implicating these slight variations. For future research, it is thus recom-

mended to obtain the tricuspid regurgitation profile over at least one complete respiratory cycle. [57]

A second explanation is the use of the simplified Bernoulli equation. The simplified equation neglect

viscous and inertial forces, anatomical variation of the tricuspid regurgitation orifice, fluid viscosity,

severity of tricuspid regurgitation, right atrial size, interaction of the tricuspid regurgitation jet

with right atrial wall, mean right atrial pressure and potential pressure recovery. If potential energy

is not completely converted to kinetic energy but is partially lost, obtained velocity is lower and

therefore RV pressure is underestimated. [90, 93] However, intra subject changes of these factors is

expected to be low and monitoring of hemodynamic treatment during ICU admittance may provide

clinically relevant additional information. [47,92,94–98]

Overestimation was often accused to be the effect of a dynamic RA pressure profile with a high

v-wave. [47, 81, 98, 99] However, in vitro studies [95] and in vivo studies [92] show that tricuspid

regurgitation orifice size is associated with overestimation of RV pressure derived using ultrasound.

In a large tricuspid regurgitation orifice, laminar flow occurs which is associated with pressure re-

covery and low viscous/inertial energy losses. [54,100–102] Also small right atrial size is thought to

induce overestimation [90,95]

In this study, tricuspid regurgitation was always assessed in the apical four chamber view. This view

is recommended by the European Association of Echocardiography [50] and often used in clinical

studies. [48,55,56] However, in a clinical setting and in these studies, subjects are often positioned

in lateral decubitus position. Subjects in this study remained in supine position, thereby increasing
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the change of underestimation. [48,55,56]

In patients with pulmonary hypertension, ultrasound is often referred to as the initial screening

tool, or considered to be complementary to right heart catheterization. However, to avoid mis clas-

sification and mismanagement due to incorrect derived pressure, CW Doppler is not recommended

to be used as a replacement of right heart catheterization.

As can be observed in Figure 4.1, a proper estimation of RV pressure using ultrasound, also results in

a better estimation of RV isovolumic pressure. The underestimation of the complete velocity profile

thus also reflects on the isovolumic phases, resulting in underestimated isovolumic pressure. How-

ever, in two subjects, adequate isovolumic RV pressure indicates validity of an ultrasound derived

isovolumic pressure.

4.4.2 Automatic CW Doppler velocity profile detection

Spectral density of a signal describes the power of a frequency occurring in the reflected frequency

spectrum. The more a specific frequency is present in the reflected signal, the higher its power. In

an CW image, spectral density is reflected in pixel intensity, higher power corresponds to a brighter

pixel. The algorithm designed in this study relies on this difference in pixel intensity of the obtained

CW Doppler spectrum and background noise. In an ultrasound image, gain can be increased to am-

plify the displayed power of weakly present frequencies in the reflected signal. Increasing gain also

amplifies the power of background noise, thereby increasing background intensity of the CW image.

In this study a set threshold of 10% pixel intensity was used to distinguish between background noise

and reflected ultrasound signals. Consequently, increasing gain would cause the algorithm to detect

background noise as spectral information resulting in the inadequate detection of the velocity profile.

A more robust method using an adaptive threshold based on image characteristics is recommended.

A straightforward solution could be an adaptive threshold based on the lower quantile range of

pixel intensity of the CW image. More sophisticated algorithms have been tested and would further

improve the algorithm. [103, 104] Also signal enhancement using microbubbles could improve the

detection of CW Doppler profiles in the case of mild regurgitation. [105]

4.4.3 Invasive pressure measurements

In healthy subjects, the prevalence of tricuspid regurgitation is 65-75%. However, often tricuspid

regurgitation does not extend throughout systole and spectral density of the obtained CW Doppler

profile is low. Pathological conditions such as RV dilation due to increased RV afterload or pathology

of the tricuspid valve can increase incidence and severity of tricuspid regurgitation. Then tricuspid

regurgitation extends throughout systole and the density of the CW Doppler profile increases. If

tricuspid regurgitation does not extent throughout systole, an incomplete RV pressure profile will
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be obtained. If the pressure profile is incomplete, isovolumic phases, maximal systolic RV pressure

and end systolic RV pressure are inadequately acquired.

During the measurements, a catheter was introduced through the tricuspid valve. The presence

of the catheter is shown to increase the incidence of tricuspid regurgitation. Also, the introduction

of the catheter through the tricuspid valve is expected to affect regurgitation orifice. Interaction

of the jet with the catheter affects detection of tricuspid regurgitation. In most cases, tricuspid

regurgitation may be induced, but tricuspid regurgitation may also become undetectable due to

catheter presence. [46–53,90]

Another important factor is the induction of a change in hemodynamic profile of the right heart

due to catheter introduction. Tricuspid regurgitation and pulmonic regurgitation may be induced

or aggravated by the introduction of a catheter. Consequently, ventricular volume changes and

ventricular pressure changes may be affected for the complete cardiac cycle. However, ultrasound

measurements were most often performed when a catheter was present. Therefore, measured pres-

sure profile and estimated ultrasound pressure profile are expected to be comparable. [46]

4.4.4 Conclusion

A complete CW envelope provides the ability to determine systolic RV pressure. A tricuspid re-

gurgitation velocity profile can be used to estimate RV systolic pressure. However, cautious use

of ultrasound derived pressure is recommended. Underestimation of systolic RV pressure affects

estimated RV afterload and RV systolic function.
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Chapter 5

The effect of passive leg raise on measured quantities

and ultrasound estimated quantities

5.1 Introduction

In an ICU setting, a passive leg raise maneuver is used to determine fluid responsiveness. During

a passive leg raise maneuver, volume from the lower body compartment is transferred towards the

right heart. This increase in venous return increases cardiac output in fluid responsive patients

without a change in heart rate. The Frank-Starling law of the heart describes this observed phe-

nomena, which is displayed in Figure 5.1a. In mechanically ventilated patients and spontaneously

breathing patients, cardiac output increases in fluid responsive patients as an effect on passive leg

raising. The autotransfusion effect of passive leg raising disappears after several minutes and is not

accompanied with increase in RV contractility. Therefore, passive leg raising can be theoretically

used to determine ventricular elastance using a multiple beat method. [106–114]

Due to the increase in preload, contractile force of the RV is increased and stroke volume in-

creases. Contractility is defined as the intrinsic ability of the heart muscle to generate force and to

shorten. The ability of the RV to generate additional force with increasing venous return, reflects

contractility of the RV. The acquisition of pressure volume loops under different preload conditions

may therefore be used to describe ventricular contractility. Using passive leg raising to alter preload

and obtain multiple pressure volume loops is addressed in this chapter.

In a clinical setting, the effect of passive leg raise maneuver is determined using calibrated pulse

contour analysis or cardiac ultrasound. Calibrated pulse contour analysis is minimally invasive

and assesses changes in pulse pressure, reflecting changes in stroke volume. Cardiac ultrasound is

non-invasive; using PW Doppler, change in the velocity time integral over the aortic and pulmonic

valve can be determined, reflecting changes in stroke volume. [113,115,116]

Passive leg raising increases RV systolic pressure [107]. Whether this change in RV pressure can
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Figure 5.1: The effect of a passive leg raise maneuver on cardiac output, venous return and beat to beat right

ventricular pressure and volume.

(a) A schematic representation of the effect of

increased venous return (VR) on cardiac output

(CO). The x-axis represents right atrial pressure

or end diastolic volume and the y-axis represents

VR and CO. The blue dashed line represents VR

in baseline condition. As an effect on passive

leg raising, VR increases, as represented with the

solid blue line. The working point, represented as

the black dot, is shifted upwards the CO curve.

[13]

(b) A schematic representation of the effect of a

passive leg raise maneuver on a pressure volume

loop. The dashed loop represents a pressure vol-

ume loop in the baseline condition, the solid loop

represents a pressure volume loop in leg raise con-

dition. As venous return increases, stroke vol-

ume, end systolic volume and systolic pressure

increases. Arterial elastance (Ea) and ventric-

ular elastance (Ees) are expected to remain the

same and the pressure volume loop makes a right-

upward shift. [13]

be assessed using cardiac ultrasound, remains inconclusive. RV pressure can be estimated using

cardiac ultrasound by the assessment of the velocity profile of tricuspid regurgitation. Therefore,

estimated ultrasound RV pressure was compared to measured RV pressure.

5.2 Methods

5.2.1 Study population

The effect of passive leg raising on invasive pressure measurements, ultrasound pressure estimations

and ultrasound volume estimations were determined. Therefore, three subsets of the population

described in Chapter 4 were formed.

The first subset consisted of subjects with invasive RV pressure measurements who underwent

passive leg raising. The second subset consisted of subjects who underwent invasive RV pressure

measurement, passive leg raising and had adequate CW Doppler envelopes. The third subset con-

sisted of subjects who underwent invasive RV pressure measurements, passive leg raising and had

adequate PW Doppler envelopes.
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5.2.2 Right heart catheterization and ultrasound

Clinical right heart catheterization and RV focused ultrasound was performed as described in Chap-

ter 3 and 4. The RV-focused ultrasound protocol was performed prior to and during passive legs

raised. Using the algorithms described in Chapter 3 and 4, ultrasound derived stroke volume, end

systolic volume and RV systolic pressure were determined.

5.2.3 Offline data analysis

Using MATLAB (release 2017b, The Mathworks, Inc., Natick, Massachusetts, United States), ultra-

sound derived systolic RV-RA pressure gradient was determined. The outer border of the systolic

CW Doppler profile was automatically detected. A detailed description of automatic CW Doppler

velocity profile detection and comparison of different processing methods is included in Appendix

B and D. Shortly, the algorithm used during data analysis is based on the detection of maximal

PW Doppler velocity based on pixel intensity. The obtained signal was smoothed using cubic spline

interpolation.

Invasive derived quantities

From the invasive RV pressure measurements, systolic RV pressure, systolic pulmonary arterial

pressure, diastolic RV pressure, diastolic pulmonary arterial pressure, mean right atrial pressure

and pulmonary capillary wedge pressure were obtained. During the measurement, the time at

which passive leg raising was performed was annotated. Manually, prior to passive leg raising

and during passive legs raised, the time interval for analysis was specified and all parameters were

automatically obtained.

Ultrasound derived quantities

CW Doppler images and PW Doppler images were obtained prior to passive leg raising and during

passive legs raised. Adequacy of CW Doppler profiles and PW Doppler profiles were based on visual

inspection. If the CW Doppler envelope was visually detectable over at least half of systole, the

CW Doppler envelope was included for analysis. If the PW Doppler profile contained a closing click

and the border of the profile was not affected by aliasing, the PW Doppler envelope was included

for analysis.

Automatic detection of the pulmonic valve velocity time integral as described in Chapter 3 was

performed to obtain stroke volume. Manually fractional area shortening of the RV outflow tract

and RV body were determined and end systolic volume was estimated. Automatic detection of

maximal RV systolic pressure and end systolic pressure was performed as described in Chapter 4.
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Table 5.1: Invasive pressure measurement prior to passive leg raising and during passive legs raised. Sys-

tolic and diastolic right ventricular pressure (RVP), systolic and diastolic pulmonary artery pressure (PAP),

mean right atrial pressure (RAP) and pulmonary capillary wedge pressure (PCWP) are depicted. Values are

displayed as mean (standard deviation) for the baseline condition, passive leg raised condition and difference

between the two conditions. A paired t test was performed to determine whether baseline condition signifi-

cantly different from passive legs raised condition. Significance level is displayed by the P-value, all values

were statistically significant with a confidence interval of 95%.

Baseline Passive leg raise Mean difference P-value
RVP, mmHg

Systolic 76.5 (25.7) 82.2 (24.3) 5.6 (5.3) <0.005
Diastolic 1.6 (4.0) 3.4 (4.3) 1.8 (1.6) <0.005

PAP, mmHg
Systolic 79.6 (26.1) 84.3 (25.3) 4.4 (4.3) <0.005
Diastolic 27.9 (12.7) 30.1 (12.2) 1.7 (3.1) <0.05

PCWP, mmHg 11.2 (6.6) 13.1 (7.1) 1.8 (2.2) <0.05
Mean RAP, mmHg 7.8 (5.1) 10.8 (4.9) 3.2 (2.5) 0.0001
Heart rate, bpm 79.9 (17.5) 82.5 (15.1) 2.6 (8.2) NS

5.2.4 Statistics

Statistical analysis was performed in MATLAB (release 2017b, The Mathworks, Inc., Natick, Mas-

sachusetts, United States). A paired t-test with a confidence level of 95% was performed to deter-

mine the effect of passive leg raising on invasive measurements and ultrasound estimations.

5.3 Results

5.3.1 Study population

From January 2018 until May 2018, twenty-three subjects were included in the total population.

The first subset consisted of eleven subjects with invasive pressure measurements who underwent

passive leg raising. The second subset consisted of eight subjects who underwent invasive pressure

measurement, passive leg raising and had adequate CW Doppler envelopes. The third subset

consisted of five subjects who underwent invasive pressure measurements, passive leg raising and

had adequate PW Doppler envelopes.

5.3.2 Measured RV pressure

In Table 5.1, average pressures as obtained prior to passive leg raising and during passive legs

raised are displayed, these results are visualized in Figure 5.2. Per subject, an average of 55 beats

were evaluated in baseline condition, an average of 40 beats were evaluated in passive legs raised

condition.
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Figure 5.2: Visual representation of invasive pressure measurement prior to passive leg raising and during

passive legs raised. The x axis represents measurement of all pressures in baseline and passive legs raised

condition. Mean right atrial pressure (RAP), systolic right ventricular pressure (RVPs), diastolic right ven-

tricular pressure (RVPd), systolic pulmonary artery pressure (PAPs), diastolic pulmonary artery pressure

(PAPd) and pulmonary capillary wedge pressure (PCWP) are displayed. The y axis represents measured

pressure in mmHg. Mean values are displayed with the open dot and the error bars represent standard devi-

ation. Significant differences between the conditions were annotated using an asterisk (*).

5.3.3 Ultrasound estimated RV pressure

CW Doppler images containing tricuspid regurgitation velocity were acquired. Baseline and passive

legs raised condition were compared. Per subject an average of 9 beats were included for analysis

in the baseline condition and an average of 7 beats were included for analysis in the leg raise con-

dition. In Table 5.2, average ultrasound derived pressures as obtained prior to passive leg raising

and during passive legs raised are displayed.

In Figure 5.3, the change in estimated maximal RV pressure and estimated end systolic RV pres-

sure as an effect on passive leg raising can be observed. As can be observed, detected ultrasound

estimation of RV pressure yielded positive as well as negative changes in RV pressure comparing

baseline condition to legs raised condition. Invasive systolic RV pressure only increased as an effect

to of passive leg raising with a mean of 4.6 mmHg in a range of 0.2-8.6 mmHg.

5.3.4 Ultrasound estimated stroke volume and end systolic volume

PW Doppler images containing systolic pulmonic valve flow were acquired. Baseline and passive

legs raised condition were compared. Per subject an average of 12 beats were included for analysis in

the baseline condition and an average of 8 beats were included for analysis in the leg raise condition.

In Table 5.2, average US derived stroke volume and end systolic volume as obtained prior to passive
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Figure 5.3: Visual representation of maximal RV pressure and end systolic RV pressure estimated using

ultrasound in baseline condition and in leg raised condition per subject. The x-axis represents subject condi-

tion, the y-axis represents pressure in mmHg. A dot represents mean value, the errorbar represents standard

deviation and the line connects obtained values in the same subject. As can be observed, in some subjects

estimated pressure increases (red), whereas in other subjects estimated pressure decreases (blue).

Table 5.2: Mean (standard deviation) quantities obtained in baseline condition and leg raise condition. No

significant difference was proven between the quantities as measured in both conditions.

Baseline Passive legs raised
RVPmax 62 (31) 66(26)
RVPes 53 (25) 55 (19)
SV 112 (39) 128 (32)
ESV 124 (40) 133 (22)

leg raising and during passive legs raised are displayed.

5.4 Discussion

Fluid responsiveness of critically ill patients is often tested using a passive legs raise maneuver.

Passive legs raising increases cardiac output in healthy and critically ill patients. [117] Comparison

between subjects with ejection fraction <40 and EF >45 revealed different effect between the groups.

In the group with reduced ejection fraction, ejection fraction significantly increased, whereas cardiac

output did not. In the group with normal ejection fraction, ejection fraction remained the same and

cardiac output increased significantly. [107] Both groups increased in RV systolic pressure, however

no significant difference was measured. Difference between our study and [107], is the fact that

we measured RV systolic pressure in the initial phase of passive legs raising. The effect of passive

legs raising is known to decrease after 1 minute [110]. Therefore the effect of passive legs raising

measured in our study is more visible.

A mean increase in diastolic RV pressure of 2 mmHg was also observed during our study. However,
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Figure 5.4: Visual representation of stroke volume and end systolic volume estimated using ultrasound in

baseline condition and in leg raised condition per subject. The x-axis represents subject condition, the y-axis

represents volume in ml. A dot represents mean value, the errorbar represents standard deviation and the

line connects obtained values in the same subject. As can be observed, in some subjects estimated volume

increases (red), whereas in other subjects estimated volume decreases (blue).

we found a significant mean difference of 6 mmHg, whereas systolic pressure in [107] only increased

with 2 mmHg.

5.4.1 RV systolic pressure

As an effect on passive legs raising systolic RV pressure and systolic pulmonary artery pressure

increase as measured during right heart catheterization. This physiological effect can be explained

by increased stroke volume due to increased venous return. The effect of passive leg raising on mean

measured RV systolic pressure can be observed using ultrasound. However, intra subject comparison

showed that the increase in pressure is not always detected. Also ultrasound derived RV pressure

underestimated real RV pressure. It has to be kept in mind that differences in measured pres-

sure in baseline condition and passive legs raised condition may be subjected to different alignment

of the CW Doppler beam with the direction of flow in the tricuspid orifice, as discussed in Chapter 4.

RV systolic pressure increases during passive legs raised as an effect of increased stroke volume.

The magnitude of effect in pressure depends on the magnitude of increased stroke volume. In a ICU

setting, respiratory induced pulse pressure variation is used as a clinical guideline to determine fluid

responsiveness. A decrease in pulse pressure variation as an effect of a passive leg raise maneuver,

indicates increased stroke volume. Therefore, pulse pressure variation may be used as an indicator

of RV systolic pressure increases. If ultrasound derived pressure does not change or even decreases

in combination with decreased pulse pressure variation, misalignment of the CW Doppler scan line

is strongly indicated.
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Because passive leg raise must be performed in our protocol to obtain pressure volume loops under

different loading conditions, the subject must remain in supine position. This limits the alignment

of the tricuspid regurgitation jet with the CW Doppler scan line. Due to a passive leg raise maneu-

ver, the heart might slightly rotate or move in the thoracic cavity, thereby also affecting alignment

of the CW Doppler scan line.

5.4.2 RV stroke volume and end systolic volume

As can be observed in the results, increase and decrease in ultrasound derived stroke volume occurs.

However, the invasive pressure measurement only indicates an increase in stroke volume, as pres-

sure significantly increases comparing baseline condition and passive legs raised condition. These

difference in stroke volume may be explained by the velocity profile over the pulmonic valve. Due

to increased afterload, this velocity profile differs per scan line. During the measurements, the PW

Doppler scan line was positioned in the middle of the pulmonic valve and sample volume was placed

such that closing click and opening click could be observed. However, if the systolic pulmonic valve

flow profile contains high velocity antegrade flow and high velocity retrograde flow, as observed in

patients with pulmonary hypertension, only a slight deviation in the placement of the PW Doppler

scan line is expected to induce a large variation in obtained velocity profile.

5.4.3 Implications of observed effects on multiple beat RV-PA coupling

RV systolic pressure significantly increases as an effect on passive leg raising. As measured using

ultrasound Doppler, RV stroke volume does not always increase. This might be the effect the limited

time frame of the US measurement during passive leg raising measurement quality is less. Due to

the altered systolic flow profile in pulmonary hypertension, slight deviation in PW Doppler scan

line might also severely affect the pulmonic valve velocity time integral, whereof stroke volume is

computed. After the initial phase of passive leg raising, the effect of passive leg raising on cardiac

output and RV systolic pressure known to decrease.

5.5 Conclusion

Invasive RV systolic pressure measurement demonstrates increased RV systolic pressure during

passive legs raised compared to prior to passive leg raising. Ultrasound estimation failed to detect

this change, most likely due to misalignment of the CW Doppler scan line with the direction of the

tricuspid regurgitation jet. The expected increase in stroke volume and end systolic volume as an

effect of passive leg raise was not observed in all subjects. Overall, ultrasound did not always detect

change in RV pressure, stroke volume and end systolic volume as an effect of passive leg raise.

58



Chapter 6

Determining right ventricular – pulmonary vascular

coupling using ultrasound

6.1 Introduction

Ultrasound parameters describing right heart function only reflect RV afterload or RV systolic func-

tion. However, interaction between RV afterload and RV systolic function cannot yet be quantified

using US. Interaction between the RV and pulmonary artery, can be quantified by RV-PA coupling.

RV-PA coupling is defined as the ratio of ventricular elastance to arterial elastance. Ventricu-

lar elastance describes ventricular contractility, whereas arterial elastance describes the pulsatile

and steady component of RV afterload. RV-PA coupling can be derived from a pressure volume

loop using a single beat method and multiple beat method.

The multiple beat method relies on the acquisition of multiple pressure volume loops under dif-

ferent loading conditions. Ventricular elastance is then determined as the slope of the end systolic

pressure volume relation (ESPVR), which is estimated using multiple pressure volume loops. Mul-

tiple beat ventricular elastance is then defined as:

Ees,mb =
ESP2 − ESP1

ESV2 − ESV1
(6.1)

where end systolic pressure (ESP) and end systolic volume (ESV) are obtained in two different

preload conditions.

The single beat method obviates the need to alter preload to determine ventricular elastance [16,38].

Isovolumic phases of the cardiac cycle are used to extrapolate maximal end systolic pressure as would

occur during an isovolumic beat. Single beat ventricular elastance (Ees,sb) is defined as:

Ees,sb =
ESPiso− ESP

SV
(6.2)

Where ESPiso is estrapolated maximal pressure generated during a theoretical isovolumic contrac-

tion, ESP is end systolic pressure and SV is stroke volume.
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Table 6.1: Required parameters for the estimation of RV-PA coupling using a single beat method or multiple

beat method. For the multiple beat method, quantities must be obtained in two preload conditions.

Single beat Multiple beat
Condition Baseline Baseline Passive leg raised
Pressure estimates End systolic RV pressure End systolic RV pressure End systolic RV pressure

Right atrial pressure Right atrial pressure Right atrial pressure
Isovolumic RV-pressure

Volumic estimates Stroke volume Stroke volume Stroke volume
End systolic volume End systolic volume

Both the single and multiple beat method define Ea as:

Ea =
ESP

SV
(6.3)

where ESP is end systolic pressure and SV is stroke volume.

An overview of the required parameters to determine RV-PA coupling using a single beat method

or a multiple beat method is listed in Table 6.1.

6.2 Methods

6.2.1 Study population

The determination of single beat gold standard RV-PA coupling, single beat ultrasound derived

RV-PA coupling and multiple beat ultrasound derived RV-PA coupling. Therefore, three subsets of

the population described in Chapter 4 were formed.

The first subset consisted of twelve subjects who underwent invasive pressure measurements and

cardiac MRI. The second subset consisted of ten subjects with adequate baseline CW Doppler pro-

file, baseline PW Doppler profile and baseline two dimensional evaluation of the RV. The third

subset consisted of five subjects with adequate CW Doppler profile, PW Doppler profile and two

dimensional evaluation of the RV in the baseline condition and PLR condition.

6.2.2 MRI, right heart catheterization and RV focused ultrasound

Cardiac MRI was performed as described in Chapter 3, clinical right heart catheterization and RV

focused ultrasound was performed as described in Chapter 3 and 4. The RV-focused ultrasound

protocol was performed prior to and during passive legs raised. Using the algorithms described in

Chapter 3 and 4, ultrasound derived stroke volume, end systolic volume and RV end systolic pressure

were estimated. Thereof ventricular elastance and arterial elastance were determined according to

Equation 6.1, 6.2 and 6.3.
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6.2.3 Offline data analysis

Using MATLAB (release 2017b, The Mathworks, Inc., Natick, Massachusetts, United States), sys-

tolic RV-RA pressure gradient was determined. Automatic detection of systolic PW Doppler profile

and CW Doppler profile was performed. A detailed description of automatic PW Doppler velocity

profile detection and CW Doppler velocity profile detection and comparison of different processing

methods is included in Appendices B-D. Briefly, the algorithm used during data analysis is based on

the detection of both velocity profiles is based on pixel intensity. The obtained signal was smoothed

using cubic spline interpolation.

MRI and right heart catheterization derived quantities

From the invasive RV pressure measurements, mean end systolic RV pressure and isovolumic RV

pressure were obtained. Mean end systolic RV pressure in combination with median isovolumic RV

pressure were used in combination with MRI derived stroke volume to determine single beat RV-PA

coupling.

Ultrasound derived quantities

CW Doppler images and PW Doppler images were obtained prior to passive leg raising and with

passive legs raised. Automatic detection of the pulmonic valve velocity time integral as described

in Chapter 3 was performed to obtain stroke volume. Fractional area change of the RV outflow

tract and RV body were manually determined and end systolic volume was computed according to

the method described in Chapter 3. Automatic detection of RV systolic pressure, end systolic RV

pressure and isovolumic RV pressure was performed as described in Chapter 4.

Median stroke volume, end systolic volume, end systolic pressure and isovolumic pressure of all

acquired measurements per subject were used to determine RV-PA coupling. Mean end systolic RV

pressure was chosen to serve as end systolic pressure.

6.2.4 Statistics

Statistical analysis was performed in MATLAB (release 2017b, The Mathworks, Inc., Natick, Mas-

sachusetts, United States). Linear regression was performed to determine correlation between gold

standard single beat RV-PA coupling and ultrasound derived RV-PA coupling. Regression was de-

termined using the function regress. R-square was determined. R-squared >0.8 implicates proper

correlation between estimated values. Bland-Altman analysis was performed to determine the

difference between gold standard RV-PA coupling measurement and ultrasound RV-PA coupling

estimation.
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Figure 6.1: Correlation (left) and Bland-Altman (right) analysis between gold standard RV-PA coupling and

single beat ultrasound derived RV-PA coupling. Left panel: Correlation plot. The blue dots represents

measurement data, the solid line represents correlation line and the dashed line represents the line of unity.

R-squared value is displayed in the plot area. Right panel: Bland-Altman analysis. The blue dots represent

measurement data, the solid line represents mean mean difference between the two measurement methods and

the dashed lines represents limits of agreement.

6.3 Results

6.3.1 Study population

From January 2018 until May 2018, twenty-three subjects were included in the total population.

Clinical characteristics of the population are depicted in Chapter 4. Subgroups were formed; in the

first subset twelve subjects were included, in the second subset ten subjects were included and in the

third subset five subjects were included. In four subjects, gold standard RV-PA coupling and single

beat ultrasound derived RV-PA coupling was determined. In three subjects, gold standard RV-PA

coupling and multiple beat ultrasound derived RV-PA coupling was determined. These subjects

were included for statistical analysis.

6.3.2 Ultrasound derived RV-PA coupling

In Table 6.2, mean and standard deviation values and range of all methods to derive RV-PA coupling

are depicted. Single beat US derived RV-PA coupling was closest to gold standard RV-PA coupling,

as can be observed in Figure 6.1 and 6.2. Difference in arterial elastance in the baseline condition

and leg raised condition is displayed in Figure 6.3.
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Figure 6.2: Correlation (left) and Bland-Altman (right) analysis between gold standard RV-PA coupling and

multiple beat ultrasound derived RV-PA coupling. Left panel: Correlation plot. The blue dots represents

measurement data, the solid line represents correlation line and the dashed line represents the line of unity.

R-squared value is displayed in the plot area. Right panel: Bland-Altman analysis. The blue dots represent

measurement data, the solid line represents mean mean difference between the two measurement methods and

the dashed lines represents limits of agreement.
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Figure 6.3: Visual representatin of arterial elastance (Ea) in the baseline condition and in leg raised condition

per subject. The x-axis represents subject condition, the y-axis represents arterial elastance in mmHg/ml. A

dot represents determined arterial elastance and the line connects determined values in the same subjects.

As can be observed, in some subjects determined arterial elastance increases (red), whereas in other subjects

determined arterial elastance decreases (blue).
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Table 6.2: Mean (standard deviation) and [range] of estimated ventricular elastance (Ees), arterial elastance

(Ea) and RV-PA coupling (Ees/Ea) using a gold standard single beat method (SBmri), single beat ultrasound

method (SBus) and multiple beat ultrasound method (MBus) are displayed.

SBmri (n=12) SBus (n=10) MBus (n=5)
Ees 1.17 (0.64) [0.34 2.63] 0.51 (0.37) [0.18 1.44] -0.56 (1.27) [-2.7 0.5]
Ea 0.72 (0.32) [0.35 1.42] 0.46 (0.29) [0.16 1.14] 0.32 (0.14) [0.16 0.45]
Ees/Ea 1.59 (0.43) [0.96 2.14] 1.25 (0.90) [0.65 3.48] -3.23 (7.56) [-16.68 1.15]

6.4 Discussion

Gold standard derived single beat RV-PA coupling estimates and ultrasound derived single beat

RV-PA coupling estimates in this study showed similar results as described in literature. [36,118,119]

The multiple beat method performed a lot worse. In two subjects, obtained RV-PA coupling values

lay within a physiological reasonable range. However, negative RV-PA coupling, as observed in two

subjects, implies that the RV can not generate any power to overcome RV afterload. This was not

the case in the study population, as all subjects maintained cardiac output.

6.4.1 Single beat ultrasound derived RV-PA coupling

A single beat method to determine RV-PA coupling was first described in the left ventricle. [120,121]

The single beat method was proven applicable to the right ventricle. [16, 118,119,122, 123] Our re-

sults show comparable results of gold standard derived RV-PA coupling and single beat ultrasound

derived RV-PA coupling within the range reported in literature. Therefore, the proposed single beat

method to derive RV-PA coupling using ultrasound adequately reflect RV-PA coupling.

Comparing the single beat method to the multiple beat method, less parameters have to be es-

timated and measurements can be obtained in a baseline condition. Also, the estimation of right

atrial pressure might be obviated, as the single beat method uses the difference between isovolumic

pressure and end systolic pressure. The difference between end systolic RV pressure and isovolumic

RV pressure is not affected by the addition of RA pressure. Future research directed on further

validation of a single beat ultrasound method to derive RV-PA coupling, should also assess this

factor. [124]

6.4.2 Multiple beat ultrasound derived RV-PA coupling

In the initial description of the multiple beat validates the model by ranging end systolic RV pres-

sure between 5 and 50 mmHg. [32] The Valsalva maneuver has been proposed and tested to obviate

invasive vena cava occlusion to obtain PV loops under different preload conditions. [36, 37, 123] In

these studies, obtained pressure volume loops range over 20-40 mmHg. In our study, passive leg

raising only affects RV pressure with a mean of 2 mmHg. Therefore, the multiple beat US derived

RV-PA coupling is expected to be subjected to error in a higher degree. This is reflected in our
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results, a large variation between obtained pressure volume loops in the baseline condition and PLR

condition exists. Determining RV-PA coupling using a multiple beat method based on the effect

of the Valsalva maneuver requires optimal subject cooperation during the measurements. From

critically ill patients at the ICU, this level of cooperation is not expected to be feasible due to deep

sedation or delirium.

Arterial elastance was different comparing the baseline condition and passive legs raised condition.

As estimated arterial elastance differed between the conditions, one of the assumptions whereon

the multiple beat method is based is violated. Therefore, the obtained physiologically inadequate

RV-PA coupling values can be explained. Difference in arterial elastance may be due to the fact the

multiple pressure volume loops were obtained on average 10 minutes apart. However, in pulmonary

hypertension, arterial elastance is not expected to fluctuate a lot due to a constant highly increased

RV afterload.

6.4.3 Study limitation

A major limitation of this study is the fact that gold standard RV-PA coupling was not determined

by simultaneous RV pressure and volume measurements. In healthy subjects, RV-PA coupling

values fluctuates over time. However, in patients with pulmonary hypertension, RV-PA coupling

is expected to be more stable over time due to the higher demand of the pulmonary vasculature.

Therefore, cardiac contractility is expected to be about equal during right heart catheterization and

cardiac MRI.

6.4.4 Added value of the determination of RV-PA coupling in the ICU

Animal studies demonstrate the ability RV-PA coupling to describe interaction between the right

ventricle and pulmonary vasculature. Progressive and gradual increase in RV afterload affect RV-PA

coupling and reflect a coupled state and uncoupled states. [38,125–128] In humans, this physiological

concept is shown to be true. [36,122] Healthy RV-PA coupling is a ratio above 1 and when the ratio is

around unity, optimal coupling is present. [43,119,122,125,129] Ventricular elastance has been shown

to be an intrinsic parameter independent to loading condition to describe ventricular contractility.

[17,30,130] Arterial elastance has been shown to be an intrinsic parameter to describe RV afterload.

[39–42,131] In critically ill patients, RV-PA coupling, ventricular elastance and arterial elastance is

expected to be affected by hemodynamic treatment and mechanical ventilation. Therefore, obtaining

RV-PA coupling value can further personalize treatment.

6.5 Conclusion

Single beat US derived RV-PA coupling performs more similar with gold standard RV-PA coupling

than multiple beat US derived RV-PA coupling does. Therefore, single beat US derived RV-PA
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coupling shows more potential and is therefore a recommended focus for future research. However,

first a valid derivation of quantities determining RV-PA coupling using ultrasound is required. Next,

validation of the single beat ultrasound method to derive RV-PA coupling is recommended in the

ICU setting. Theoretically, RV-PA coupling should be able to reflect hemodynamic changes due to

therapy. Subsequent research should be conducted to determine whether this is true.
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Chapter 7

Preliminary investigation into the feasibility of

ultrasound method to determine right ventricular

pulmonary vasculature coupling in the ICU.

7.1 Introduction

A new method can be theoretically and technically valid but its feasibility in a clinical setting is

equally important. A clinically attractive technique is a technique that is easy to implement in

daily care, not time consuming and one that can be performed with limited instruction.

To determine RV-PA coupling using ultrasound, the different methods described in the previous

chapters require the estimation of specific quantities. The described multiple beat method to deter-

mine RV-PA coupling requires the estimation of RV stroke volume, RV end systolic volume and RV

systolic pressure. The described single beat method requires RV stroke volume, RV systolic pres-

sure and extrapolated RV isovolumic pressure. Whether all quantities can be determined provides

insight in the feasibility of the ultrasound method to derive RV-PA coupling.

Required views to determine RV-PA coupling using a single- or multiple beat method are:

1. Parasternal long axis (PLAX) to obtain two-dimensional images of the RV outflow tract. By

the use of these images, fractional area change of the RV outflow tract is determined.

2. Parasternal short axis (PSAX) at height of the aortic valve to obtain the PW Doppler velocity

profile over the pulmonic valve and two-dimensional images of the pulmonic valve. By the use

of these images, RV stroke volume is determined.

3. Apical four chamber (AP4CH) to obtain two-dimensional images of the RV body and the CW

Doppler velocity profile over the tricuspid valve. By the use of these images fractional area

change of the RV body, RV systolic pressure and extrapolated RV isovolumic pressure are

determined.
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Next to obtaining all required views, tricuspid regurgitation must be present. Tricuspid regurgita-

tion must be holosystolic, parallel alignment of the CW Doppler scan line with the flow direction of

the tricuspid regurgitation jet and the observer must be able to observe the complete outer border

of the CW Doppler spectral profile.

Patients with atrial fibrillation were not included for screening. Atrial fibrillation affects the RR-

interval. By affecting RR-interval, cardiac filling time and cardiac ejection time. Also, contraction

pattern differ beat to beat, resulting in poorly comparable cardiac contractions. Due to poorly

comparable cardiac contraction, valid matching of pressure profile and volume profile was expected

to be difficult. Therefore, these patients were excluded for screening in this preliminary investigation.

In this chapter, preliminary screening is described to gain insight in the feasibility of an ultra-

sound method to determine RV-PA coupling. Therefore, success rate of a complete measurement is

determined.

7.2 Methods

From September 2017 until February 2018 and from 24th of April 2018 until 8th of June 2018,

mechanically ventilated patients were screened on the presence of tricuspid regurgitation and the

ability to acquire a complete measurement. A complete measurement was defined as the ability to

obtain PLAX, PSAX and AP4CH view. In combination with the occurrence of tricuspid regurgi-

tation, RV-PA coupling can be determined. Adequate tricuspid regurgitation envelope was defined

as stated in the introduction of this chapter.

The shortened RV-focused protocol was performed with a clinically approved SonoSite (Edge II,

2015, Fuijifilm SonoSite Inc., Bothell, USA) ultrasound machine with a clinical cardiac probe (5-1).

In the period from April to June, patients were screened with the intention to determine whether

the patient could be included for further data analysis. Further data analysis would be initiated

when all views could be obtained and tricuspid regurgitation was present.

7.2.1 Further data acquisition

A complete measurement in combination with a clinical indication for a passive leg raise maneuver

were the requirements for further data acquisition. The complete shortened RV-focused protocol

should then be performed three times. The first time just prior to passive leg raise (baseline con-

dition 1), the second time when legs are raised (passive legs raised condition) and the third time

when the legs are laid down again (baseline condition 2).

Each time the RV-focused protocol was performed, two-dimensional images were acquired in all
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Table 7.1: Clinical characteristics of the screened population.

Characteristic
Total population, n 73
Age, y, mean (SD) 64.6 (13.4)
Gender, Male, n (%) 46.0 (63.0)
Body mass index, kg/m2, mean (SD) 28.2 (6.2)
Tricuspid insufficience, n (%) 36 (55.4)
Cardiothoracic surgery, n (%) 31 (42.4)

views. Images of the PW Doppler profile over the pulmonic valve and CW Doppler profile over the

tricuspid valve were acquired. All images were acquired for at least three subsequent heart beats

and stored at the ultrasound machine.

DICOM images were exported from the ultrasound machine and offline data analysis provided

fractional area change of the RV outflow tract, fractional area change of the RV body, pulmonic

valve diameter, RV stroke volume and RV systolic pressure. For all conditions, these quantities

were determined using MATLAB.

7.2.2 Effect of cardiothoracic surgery

During the screening, it became apparent that cardiothoracic surgery may be a major factor affecting

success rate of a complete measurement. Therefore, correlation between the amount of obtained

views and cardiothoracic surgery was determined. Subgroup analysis was performed to determine

the success rate of a complete measurement in subjects with cardiothoracic surgery and without

cardiothoracic surgery.

7.2.3 Screening adequacy

In 48 patients, trained specialists from the Department of Cardiology in the VU medical center

performed cardiac ultrasound and reported the presence and severity of tricuspid regurgitation.

Severity was graded as trace, mild, moderate or severe by the cardiologist. [46] The results of

the cardiologist were compared to the results as obtained from the screening. From these results,

screening adequacy of the detection of tricuspid regurgitation was determined.

7.3 Results

In total of 73 subjects the complete RV-focused ultrasound protocol was screened in the complete

period. From September until February, 29 subjects were included. From April until June, 44

subjects were included. The only significant difference between the two groups was the amount of

subjects who underwent cardiothoracic surgery. Clinical characteristics are displayed in Table 7.1.
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Figure 7.1: Visual representation obtained views and the prevalence of tricuspid regurgitation. The x axis

represents the combination of acquired views and the y axis corresponds to the number of subjects. The red

part of the bar plot indicates the amount of tricuspid regurgitation and the complete bar represents the amount

of subjects in which the views could be obtained. In only 9 (12%) subjects, the complete measurement could

be performed.

7.3.1 Further data acquisition

No patient was included for further data acquisition. In two screened subjects between April 2018

and June 2018 all required views could be obtained. However, in the first subject, passive leg raising

was clinically contraindicated due to hypertension. In the other subject, inclusion was contraindi-

cated due to irregular cardiac rhythm due to the occurrence of ventricular runs.

Figure 7.1 displays all subjects categorized according completeness of the measurement. As can

be observed in the category of the incomplete measurement, AP4CH view was acquired the most

and PSAX the least.
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Table 7.2: Comparison of screening to medical history of the subjects. The severity of tricuspid regurgitation

(TR), true positive (TP), false negative (FN), true negative (TN) and false positive (FP) tricuspid regurgi-

tation were assessed. If no view could be obtained, this was separately stated. The subdivision of severity of

tricuspid regurgitation shows that a trace of tricuspid regurgitation was most often missed.

Severity TR TP FN No view
Trace 3 7 5
Mild 9 2 2
Moderate 5 1 1
Severe 1 0 0

7.3.2 Effect of cardiothoracic surgery

No significant correlation exists between amount of obtained views and cardiothoracic surgery. As

can be observed in the subplot of Figure 7.1, the amount of subjects with cardiothoracic surgery

wherein a complete measurement could be obtained was lower compared to subjects without car-

diothoracic surgery. Subgroup analysis showed that success rate in cardiothoracic surgery subjects

was 7% whereas success rate was 17 % in subjects without cardiothoracic surgery.

7.3.3 Screening adequacy

In Table 7.2, results of the comparison between screening performed at the ICU to the reports of

trained specialists are stated. As can be observed from the table, not all patients with tricuspid

regurgitation were adequately detected, mainly in the group of a trace tricuspid regurgitation.

Absence of tricuspid regurgitation was adequately detected, no false positive cases were determined.

7.4 Discussion

As can be observed from the results, success rate of a complete measurement is low. A single beat

ultrasound method to derive RV-PA coupling was feasible in 12% of the total population. Based

on clinical contraindication, a passive leg raise maneuver may not always be performed. Most often

the limiting factor was the inability to acquire pulmonic valve flow. When no measurement could

be obtained in the PSAX view, subcostal or right parasternal short axis view were tried to obtain

pulmonic valve flow. However, also these views were often inadequate to obtain pulmonic valve

flow and acquisition of the pulmonic valve diameter would be less accurate due to lower spatial

resolution. As pulmonic valve flow must be obtained for both a single beat method and multiple

beat method to determine RV-PA coupling, feasibility of both methods is the same.

Presence of thoracic drains and the surgical thoracic wounds affect optimal probe position by de-

creasing thoracic surface where the US probe can be positioned. It is also expected that in patients

with a high body mass index, the US probe cannot be easily positioned between ribs, thereby di-
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minishing the acoustic window. A subcostal view is then complicated by the existence of abdominal

fat. To overcome these limiting factors, esophageal US is proposed as an alternative method to

acquire all measurements. However, compared to transthoracic US, esophageal US is more invasive

and less easy applicable.

Tricuspid regurgitation was not always detected. This might be the effect of difference in ul-

trasound machine used for screening and used by the Department of Cardiology. The ultrasound

machine used by the Department of Cardiology has a higher spatial resolution, thereby improving

the detection of a trace of tricuspid regurgitation. Comparison between the ultrasound machine

used in the ICU and by the Department of Cardiology in the detection of tricuspid regurgitation is

therefore recommended.

The screening presented in this chapter was performed by one observer. Next to feasibility of

the method, repeatability and consistency of the measurement is related to the validity of US de-

rived RV-PA coupling determination. Low inter observer variability and intra observer variability

must be obtained to adequately implement the measurement method in the ICU.

Patients with atrial fibrillation were excluded from screening based on the large variation in beat to

beat RR interval. However, based on RR-interval, comparable cardiac contractions may be matched

and used for the determination of RV-PA coupling. In order to determine whether RV-PA coupling

can be validly determined in patients with atrial fibrillation using ultrasound, the ultrasound method

to derive RV-PA coupling should first be validated and tested in the ICU.

7.5 Conclusion

The inability to detect pulmonic valve flow, necessary for stroke volume estimation, was the major

limitation to obtain a complete measurement in the ICU department. Without the determination of

stroke volume, even the single beat method to determine RV-PA coupling would be unfeasible. Fur-

ther research is recommended to determine inter observer variability, intra observer variability and

assesses the effect of US machine on the detection of tricuspid regurgitation for the determination

of RV-PA coupling in the ICU.
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Part IV

General discussion and conclusion
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Patients admitted to the ICU require optimal personalized care for all organ systems. Care of the

circulatory system is a primary concern. Evaluation of left heart function is common, evaluation

of right heart function much less so. Yet, the right heart is also affected by hemodynamic treat-

ment, and mechanical ventilation may also compromise its function. Therefore, frequent right heart

evaluation would provide additional information to optimize personal care. Yet, a non-invasive,

bedside, affordable and frequently applicable technique to determine right ventricular function and

especially right ventricular-pulmonary vasculature interactions does not exist.

This thesis focused on an ultrasound method for the determination of RV-PA coupling. The simpli-

fying assumptions underlying this method were carefully documented. Validity and feasibility were

investigated. The single beat method provides comparable results to RV-PA coupling measured

with the gold standard method (Chapter 6). However, the estimation of stroke volume, end systolic

volume, systolic pressure and isovolumic pressure (Chapter 3, 4 and 5) is inaccurate. The validity

of ultrasound derived RV-PA coupling therefore remains questionable. Given its potential clinical

value, further research should focus on diminishing estimation errors.

Currently, the use of ultrasound derived RV-PA coupling is only recommended for intra subject

comparison. Changes in RV-PA coupling might reflect the effect of treatment. It is still unknown

whether ultrasound derived RV-PA coupling reflects changes in RV-PA interaction. Therefore,

further data acquisition in the ICU is indicated. Data acquisition should focus on the ability of

ultrasound derived RV-PA coupling to reflect treatment effect.

However, preliminary investigation of feasibility of the ultrasound method showed that data acquisi-

tion in the ICU is challenging. An ultrasound based method requires at least tricuspid regurgitation

and the estimation of systolic pulmonic valve flow. As described in Chapter 7, these measurements

could only be obtained in 12% of the population. This predicts poor applicability in the complete

ICU population.

To our knowledge, validity and feasibility of ultrasound derived RV-PA coupling was not exten-

sively studied. In a few articles in books, possibility of such a method is discussed [118,124,132] but

never thoroughly described. Authors describe the possibility, but only report preliminary results.

The results of Hobson et al. [124] imply valid use of ultrasound derived RV-PA coupling, opening

the doors to considerable possibilities. Results presented in this thesis point in the same direction.

However, cautious use of derived RV-PA coupling values and extensive future research is strongly

indicated.

In the clinical ICU setting, right heart evaluation is often bypassed. However, single quantities

as obtained in this study might provide the physician with additive information about right heart
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function, even in absence of the computation of RV-PA coupling. Assessing the effect of treatment

on the pulmonic valve velocity time integral, maximal velocity of tricuspid regurgitation and two-

dimensional area changes is expected to reflect individual changes in RV stroke volume, RV afterload

and RV ejection fraction. The addition of these values to standard clinical ultrasound would provide

the physician with detailed information about the right heart and is therefore strongly recommended.

Transthoracic ultrasound as used in this study is hindered by the presence of extra thoracic fat,

ribs, patient position, thoracic drains and thoracic wounds. These factors can be circumvented by

the use of esophageal ultrasound, thereby potentially increasing the feasibility of US derived RV-PA

coupling. However, esophageal ultrasound is more invasive and less easily applicable. Therefore, the

method is less attractive compared to transthoracic ultrasound. However, esophageal ultrasound

may help establish validity of the method and expand its applicability among the complete ICU

population.

In conclusion, and based on the data and results presented in this thesis, RV-PA coupling can

theoretically be derived using ultrasound. However, large estimation errors limit its practical ap-

plicability for now. The single beat method seems to obtain the most promising results. Future

research should be aimed at reducing estimation errors and the ability of ultrasound derived RV-PA

coupling to describe treatment effects.
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Appendix A

Descriptive diagrams

Both the multiple beat and single beat method are depicted in a descriptive model. Where the

multiple beat method requires the estimation of stroke volume, end systolic volume and RV systolic

pressure from ultrasound, the single beat requires the estimation of stroke volume and RV systolic

pressure. A descriptive diagram of both methods is displayed in A.3.

To validate both methods, baseline US volume data was compared to MRI and baseline pressure

data was compared to baseline invasive pressure measurements. Chapter 3 describes the validity

of US derived volume and Chapter 4 described the validity of US derived pressure. A descriptive

diagram of the validation of the method is displayed in Figure A.1

To determine the effect of PLR on invasive pressure measurements, baseline and PLR conditions

were compared. To determine whether this effect could be measured using US, baseline volume

and pressure estimates were compared to PLR volume and pressure estimates. These effects are

described in Chapter 5.

In the subset of patients who underwent PLR, single beat and multiple beat RV-PA coupling

were determined. In the subset of patients who underwent RHC and MRI, gold standard single

beat RV-PA coupling was determined and compared to US derived single beat RV-PA coupling.

The derivation of RV-PA coupling is described in Chapter 6. Different methods to derive RV-PA

coupling with their measurement methodologies are displayed in Figure A.2.

The computation of the estimates, stroke volume, end systolic volume and systolic pressure, re-

quired to derive RV-PA coupling, is displayed in Figure A.4. The interaction between different

estimates can be observed in this diagram.
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Figure A.1: Descriptive diagram of the quantities estimated during this study.

Figure A.2: Descriptive diagram of the derivation of the different RV-PA coupling estimates by the different

measurements methods.
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Figure A.3: Descriptive diagram of the single beat method (left) and the multiple beat method (right).
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Figure A.4: Descriptive diagram of the derivation of different estimates from the ultrasound measurements.
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Appendix B

Framework for the automatic detection of PW Doppler

velocity profile and CW Doppler velocity profile

Using the PHILIPS CX50 US machine, PW Doppler velocity profiles and CW Doppler velocity

profiles were acquired. Data was exported from the machine as raw DICOM images. DICOM

images were first converted to MAT files and loaded into MATLAB. The basic frame work of the

automatic detection of the velocity profiles is described in this appendix. Used methods to determine

SV from PW Doppler velocity profiles and RVSP from CW Doppler velocity profiles are described

in Appendix C and Appendix D. A framework of the automatic detection is presented in Figure..

DICOM image preprocessing, RR-interval detection and velocity profile detection is described in

this Appendix.

B.1 Automatic R wave detection

On each DICOM image, the ECG is displayed. To automatically determine RR interval in the

image, first the ECG was extracted from the image based on color recognition. Due to the low

resolution of the ECG, a method based on the derivative as used in the Pan-Tompkins method for

QRS detection was not sufficient. Therefore, R peaks were defined as the peaks occurring at the

upper 98% quantile and S peaks were defined as the peaks occurring at the lower quantile of 1% of

the ECG data. Assuming equal amount of R and S peaks, R and S peaks were matched to their

complex based on pixel location. After defining R and S peaks, P, Q and T peaks were determined

from the ECG.

Figure B.1: Descriptive diagram of post processing of the DICOM image to the estimated parameter.
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Figure B.2: Pulsed wave Doppler images, a complete image is displayed left, the direction of the detection of

the envelope is displayed in the right figure.

B.2 Velocity profile extraction

After determining the velocity axis using optical character recognition, pixel velocity was deter-

mined. Thereafter, the zero line was detected. Measured pulmonic valve flow velocities and tricus-

pid regurgitation velocities move away from the probe. Therefore, all information above the zero

line line was excluded from analysis.

The outer border of the velocity profile was detected based on pixel intensity. Therefore, the

image was first binarized, with an intensity threshold of 10%. Pixel intensity below 10% were set to

zero. The first pixel exceeding 10% were detected per image column from the bottom of the image,

as visualized with the red arrow in Figure B.2. Maximal velocity was determined and stored.
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Appendix C

Comparison manual and automatic PW profile

The PV velocity profile was determined as explained in Appendix B. The performance of automatic

detected velocity profiles was compared to manual detection of the PV Doppler profile. The method

obtaining the most similar results compared to manual PV Doppler velocity was then selected to

establish PV loops.

C.1 Manual PV Doppler velocity quantification

The MATLAB function imfreehand was used for the manual detection of the PV Doppler profile.

Corresponding coordinates of the drawn line in the image were converted to velocity.

C.2 Automatic curve detection

Three methods for the automatic quantification of PV Doppler flow were compared. The first

method contained no further processing. The second method consisted of the application of cubic

spline interpolation. The third method consisted of the fitting of the raw curve to a combination

of two polynomials. [133] Maximal PV Doppler velocity was used as the junction between the two

polynomials. The ascending part of the PV Doppler velocity was fitted to a third order polynomial.

The descending part of the PV Doppler velocity profile was fitted to a fourth order polynomial.

In the occurrence of a mid-systolic notch [61, 66], the descending part of the PV Doppler velocity

profile was fitted to a sixth order polynomial. The mid-systolic notch was manually detected.

Systolic flow was determined by the detection of the R peak in the ECG and the closing click.

Onset of systolic flow was determined as the R peak. End of systolic flow was determined at the

closing click. The closing click was defined at the index with the highest positive derivative between

the T-wave top and T-wave end. If no closing click was present in the velocity profile, the index of

the end of the manual curve was used as the end of systolic flow. The velocity profile was set to

zero during the diastolic phase of the cardiac cycle.
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Figure C.1: Schematic representation of pulmonic valve acceleration time (PV acc), maximal pulmonic valve

velocity (Max Vel) and the velocity time integral (VTI, area under the curve)

Figure C.2: Left: pulsed wave Doppler images with raw curve (blue) and smoothed curve (red). Right: Pulsed

wave Doppler automatically detected curves by the different automatic detection algorithm. The manual

detected profile, raw detected profile, smoothed detected profile and fitted detected profile are displayed.

C.3 Statistics

The effect of processing of the raw obtained was determined by the comparison of maximal PV

velocity, PV acceleration time and PV velocity time integral. PV acceleration time was determined

as the time between the onset of systolic flow until the maximal systolic velocity. The velocity time

integral was determined as the integral of the velocity profile. In Figure C.1 these parameters are

schematically represented.

Bland-Altman analysis was used to determine the agreement between manual velocity profile detec-

tion and automatic velocity profile detection. Correlation and linear regression were used to assess

correlation between manual velocity profile detection and automatic velocity profile detection. R-

squared was determined.
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Table C.1: Mean (standard deviation) values of the estimated velocity time integral (VTI), pulmonic valve

acceleration time (PVacc) and maximal velocity (Maxvel).

Detection method

Parameter Manual Smooth Raw Fit

VTI, cm 18,3 (6,0) 15,5 (5,2) 15,8 (5,2) 17,4 (8,6)

Pvacc, ms 136,3 (44,3) 175,8 (59,0) 156,7 (60,0) 180,1 (92,2)

Maxvel, cm/s 78,7 (21,6) 72,7 (21,2) 82,5 (24,9) 90,7 (26,9)

Table C.2: R-squared value and mean difference per estimated velocity time integral (VTI), pulmonic valve

acceleration time (PVacc) and maximal velocity (Maxvel). Values are presented as the mean difference and

corresponding limits of agreement.

VTI Pvacc Maxvel

Smooth Raw Fit Smooth Raw Fit Smooth Raw Fit

Rsquare 0,67 0,65 0,63 0,31 0,21 0,23 0,55 0,41 0,35

Mean difference 2,59 2,26 0,62 -38,31 -19,10 -41,89 4,97 - 5,25 -13,20

Limit of agreement 2,9 3,0 3,3 46,7 53,2 59,2 13,3 17,9 21,8

C.4 Results

In 23 subject the RV focused protocol was performed. In 2 subjects, the PV Doppler velocity pro-

file could not be visualized. Of all obtained PW Doppler images, 321 heart beats were analyzed.

Thereof 253 were adequate for analysis. From these 253 beats, 11 beats had a notched velocity

profile. Success rate to acquire an adequate PW Doppler profile ranged per subject from 0 to 100%.

An average success rate of 72% was obtained.

An example of unprocessed PV Doppler velocity profile and smoothed PV Doppler velocity profile

can be observed in the left panel of Figure C.2. As can be observed, smoothing of the obtained

velocity profile provided a less noisy appearance which is more like a manually drawn envelope.

In Figure C.2 the difference between manual detected PV Doppler velocity profile, unprocessed

automatic deteced PV Doppler velocity profile, smoothed automatic deteced PV Doppler velocity

profile and fitted automatic detected PV Doppler velocity profile is displayed. Table C.1 displays

mean and std of the different methods. R square is displayed in Table C.2.

C.5 Conclusion

Automatic detection of the PV velocity profile in combination with postprocessing using cubic spline

interpolation has a superior correlation to manual detection of the PV velocity profile. Therefore,

the smoothed PV velocity profile will be used for further establishment of the PV loops.
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Appendix D

Comparison manual and automatic CW Doppler profile

The tricuspid regurgitation velocity profile was determined as explained in Appendix B. The per-

formance of automatic detected velocity profiles was compared to manual detection of the tricuspid

regurgitation velocity profile. The method obtaining the most similar results compared to manual

tricuspid regurgitation velocity profile was then selected to establish PV loops.

D.1 Manual tricuspid regurgitation Doppler velocity quantifica-

tion

The MATLAB function imfreehand was used for the manual detection of the tricuspid regurgitation

velocity profile. Corresponding coordinates of the drawn line in the image were converted to velocity.

D.2 Automatic curve detection

Three methods for the automatic quantification of PV Doppler flow were compared. The first

method contained no further processing. The second method consisted of the application of cubic

spline interpolation. The third method consisted of the fitting the complete unprocessed velocity

profile, the complete smoothed velocity profile and parts of the smoothed velocity profile to a sine

wave.

Using a constrained least squares algorithm, the complete velocity profiles were fitted to a sine

wave. In some subjects, partially inadequate tricuspid regurgitation velocity profile were obtained

(see Figure D.1 middle panel). Automatic detection and subsequent fitting then results in an un-

derestimation of the tricuspid regurgitation profile. Therefore, parts of the smoothed signal were

used to determine a fit. The first part of the smoothed velocity profile was selected, until the first

derivative became zero and the second part consisted of the last part with a negative first deriva-

tive. Based on the least error to measured data and maximal estimated velocity, one of the fits was

selected for further analysis.
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Figure D.1: Continuous wave Doppler images with manual detected envelope, raw envelope (blue) and

smoothed envelope (red).

D.3 Statistics

The effect of processing of the raw obtained was determined by the comparison of maximal tricuspid

regurgitation velocity derived RV pressure, normalized index of the occurrence of RVSP and maxi-

mal pressure change and minimal pressure change during systole. Maximal tricuspid regurgitation

velocity and its corresponding index were automatically determined. The first derivative was used

to determine maximal pressure change and minimal pressure change during systole. Bland-Altman

analysis was used to determine the agreement between manual velocity profile detection and auto-

matic velocity profile detection. Correlation and linear regression were used to assess correlation

between manual velocity profile detection and automatic velocity profile detection. R-squared was

determined.

D.4 Results

In 23 subject the RV focused protocol was performed. In 2 subjects, tricuspid regurgitation could

not be visualized. Of all obtained CW Doppler images, 306 heart beats were analyzed. Thereof 145

CW Doppler profiles were adequate for analysis. Of all adequate beats, 6 beats were recorded to

be fitted according to technique 1, 67 to technique 2 and 72 to technique 3. Overall success rate to

acquire an adequate CW Doppler profile ranged per subject from 0% to 100%. An average success

rate of 37% was achieved.

An example of a manually detected tricuspid regurgitation Doppler velocity profile, unprocessed

tricuspid regurgitation Doppler velocity profile and smoothed tricuspid regurgitation Doppler ve-

locity profile can be observed in Figure D.1. As can be observed, smoothing of the obtained velocity
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Figure D.2: Continuous wave Doppler automatically detected curves by the different automatic detection

algorithm. The manual detected profile, raw detected profile, smoothed detected profile and fitted detected

profile are displayed.

Table D.1: Mean (standard deviation) values of the estimated velocity time integral (VTI), pulmonic valve

acceleration time (PVacc) and maximal velocity (Maxvel).

Detection method

Parameter Manual Smooth Raw Fit

RVSPmax, mmHg 54,1 (23,3) 46,6 (32,3) 48,9 (32,8) 42,2 (33,2)

RVSPidx, %systole 0,32 (0,08) 0,29 (0,20) 0,29 (0,12) 0,60 (0,14)

dP/dtmax, mmHg/s 1943 (1031) 660 (401) 1947 (1190) 153 (161)

dP/dtmin, mmHg/s -1284 (802) -2013 (3582) -2650 (3594) -157 (160)

profile provided a less noisy appearance which is more like a manually drawn envelope. An example

of all estimated curves with an adequate and a semi adeqate CW Doppler profile is displayed in

Figure D.2. Mean values and the standard deviation of the obtained parameters are stated in Table

D.1. R-squared, mean difference and limit of agreements are displayed in Table D.2 and D.3.

D.5 Conclusion

Based on the results, the use of the raw automatic detection is indicated. However, because of

the noisy appearance of the unprocessed tricuspid regurgitation velocity profile, maximal pressure

change during systole and minimal pressure change during systole are most likely to be based on

a noisy change instead of the pressure change in the ventricle. Therefore, the smoothed tricuspid

regurgitation velocity profile will be used for further establishment of the PV loops.
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Table D.2: R-squared value and mean difference per estimated maximal RV systolic pressure (RVSPmax)and

the normalized time where RVSP max is detected (RVSPidx). Values are presented as the mean difference

and corresponding limits of agreement (LOA).

RVSPmax RVSPidx

Smooth Raw Fit Smooth Raw Fit

Rsquare 0,56 0,58 0,50 0,05 0,09 0,04

Mean difference (LOA) 7,57 (21,5) 5,17 (21,37) 11,91 (23,42) 0,02 (0,20) 0,05 (0,18) 0,04 (0,13)

Table D.3: R-squared value and mean difference per estimated maximal pressure change during contraction

(dP/dtmax) and maximal pressure change during relaxation (dP/dtmin). Values are presented as the mean

difference and corresponding limits of agreement (LOA).

dP/dtmax dP/dtmin

Smooth Raw Fit Smooth Raw Fit

Rsquare 0,09 0,05 0,04 0,01 0,01 0,21

Mean difference (LOA) -325 (2502) -1298 (2538) 1226 (794) 1223 (939) -356 (1344) 1831 (956)
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[125] Pieter R Fourie, André R Coetzee, and Chris T Bolliger. Pulmonary artery compliance: its role in right

ventricular-arterial coupling. Cardiovascular research, 26(9):839–844, 1992.

[126] Pierre Wauthy, Alberto Pagnamenta, Fabio Vassalli, Robert Naeije, and Serge Brimioulle. Right ventricular

adaptation to pulmonary hypertension: an interspecies comparison. American Journal of Physiology-Heart and

Circulatory Physiology, 286(4):H1441–H1447, 2004.

[127] Alexandre Ghuysen, Bernard Lambermont, Philippe Kolh, Vincent Tchana-Sato, David Magis, Paul Gerard,
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