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Abstract

This thesis presents an exploration of cardiovascular magnetic resonance (CMR)
in the evaluation of effusive and constrictive heart conditions. Central to the
thesis is advanced CMR as a diagnostic tool in pericardial effusion and
constrictive pericarditis.

Studies | and Il concern the application of T1 mapping for the characterization of
pleural and pericardial effusions and attempts to enhance the understanding of
the dynamics of extracellular gadolinium-based contrast agents (GBCA) in
effusion fluid.

Study Il establishes normal T1values at 1.5 T in the pericardial fluid of healthy
individuals, providing a benchmark for future studies.

Studies lll and IV concern ventricular interdependence, a crucial aspect in
evaluating constrictive physiology. Ventricular interdependence is measured by
quantifying the respiratory variation in peak early transvalvular blood flow
velocities. In Study lll, an open-source software tool to perform semi-automated
image analysis of real-time phase contrast (RT-PC) images is developed, and
normal values are established. In Study IV, the repeatability and reproducibility
of the method are tested.

This thesis concludes that CMR can become a valuable tool in evaluating
pericardial effusion and constrictive pericarditis. Both molecular imaging
evaluation of effusive fluids and hemodynamic assessment of ventricular
interdependence are feasible using CMR.



Popular science summary of the thesis

This thesis concerns two ways to use magnetic resonance imaging (MRI) to
gather information about a patient's inner workings so that their doctor can use
it to help decide how to treat them best. MRl is great because it is harmless and
involves no radiation. The thesis concerns two main categories of patients.
Patients with too much fluid around their heart and patients where the surface of
the heart has become rigid and stiff. In both these categories of patients, the
heart is being squeezed from the outside, like being stuck in a vice. The first
technique is T1 mapping, and the thesis explores if it can say something useful
about the fluid around the heart. Knowing what the fluid is can help determine
where it comes from and how it should be dealt with. The second is a real-time
phase contrast technique that measures how fast the blood flows and fills the
heart. In both these two categories of patients, squeezing the heart causes the
filling of the heart to work in a peculiar way as the patient breathes. This thesis
offers a simple and easy-to-use method for MRI to see that. For various reasons,
this thesis did not manage to prove that these two techniques can be used
effectively in these two categories of patients. However, valuable insights are still
presented. This is often the case in science, where mountains are climbed
together, one step at a time, one person after another. The knowledge gained by
the strenuous efforts in this thesis will provide a stepping stone for someone
else.
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1 Introduction

1.1 Pericardial effusion

The pericardium is comprised of two layers of connective tissue enveloping the
heart. Its physiological function is to protect and hold the heart in the
mediastinum, constrain chamber dilation, and optimize the pressure and volume
relationship within the heart (1). The space between the inner and outer layers
typically contains between 15 and 50 mL of pericardial fluid acting as a lubricant
facilitating the independent movement of the surfaces of the inner and outer
layers (2). An abnormal excess of fluid is referred to as a pericardial effusion. The
clinical severity of a pericardial effusion can range from asymptomatic to life-
threatening (3). A healthy heart and a heart with pericardial effusion is shown in

Figure 1.
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Figure 1. Healthy heart (left) and heart with pericardial effusion (right). (Licensed under
Adobe Stock Standard license)

111 Pleural effusion

A pleural effusion is analogous to a pericardial effusion in that it accumulates
between the two layers of the pleura, a double-layered sac comprised of

connective tissue surrounding each lung. The same basic principles govern both



types of effusions, but they are not equivalent. Pleural effusions play a relatively
small part in this thesis and will not be discussed in depth. A figure showing a

healthy lung and a lung with a pleural effusion is shown in Figure 2.
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Figure 2. A lung with pleural effusion (left) and a normal lung (right). (Licensed under
Adobe Stock Standard license)

11.2  Pathophysiology and Starling forces

Pericardial fluid is an ultrafiltrate of plasma. The equation governing the
movement of fluid across a semipermeable membrane that follows from the
principles of irreversible thermodynamics can be used to describe the

movement of fluid across the pericardium:

]Z” = L, (AP — AI)

(-1

where J,, is the volume filtration rate per unit endothelial area A, L,, the
permeability coefficient, AP the difference in hydrostatic pressure and AIl the
difference in osmotic pressure across the membrane (4). Writing out these
differences in pressures yields the Starling equation that was first hypothesized

in 1896 (5) and later experimentally confirmed (6,7):



]ZVZLp((Pc_Pi)_(HC_Hi))

(1-2)

where P, and 1, are the hydrostatic and oncotic pressures in the capillary, in our
context specifically the capillaries of the pericardium, and P; and II; the
hydrostatic and oncotic pressures in the interstitium, in our context the
pericardial space (4). Any process localized to or close to the heart causing
inflammation may change the permeability of the pericardium and can be
represented in Eq. (1-2) above as an increasing L,, resulting in a larger net flow of
fluid. Systemic processes such as elevated systemic arterial blood pressure
seen in congestive heart failure, pulmonary hypertension, or kidney failure (3)
can be represented in Eq. (1-2) as an increased P., also results in a larger net flow
of fluid. Hypalbuminaemia, which occurs in liver cirrhosis or nephrotic syndrome,
can be represented in Eq. (1-2) as a decreased I1,, also results in a larger net flow
of fluid (8). A traumatic injury to the heart, creating a direct connection between
space within the heart and the pericardial space, can cause blood to accumulate
(9). More rarely, chyle emanating from damaged lymphatic vessels may
accumulate in the pericardial space (10). Furthermore, gas produced by bacteria
or air from gastrointestinal fistulae, although not technically effusions, may
become trapped within the pericardial space (11).

Pericardial effusion is usually classified based by its onset; acute, subacute, or
chronic, anatomical distribution; circumferential or localized, hemodynamic
impact; none, cardiac tamponade, effusive-constrictive, composition; exudate,
transudate, blood, air or gas, and by the size of effusion as mild, moderate or
severe (3). The clinical severity of pericardial effusion does not solely depend

upon the amount of fluid, but also on the speed with which the fluid accumulates

(12).

11.3  Epidemiology

Epidemiological studies of pericardial effusion can be considered lacking in
comparison to its incidence and prevalence, as one study reported an incidence
and a prevalence of pericardial effusion at 3% and 9%, respectively (12). Another
study found that the most common diagnoses underlying pericardial effusion
were; acute idiopathic pericarditis (20%), iatrogenic effusions (16%), cancer
(13%), and chronic idiopathic pericardial effusion (9%). In 60% of cases, the cause

of pericardial effusion was a known medical condition (13). A specific causative



agent is far from always found, and the disease is often classified as idiopathic. A
pericardial effusion can occur any time the pericardium is damaged or
compromised, and thus the aetiology of pericardial effusion varies greatly.
Infection, neoplasm, autoimmune processes, metabolic processes, hypertension,
liver failure, kidney failure, and drug toxicity are some of the underlying etiologies
(13). Pericardial effusion also frequently occurs as a complication following

cardiac surgery (11).

11.4 Transudates and Exudates

Pleural and pericardial effusions can roughly be divided into two categories
related to their etiology. A transudate, usually a clear liquid, is the result of a
systemic process whereby the pericardium, Ly is intact but hydrostatic forces,
P and II are altered. Conversely, an exudate, usually a proteinaceous opaque
liquid, is the result of a local process, more specifically inflammation, where the
permeability of the pericardium has been affected but the hydrostatic forces
remain unchanged.

The difference is clinically significant because it informs the physician where the
problem should be addressed. In the case of a transudate caused by renal
failure, ideally, renal failure should be treated. In the case of an exudate due to
infection, ideally, the infection is treated.

For pleural effusions, the Light criteria (14,15) and variations thereof (16) are used
clinically to separate transudates and exudates biochemically. The classical Light
criteria stipulate that a pleural effusion is likely an exudate if one of the following

is true:

l. The ratio of effusion protein to serum protein is greater than 0.5

Il. The ratio of effusion LDH and serum LDH is greater than 0.6

M. Effusion LDH is greater than 0.6 or two-thirds the normal upper limit

for serum.

It is important to remember that, ultimately, the etiology determines whether an
effusion is a transudate or exudate, not its biochemical composition. For
example, a transudate effusion is caused by heart failure, and the patient
receives diuretic treatment. Biochemically, due to the loss of water content in
the fluid, the effusion can be falsely classified as an exudate (17), though in the

correct sense, it is still a transudate.



The Light criteria were developed and validated for use in pleural effusions. While
the same etiological separation between transudate and exudate applies to
pericardial effusions. The biochemical cut-offs of the Light criteria do not (18)
and some argue that biochemical analysis of pericardial effusion fluid has no
diagnostic value (19).

The Diagnostic Challenge

If fluid accumulation is slow enough, the pericardium can stretch and become
more compliant such that the volume of a chronic pericardial effusion can be
measured even in liters. Inversely, a rapid yet small pericardial effusion can
potentially cause cardiac tamponade (20). The feared end-stage of pericardial
effusion, cardiac tamponade, occurs when the pericardial sac cannot stretch
further, and the chambers of the heart are compressed. A decreasing chamber
volume decreases diastolic compliance and limited cardiac inflow (8,9). Unless
treated, cardiac output declines to shock and death (20). However, most
patients with pericardial effusion do not develop cardiac tamponade, and
identifying patients who are at risk is a challenge. The clinician cannot know in
advance the amount of fluid that can be accommodated within the pericardium
of the patient (1). In a follow-up study of patients who suffered from idiopathic
pericardial effusion, one-third of patients developed cardiac tamponade
unexpectedly (21).

A range of hemodynamic events can precede cardiac tamponade, all of which
can, to some degree, inform the clinician of the hemodynamic significance of the
pericardial effusion. The collapse of the right atrium, colloquially referred to as
“atrial buckling,” can occur during early systole. Right atrial collapse has a
reported sensitivity of between 50% and 100% and a specificity of between 33%
and 100% for the later development of cardiac tamponade (22). Another study
found that observation of right atrial collapse during more than a third of the
cardiac cycle is highly predictive of cardiac tamponade with a sensitivity of
100% and specificity of 94% (23). The collapse of the right ventricle can occur
during early diastole when pericardial pressure exceeds right ventricular early
diastolic pressure and has a reported sensitivity between 60% and 90% and a
specificity of between 80% and 100% for the development of cardiac
tamponade (24). Conversely, another study found that about one-third of

patients with pericardial effusion but without cardiac tamponade had at least



one heart chamber collapse on the echocardiography (25). Further clinical signs

of hemodynamic significance of pericardial effusion are discussed in 1.3.

1.1.5 Treatment

The first line of treatment for a pericardial effusion is to manage the underlying
cause of the effusion. If the pericardial effusion is progressing towards cardiac
tamponade, a procedure called pericardiocentesis is promptly performed, where
a needle is inserted into the pericardial space and the fluid drained. For recurrent
pericardial effusions, a pericardial window, a small patch of the outer
pericardium, can be surgically removed (26).

1.2 Constrictive pericarditis

121 Pathophysiology

Constrictive pericarditis results from a chronic inflammatory process leading to
a fibrous thickening, calcification, or both of the pericardium. This impairs the
diastolic filling of the heart and reduces cardiac output, eventually causing heart
failure (27).

1.2.2 Epidemiology and Diagnosis

Tuberculosis is the dominant cause of constrictive pericarditis in Africa, Asia, and
South America, while in North America and Europe, previous chest surgery or
radiation treatment of the chest has become a more common cause (28). It is
also associated with systemic inflammation in various rheumatologic diseases
(29).

Accurate and timely diagnosis is essential to differentiate constrictive
pericarditis from other conditions with similar symptoms, such as restrictive
cardiomyopathy. This differentiation is vital as the treatment and prognosis for
these conditions differ significantly (30).

Doppler echocardiography, especially when performed with respiratory
recording, is highly sensitive for diagnosing constrictive pericarditis. It predicts
the functional response to pericardiectomy (31). Cardiac catheterization is
sometimes performed, especially in complex cases where non-invasive methods
provide conflicting data (31). Assessing the hemodynamics unique to
constriction is beneficial because 18% of cases confirmed through surgery do

not show pericardial thickening, necessitating hemodynamic evaluation (32). A



multiparametric CMR exam can detect pericardial inflammation, thickening, and
effusion (33).

1.2.3 Treatment

Pericardectomy, a surgical procedure where the entire pericardium is stripped
and removed, can cure constrictive pericarditis, but the procedure itself is
associated with considerable mortality and morbidity (34). In cases of
constrictive pericarditis with a significant inflammatory component, early
intervention with anti-inflammatory therapy can be effective, potentially
avoiding the need for surgery (35)

1.3 Ventricular Interdependence

During normal breathing, a negative intrathoracic pressure is caused by the
lowering of the diaphragmatic valve. It creates a pressure gradient between the
atmosphere and the lungs, driving air into the lungs. However, a pressure gradient
is also created between the thorax and the rest of the body, which results in an
increased venous return to the right side of the heart. As the total volume of the
heart is relatively fixed, an increased venous return to the right side of the heart
must cause a decreased venous return to the left side of the heart. More
intuitively, the two sides of the heart can be considered competing for the same
fixed volume, and any change in the volume of one side will cause the opposite
change in the other (20). This occurs normally, but when fluid accumulates
pericardial space or an inflamed pericardium constricts the heart, the level of
competition increases. This phenomenon is called ventricular interaction or
interdependence (36). Ventricular interdependence is the cause of pulsus
paradoxus, an important clinical sign of hemodynamically significant constriction
of the heart. It is defined as a drop of 10 mmHg in systolic blood pressure during
inspiration. It was first described by Richard Lower in 1669 and was later termed
"pulsus paradoxus” by Adolf Kussmaul in 1873 in patients with constrictive
pericarditis. Ventricular interdependence is the underlying principle of the
increased respiratory variation in transvalvular peak inflow velocities that are
valuable clinical signs of the hemodynamical significance of a pericardial effusion
(37).

Doppler echocardiography has demonstrated an increased respiratory variation
in transvalvular peak inflow velocities in patients with pericardial effusion that
were normalized after pericardiocentesis (38,39). One study has shown

diminishing respiratory variation in mitral inflow velocity measurements before,



during, and after pericardiocentesis in patients with cardiac tamponade (40).
Furthermore, increased respiratory variation in mitral inflow velocity was highly
indicative of increased pericardial pressure measured invasively (41) and has
also been studied using induced pericardial effusion in dogs (42). In the absence
of cardiac tamponade, other respiratory effects of pericardial effusion on
hemodynamic parameters have also been demonstrated, e.g., on systolic time

intervals, left ventricle diameter, and ejection time (43-45).
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Figure 3. Schematic diagram of simultaneous lung volume during inspiration, expiration,
and changes in inflow velocity across the mitral and tricuspid during cardiac
tamponade.

Respiratory variation in transvalvular inflow velocities has also been studied in
relation to constrictive pericarditis. The diagnosis of constrictive pericarditis
remains a challenge, and respiratory variation in transvalvular inflow velocities
measured using Doppler echocardiography is considered a valuable tool in
separating constrictive and restrictive physiologies (4,13-15). Cardiovascular
magnetic resonance imaging (CMR), using a RT-PC technique that can measure
flow velocities in real-time, has been used to demonstrate an increased
ventricular interdependence in patients with constrictive pericarditis as
compared to normal controls (46). Another study using the same technique
found that 92% of patients with definite constrictive pericarditis had an

increased ventricular interdependence, but did not include controls (47).

The increases in respiratory variation in transvalvular inflow velocities seen in
cardiac tamponade and constrictive pericarditis are related but not identical
(48,49). Both result from an altered pressure-volume relationship in the heart



imposed by a pericardial effusion or a rigid thickened pericardium. In the case of
constrictive pericarditis, an inflammatory process may lead to stiffness, which in
turn decreases the ability of the pericardium to deform. In cardiac tamponade, a
fluid build-up may already have stretched the pericardium to its limit (50). The
increased ventricular interdependence in the case of constrictive pericarditis is
caused by a decreased pulmonary venous return to the left ventricle during
inspiration rather than an increased systemic venous return to the right ventricle
as in the case of a pericardial effusion (16).

1.4 Magnetic Resonance Imaging

Nuclear magnetic resonance is the physical phenomenon upon which magnetic
resonance imaging is based. It was first observed in 1938 in beams of molecules
traversing a magnetic field (51), and later in 1944 in solids and fluids (52) and first
used in 1971 to differentiate cancerous from healthy tissue (53) and in 1973
demonstrated as being capable of generating two-dimensional images (54).

141 Basic Imaging Physics

The question of why and how the signal that ultimately constitutes the image in
MRI requires an answer based on quantum mechanics. However, it has been
shown that the behavior of the actual signal does not (55). Therefore, we can
thankfully set quantum mechanics aside and avoid much confusion by accepting
that atomic nuclei have a quantum mechanical property called spin that gives
rise to a magnetic moment. In this thesis, only the nuclei of the hydrogen atom, a
single proton, will be considered for simplicity. The magnetic moment of
hydrogen nuclei can be conceptualized as tiny bar magnets, each with a positive
north pole and a negative south pole. Placed in an external magnetic field, the
magnetic moment will precess around the external field with a frequency that is
characteristic to the nuclei, known as the Larmor frequency w, which is

proportional to the field strength of Bo as given by

w = yBO
(1-3)
Where vy is the gyromagnetic ratio which is specific to the element in question as
given by:
-1
V= om



(1-4)
where q is its charge and m its mass.

We can describe the net magnetization vector as M = (M,, M,, M,) in the presence
of Bo (56).

The magnitude of M is governed by a Boltzmann distribution, which is a
probability distribution that gives the probability of a certain state as a function

of that states energy and temperature of the system. In our system:

252

14
M| =B
|M| 0P 4k, T

(1-5)

where p is the spin density, i the reduced Planck constant, kg is Boltzmann's

constant and T the temperature.
y

<=

Figure 4. The three cartesian coordinate axes and the net magnetization vector M
precessing. Bo is in this case parallel to the y-axis.

1.4.2 Faraday Induction

We have not yet discussed how the image is formed but merely stated some of
the underlying principles of nuclear magnetic resonance. Recall that the Faraday
law of induction states that if a conductor circuit is placed within a time varying



magnetic field, a current is induced. The original Faraday experiment consisted
of two coils, one connected to a battery and one to a voltmeter. Faraday showed
that when moving one coil inside of the other, thus creating a time varying
magnetic field, the voltmeter would detect a voltage as shown in Figure 5.

Now imagine a closed circuit consisting of a coil connected to a voltmeter
placed in the plane is perpendicular to Bo into which we have just tipped the net
magnetization vector M. According to the Faraday law of induction, a voltage will
be induced in the coil. In mathematical terms, Faraday’s law of induction takes

the form of:

09

(1-6)

Where V(t) is the induced voltage in the coil and ® the magnetic flux through the
coil. The expression %q) is then the time-derivative of the magnetic flux, or in

simpler terms, the change in the magnetic flux over time.

Figure 5. Drawing of an experiment demonstrating Faraday induction. On the right is a
battery that creates a creating a magnetic field around the small coil of wire (A). When
the small coil is moved in or out of the large coil (B), the change in magnetic flux induces



a current in the large coil. This is detected by the deflection of the needle in the
galvanometer (G) on the left. Original drawing by Lambert J, distributed under a CC BY-
SA 40 license.

This is how the signal is recorded in the MR scanner. It is generated in the coils in
the scanner by Faraday induction when the net magnetization vector is rotating
in the M., plane.

1.4.3 The Concept of Resonance

Resonance is a concept intuitively understood by anyone who has learned to
ride a swing. Consider the pendulum that is a swing, it moves forward and
backwards when pushed. If it is pushed regularly with a series of pushes its
motion can be built. However, the person pushing must take into consideration
the frequency of the pendulum that is the swing. If pushed regularly when
moving towards the person pushing, motion will be decreased, but if pushed
when moving away, motion is built. If pushed regularly but out of sync with the
swinging pendulum, motion will be decreased or increased depending on where
in the swinging motion the push occurs. Resonance thus does not occur. If the
pushes are delivered regularly and in sync with the swinging motion of the

pendulum, even a gentle push can build and maintain the swinging motion.

1.4.4 Achieving Rotation in the M,, Plane

To induce a current in the coils, the magnetization vector M needs to have x and
y components. Here is where the concept of resonance is comes in. Keeping this
concept of resonance in mind, picture what the effect of a magnetic field B,
rotating at the Larmor frequency, called B,, is described by:

B,(t) = B{(cos(w,s + ¢) % — sin(w,r + $) )
(1-7)

Where Bf is a scalar function called the pulse envelope function, w, the
excitation carrier frequency in a plane perpendicular to Bo would have on the net
magnetization vector M. The effect would be that M would tip and start to align
with the plane perpendicular to Bo, the xy-plane, even though B; is a much
weaker magnetic field than Bo. In a pendulum analogy it is difficult to push a
swing to 90° in one push, exploit resonance and gradually push the pendulum
and it can easily be achieved. B, is often referred to as the radio frequency (RF)



pulse. It is a rotating magnetic field and only protons precessing at the same

frequency as the rotation of the magnetic field will be affected by it.

1.4.5 Tirelaxation, T2 decay and Free Induction Decay

When the net magnetization vector has been oriented into the xy-plane it will
return to its initial equilibrium state. This happens by two processes that are
independent of each other. The longitudinal component of the net magnetization
vector, or the z component, denoted Mz, will relax back to its equilibrium state
value. This is called T1 relaxation and the time it takes for it to regain 63% of its
equilibrium state value is called the T1time constant or T1 for short.

Figure 6. The net magnetization returns to thermal equilibrium after having been tipped
by a rotating magnetic field.

T1 relaxation T2 decay

Mz Mxy

63%

37% s N o i

T1 time time

Figure 7. lllustrations of T1 relaxation and T2 decay. The time it takes for the longitudinal
z-component of the net magnetization vector to increase to 63% of its equilibrium state
value is called the T1time constant. The process is called relaxation and is independent
of T2 decay. The time it takes for the transverse xy-component of the net magnetization
vector to decay such that 37 % is remaining, as it decays towards O is called the T2 time
constant.

Tlis the rate at which M., the longitudinal component of the net magnetization

vector recovers exponentially and is described by:

Mz(t) = Mz,eq - (Mz,eq - MZ(O))e_t/Tl



(1-8)
Where M, ., is the M, at the equilibrium state.
Different tissues have different T1, which can be create contrast in an image.

Likewise, T2 is the rate at which M,,, the transversal component of the net

magnetization vector decays exponentially and is described by:
My () = My, (0)e ™t/
(1-9)

Usually in MRl some combination of T1and T2 is measured. There are a plethora
of techniques to perform T1-weighted or T2-weighted imaging, where the
contrast consists of different T1/T2 values that correspond to different tissues.

1.4.6 Significance of Fourier analysis

Fourier analysis is a method for breaking down a complex signal, such as a sound
or image, into its individual frequency components. The basic idea is that any
complex signal can be represented as a sum of simpler sinusoidal waveforms of
different frequencies, amplitudes, and phases. It is a sort of mathematical
decomposition that transforms data from the spatial image domain into the

frequency domain. A more graphical and intuitive explanation is given in Figure 8.

Figure 8. An example of how a signal, red curve here seen in a time (x-axis)
plotted against amplitude (y-axis), can be represented by several sine and
cosine waveforms of different frequency, amplitude and phase (collection of
blue curves). The red graph is the sum of all the blue graphs. The blue graph on
the right is instead a graph of amplitudes (y-axis) plotted against frequency (x-



axis). The Fourier transform and its inverse are means to move from one to the

other.

1.4.7 Significance and Proof of Euler's Formula

Fourier showed that any signal can be represented as a combination of sine
waves. Sinusoidal functions can be more succinctly expressed as the sum of
exponential functions with imaginary exponents. This is because of Euler's
formula which states that for all real numbers x:

e* = cosx + isinx
(1-10)

This formula is fundamental in the field of complex numbers and is crucial in
understanding wave-like phenomena. In MR, the signals that are used to create
an image are essentially wave-like. This identity is so ubiquitous in mathematics
and physics was that it was coined “our jewel” by legendary theoretical physicist
Richard Feynman in one of his lectures (57). It provides a link between the

natural logarithm, complex numbers, and trigonometry.

The proof of this equality is remarkably simple and its beauty is available to
anyone familiar with the product rule of differentiation and some elementary

arithmetic.

Consider the function f(x) where x € R

cosx +isinx

)= =
@a-m)
Which can be rewritten:
f(x) = e~*(cosx + isinx)
(1-12)
Differentiating f(x) using the product rule gives us:
f'(x) = e *(cosx — isinx) —ie"™*(cosx +isinx) =0
(1-13)

A function that has a zero derivative is trivially constant, thus f(x) is constant
and since f(0) = 1, then f(x) = 1,Vx € R and thus we arrive at eq. (1-11):



1.4.8 Slice Selection, Phase and Frequency Encoding

The scanner is capable of creating gradient magnetic fields within the bore such
that the magnetic field is stronger at one position compared to another. These
gradient magnetic field are used to spatially locate the signal received, or to
encode the position in the signal. Paul Lauterbur and Peter Mansfield shared the

Nobel prize in medicine and physiology for this discovery in 2003.

When a gradient magnetic field is applied along one axis of the patient's bodly.
This gradient causes a linear variation in the magnetic field strength along that
axis, this affects the Larmor frequency of the hydrogen nuclei as described in Eq.
(1-3. The carrier frequency of the RF pulse is tuned to the frequency at the
location of interest. Only hydrogen nuclei in that thin slice will be tipped into the
xy-plane. Only there do we achieve resonance between hydrogen nuclei and the

RF pulse. This is called the slice selection gradient.

After the slice selection, another gradient field is applied along a second axis.
This gradient again changes the Larmor frequency of the hydrogen nuclei along
the second axis. When turned off, this will cause a difference in phase along that
axis. This is called the phase encoding gradient.

Finally, a third gradient is applied during the signal acquisition along the third
axis, which causes the hydrogen nuclei to process at a frequency proportional to
their position along that axis. This is called the frequency encoding or readout
gradient.

The net result is that a thin slice of hydrogen nuclei has been tipped into the xy-
plane, and the frequency and phase of the signal they generate in the receiver
coils can be used to localize the origin of the signal.

The details of pulse sequences are often represented as a diagram. It specifies
how the RF pulse and the three gradients change and when the signal is
recorded.

In CMR, a balanced steady state free precession (bSSFP) pulse sequence is often
used. The most essential quality of the bSSFP sequence is that it is fast. This is a
requirement when imaging the heart as the heart is both deforming while beating
and pushed up and down by the diaphragm during breathing. A standard CMR
exam includes cine imaging, where images are acquired continuously during

several cardiac cycles and averaged together to form a movie that captures



movement and changing volumes in the heart. The bSSFP pulse sequence

diagram is shown in Figure 9.

RF pulse A / W W
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Figure 9. A pulse sequence diagram showing the bSSFP pulse sequence. RF is the RF
pulse used to tip the net magnetization vector. The slice selection, phase encoding and
frequency encoding gradients are shown. ADC indicates when the analog to digital
converter is turned on i.e. when we record the induced voltages in the coils, the so called
echo. TR is the repetition time of the sequence and TE the time after the RF pulse until
the echo is formed.

Having played out a number of repetitions of the pulse sequence in Figure 9 we
have now recorded many sine waves formed by the net magnetization vector
rotating and inducing a voltage in the coils. Each sine wave is completely
described by its amplitude, frequency and phase. At this stage, the recorded
signals are usually represented in k-space form. k-Space is the raw signal data,
i.e., the amplitudes, frequency and phases of the sine waves. It is named k-space
because by convention, k is the name of a term in the equation describing signal.
k Denotes spatial frequency and has three components: kx, ky, and k.. k-Space is
usually described visually as a plot of the magnitude at each point in k-space

and uses as its axes the spatial frequencies k,, k, and k..
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Figure 10. An example of k-space and image space representations of a cardiac 4~
chamber view. The white rectangle represents one repetition time (TR) of the sequence.
Usually, one repetition of the pulse sequence will acquire one line in k-space. In what
manner k-space is acquired is called a trajectory. Reading in a straight line parallel to an
axis is called a cartesian trajectory.

Applying the Fourier transform on the k-space representation of the signals is
equal to mapping the amplitudes, frequencies, and phases onto signal intensities
on a cartesian grid, an image. Every point in k-space contributes to each pixel in

the image.

1.4.9 Tl1mapping

Depending on the specifics and timing of the radiofrequency pulse used to
change the alignment of the protons, images where differences in T1 constitute
the contrast to a varying degree can be created. Such images are called T1
weighted images and can be used to qualitatively assess the relative T1 of parts
of the image. The principle for T1 mapping is to acquire several images with
varying amounts of T1 weighting and fit the signal intensities to the exponential
function describing the recovery of the longitudinal magnetization component in
Eq. (1-8. Several techniques for acquiring T1 maps exist, each with advantages
and disadvantages (58,59). The most clinically used T1 mapping sequence is the
modified Lock-Locker inversion recovery (MOLLI) sequence. Instead of the net
magnetization vector being tipped by 90° into the xy-plane, it is possible to
keep going and flip the full 180°. After being flipped, the net magnetization vector
will undergo T1 relaxation and we can sample points along the T1relaxation curve
shown in Figure 7, using a bSSFP sequence. After we have performed the curve
fit for each pixel in the image, we have a quantitative map of the T1 values of the
tissue. Slight variations of the MOLLI pulse sequence exist. A schematic of the

most clinically used MOLLI pulse sequence variant is shown in Figure 11.
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Figure 11. A schematic of the MOLLI 5(3)3 pulse sequence. Each step is triggered by an
ECG. An inversion is made, the T1 sampled five times in diastole followed by a three
heartbeat pause. A second inversion is made and the T1 sampled three times in diastole.
The images are sorted in terms of time passed after an inversion. Each pixel in the image
is curve fit to the T1 relaxation equation.

Besides providing valuable information in and of itself, T mapping can be used to
measure the percent of tissue comprised of extracellular volume (ECV), which
represents the fraction of tissue comprised of extracellular space in percent.
This is a more physiologically intuitive unit of measurement compared to the
time constant T1 measured in units of time, typically milliseconds. The basic
principle behind measuring ECV is to acquire T1 maps before and after the
injection of a gadolinium-based contrast agent (GBCA). ECV can then be
estimated from the concentration of extracellular contrast agent in the
myocardium relative to the extracellular space in blood determined in the image
and from a blood sample (60).

1.4.10 Excretion of Contrast Agents

Both computerized tomography (CT) and MRI make use of contrast agents. The
basic principles governing the contrast agents used in CT and MRI are effectively

the same and involve intravenous injection, extracellular distribution, and renal



excretion (61). Non-renal excretion, or vicarious excretion, has been described as
a rare occurrence of limited or no importance. Non-renal excretion of both
iodinated contrast agents and GBCA into a wide variety of anatomical spaces
has been described in (62-69). Notably, T1 mapping is a technique that is much
more sensitive for detecting small amounts of GBCA compared to conventional
T1 weighted imaging. Furthermore, T1 mapping can quantify changes in contrast
agent concentration in various tissues including pericardial fluid. However, no
such systematic studies have been performed to date. It is unknown whether

such characterization of contrast dynamics has any diagnostic value.

1411 Phase Contrast Velocity Encoded Imaging

MRI can also be used to measure the velocity of tissue or blood using a phase
contrast technique whereby the signal is proportional to the velocity of the

tissue in question.

Phase contrast imaging relies on the fact that it is possible to encode velocity in
the signal such that the phase shift of the precessing hydrogen nuclei will be
proportional to the velocity. Sequential bipolar gradients are used to generate a
flow encoding gradient that is applied after excitation but prior to the readout
phase along the spatial direction of interest. This causes nuclei moving along that
direction to gain phase proportional to their velocity. The first positive gradient
de-phases the nuclei, whereas the second negative gradient re-phases them. A
nuclei that is static will return to its initial un-phased state, whereas a moving

nuclei will have accumulated a net phase shift proportional to its velocity.

Since the phase is limited to values between O and 2m, the operator must
specify what the range of velocities to be measured should be. The operator
specifies the velocity encoding gradient (VENC) corresponding to the maximum
velocity expected to be measured. If the true velocity is greater than the VENC,
aliasing will occur where the measured velocity will be given in modulo 2.
Increasing the VENC decreases the velocity-to-noise ratio. An example of
aliasing is shown in Figure 12.



Figure 12. An example of aliasing in phase contrast imaging. Panel A shows a short axis
view magnitude image, panel B show short axis view phase image. The red arrow
indicates five pixels where aliasing has occurred.

Thus the RT-PC technique makes measurements of velocities of blood flow or
tissues possible (70). Several studies have compared in vivo blood flow
velocities within the heart by RT-PC and Doppler echocardiography. Generally,
RT-PC has an excellent concordance with echocardiography (71-75).

1.4.12 Eddy Currents

Because magnetic resonance imaging involves rapidly shifting radiofrequency

pulses and gradients, we are working with a time-varying electromagnetic field
which, according to Faraday's law of induction, will give rise to currents in what
we are imaging. These are called eddy currents and, in terms of phase contrast
imaging, can cause errors of up to 3-4 cm/s when using a VENC of 150 cm/s.

One way the effects of eddy currents can be mitigated is stationary tissue

background correction. Since we know which anatomical structures are

stationary during imaging, we can estimate the effect of the eddy currents in an
image and correct it. This first involves identifying which pixels in the image are

stationary, and this can be automatically done by selecting a threshold of phase

deviation in the phase image. A linear or quadratic surface is fitted and used to

correct the phase in the original image. An example of this is presented in Figure

13.
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Figure 13. An example of eddy current compensation using static tissue background
correction. Panel A shows pixels marked as stationary by having a phase deviation below
a certain threshold. Panel B shows the quadratic surface used to correct the phase
image.

1.5 Repeatability, Reproducibility, Agreement and Bias

The repeatability and reproducibility of a clinical measurement are crucial for its
clinical usefulness. Repeatability refers to the consistency of a measurement
when the same methods and conditions are applied repeatedly in a span of time.
Reproducibility, on the other hand, involves obtaining consistent results under
changed conditions, such as different operators or equipment. These aspects
are fundamental because they ensure that a measurement is reliable and can be
trusted in clinical settings. Without repeatability and reproducibility, the validity
of any measurement method is questionable, rendering its application in clinical
decision-making risky and potentially ineffective. Therefore, these
characteristics are desirable and essential for any clinical measurement to be

considered useful.

There is much confusion in the medical literature regarding the meaning of these
concepts and reproducibility. In many cases in the literature, interstudy
reproducibility, interstudy reliability, or even interstudy variability is used to

mean repeatability. The meaning of inter- and intra-observer reproducibility is



dependent on the context. In some studies, the observer is the person
performing the actual exam; in others, it is the person analyzing the data
collected during the exam. Observer can, in this case, be replaced by rater,
reader, or study for a plethora of study designs. However, repeatability and
reproducibility have proper definitions in the measurement error subfield of
statistics. In short, repeatability; same conditions, reproducibility; other
conditions.

Consider a CMR exam, to be clinically useful, its measurements must be
repeatable and reproducible. Repeatability in this context means that if the
same patient undergoes several CMR exams in a short period under identical
conditions, the measurements, such as ventricular dimensions or ejection
fraction, should be consistent. Reproducibility means that these measurements
remain consistent even when the CMR images are analyzed by different readers,

physicians, or using different analysis software.

Without such consistency, a cardiologist cannot reliably track a patient's
progress or make accurate diagnoses, thereby limiting the clinical utility of CMR

as a diagnostic tool.

In medicine, measurements of quantities like pressure, volume, or velocity are
challenging. Many measurements are indirect, as direct measurement can be
harmful or impossible. New methods of measurement continuously arise, and

evaluation of these is paramount before clinical adoption.

No method, including the current gold standard, is free from measurement error,
therefore there will always be some disagreement between methods. There is no
universal criterion for an acceptable level of disagreement between methods,
and a clinical judgment is therefore always required. The situation is analogous to
what constitutes an acceptable level of risk. Statistical methods cannot
determine this. Ideally, the criteria for a satisfactory agreement should be
defined in advance.

Agreement is a measure of how close two measurements made on the same
subject are; ideally, it is measured in the unit of the measurement itself. This
makes the above-mentioned judgment, whether the agreement is satisfactory or
not, much easier to make. The usual way of quantifying agreement is to calculate
the bias and 95% limits of agreement, as proposed by statisticians Bland and
Altman (76).
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The bias is simply the mean of the difference between all pairs of measurement.
The 95% limits of agreement mean that based on the current measurements,
future measurements are expected to lie within the limits in 95% of cases.

In the case of repeatability, the coefficient of repeatability is often used. It is
analogous to the concept of bias and the 95% limits of agreement. Essentially, if
the same measurement is repeated under the same conditions at a different
time, we would anticipate that in 95% of cases, the difference between the

repeated measurements would not exceed the coefficient of repeatability.

Other ways of expressing agreement exist, and some are used in this thesis. The
intraclass correlation coefficient (ICC) has the advantage of ranging from O, no
reliability or agreement to 1, perfect reliability or agreement. This means
measurements in different units can be compared, although such a comparison
is not always meaningful. There are several types of ICC depending on the
experimental design; a one-way random effects model is used when the same
set of raters rates different subjects, whereas the two-way random effects
model is used when subjects are rated by different sets of randomly chosen
raters (77).



2 Aims

To investigate and compare the differences in T1 mapping
characteristics and extracellular GBCA excretion dynamics in
pleural and pericardial effusions.

. To determine the feasibility of T mapping measurements in the

pericardial fluid in healthy volunteers and establish normal values
for native T1 and GBCA contrast excretion.

To develop a user-friendly method to measure diastolic ventricular
interdependence by quantifying the respiratory variation in mitral
and tricuspid early inflow velocities using semi-automatic analysis
of RT-PC CMR images and derive normal reference values.

To determine the test-retest reliability and inter-observer
reproducibility of the method developed in lil.
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3 Materials and Methods

3.1 Study Populations

The study population for studies | and Ill were all consecutive patients with a
clinical indication to perform a CMR exam at the Karolinska University Hospital,
Stockholm, Sweden. Study Il and IV included healthy volunteers who were
recruited to perform a CMR exam. Ethical approval was granted for all studies,
and all subjects timely provided written informed consent.

In Study |, patients who had undergone a contrast enhanced CMR exam for
clinical evaluation of known or suspected heart disease to Karolinska University
Hospital, Stockholm, Sweden between September 2013 and November 2015, who
had provided written informed consent to participate in CMR research were
screened for inclusion (n=1338). Inclusion criteria were at least 5 mm pericardial
effusion and/or 5 mm pleural effusion in an end-diastolic cine 4-chamber image
and T1 maps acquired in the same imaging slice before, early (approximately 3
min) and late (approximately 25 min) after administration of extracellular GBCA
(0.2 mmol/kg, gadoteric acid, Dotarem®, Gothia Medical AB, Billdal, Sweden).
Exclusion criteria were an incomplete exam, missing patient characteristics, and
unevaluable image quality for imaging. A total of 55 patients were excluded. The
final analysis included 69 patients with pericardial effusion, 54 with pleural
effusion, and 12 with both. Patient characteristics are summarized in Table 1and
2

Table 1. Baseline variables for the pericardial and pleural effusion groups

Characteristics Pericardial effusion Pleural effusion p-value
Number, n 69 * 54 *

Age, years 58 (46-65) 64 (52-71) 0.03
Male sex, n (%) 41 (59) 32 (59) 0.82
LVM, g 187 (153-240) 188 (143-236) 0.82
LVMI, g/m2 97 (83-120) 95 (83-120) 0.79
LVEDV, mL 156 (127-190) 150  (125-190) 0.72
LVEDVI, mL/m? 81 (69-88) 81 (65-100) 0.60
LVEF, % 47 (36-56) 44 (30-53) 0.22
BMI, kg/m? 25 (23-28) 25 (22-29) 0.52
Effusion size, mm 8 (5-9) 14 (6-10) <0.001

Continuous data are given as median (interquartile range) or number (%). LVM, left
ventricular mass; LVM], left ventricular mass index; BMI, body mass index; LVEDV, left
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ventricular end-diastolic volume; LVEDVI, left ventricular end-diastolic volume index;
LVEF, left ventricular ejection fraction; LVM, left ventricular mass; LVM,|, left ventricular
mass index. * n=12 had both a pericardial and a pleural effusion.

Table 2. Distribution of diagnoses by type of effusion

Diagnosis Pericardial, n (%) Pleural, n (%)
Otherwise normal 3 (4) 2 (4)
IHD 21 (30) 18 (33)
Dilated LV 14 (20) 8 (15)
LVH 2 3) 1 (2)
Dilated LV+LVH 2 3) 1 (2)
Myocarditis 5 @) 4 )
Tumor 2 3) 0

Reduced LVEF 3 (4) 3 (6)
Takotsubo 4 (8) 6 >
Pericarditis 3 (4) 3 (8)
Sarcoidosis 2 3) 0
Amyloidosis 2 3) 3 (6)
Other 6 (9) 5 (9)
Total 69 (100) 54 (100)

IHD, ischemic heart disease; dilated LV, dilated left ventricle; reduced LVEF, reduced left
ventricular ejection fraction, without ischemic heart disease or myocarditis; LVH, left
ventricular hypertrophy; other, other diagnosis, such as vasculitis, postpartum
cardiomyopathy, or indeterminate diagnosis.

In Study lI, healthy volunteers (n=30) with an absence of history of
cardiovascular disease were prospectively recruited. Clinical assessment of CMR
images was used to confirm the absence of myocardial or pericardial disease.
The exclusion criterion was metallic implants not safe for MRl. CMR imaging took
place between August 2019 and December 2019 in the Department of Clinical
Physiology, Karolinska Universitetsjukhuset, Stockholm, Sweden.

In Study lll, patients (n=27) who had undergone a CMR exam for clinical
evaluation of known or suspected heart disease at Karolinska University Hospital,
Stockholm, Sweden, between May 2020 and October 2020, who had provided
written informed consent to participate in CMR research were included.

In Study IV, healthy volunteers (n=15) without a history of cardiovascular disease
were prospectively recruited. Clinical assessment of CMR images was used to
confirm the absence of myocardial or pericardial disease. CMR imaging took
place between October 2021 and December 2021 in the Department of Clinical



Physiology, Karolinska Universitetsjukhuset, Stockholm, Sweden. Exclusion criteria
were any history of cardiovascular pathology or general contraindications to
CMR.

3.2 Ethical Considerations

All studies were performed with ethical permits in place and in accordance with
the declaration of Helsinki.

Some considerations are common to all study populations. Medical research
involves the transfer of images and medical information outside of the hospital
setting. Images are frequently transferred to personal computers for image
analysis and statistics performed on spreadsheets. This raises ethical concerns
as it can jeopardize the participants’ personal integrity, which is protected by
law. The standard practice in the field is pseudo-anonymizing all participant data
before transfer. Pseudo-anonymization means each subject is given a
participant number, and a key with matching participant number and participant
identity is created. This key is kept behind a firewall in the safety of the research
facility. A complete anonymization is not performed as any pathology
discovered during image analysis needs to be traced back to the participant's
personal identity to facilitate potential medical referral. All studies in this thesis
adhered to this practice.

In Study | and lll, patients with significant clinical conditions were retrospectively
enrolled. This raises ethical concerns. The role of informed consent in this case
cannot be overemphasized. Care needs to be taken to inform the patient that
participation in this type of research does not affect their clinical care and,
similarly, that declining to participate also does not.

Studies | and Il involve using GBCA in patients and healthy volunteers. GBCAs
are generally considered safe, evidence is documented in several studies that
gadolinium deposition in brain structures like the basal ganglia and cerebellum
can occur after repeated use (78). The evidence consists solely of relative T1
signal hyperintensity in these structures. Studies have shown a higher deposition
of after linear gadolinium chelates compared to macrocyclic contrast agents
(79). This finding suggests that the structure of the GBCA plays a significant role
in how long gadolinium remains in the body. Although elemental gadolinium has
been detected in tissue samples in patients administered the linear GBCA
gadodiamide, no histological lesions were found (80). Neonatal and juvenile rats
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receiving comparatively high doses of the linear GBCA gadobenate dimeglumine
did not develop any pathologies (81). Several studies have not detected
hyperintensity after serial injections with a macrocyclic GBCA (82-86). Only in
one study, and only after more than four injections, was hyperintensity detected
(78) and this result has not been replicated to date. The GBCAs used in Study |
and Il were all macrocyclic.

In 100,000 patients who received at least one clinical dose of GBCA, one study
found no increased risk of developing parkinsonism, usually associated with the
basal ganglia (87). Likewise, albeit small, another study in patients who had
received over 20 administrations of gadolinium contrast showed no cerebellar
pathology (88). No symptoms can be attributed to the administration of GBCA
despite more than 450 million intravenous administrations occurring worldwide
(89,90). While gadolinium deposition in the brain and other tissues is an
observed phenomenon, its lack of association with clinically significant
outcomes, safety profile in individuals with normal renal function, and the
significant benefits of MRI research, all support the argument that using GBCA in
research, even in healthy volunteers, is ethically sound. Furthermore, this is
supported by medical society guidelines (91,92).

3.3 Cardiovascular Magnetic Resonance Imaging

The CMR protocols used in this thesis included an initial localizer sequence and
2-, 3-, and 4-chamber bSSFP cine images of the left ventricle, as well as a
complete short-axis stack covering the entire heart. Typical imaging parameters
included FOV 380x320 mm? matrix size 265x142 pixels with 1.5x1.5 mm? in-plane
resolution, slice thickness 6 mm, bandwidth 930 Hz, repetition time/echo time
2.78/116 ms.

3.4 T1Mapping

T1 mapping was used in Study | and Il using a MOLLI pulse sequence (93).
Images were acquired using a non-selective inversion pulse, balanced steady-
state free precession single shot read-out at end-diastole. In Study I, MOLLI
5(3)3 with two inversions were made, five images acquired after the first
inversion, followed by a three heartbeats pause, and three images acquired after
the second inversion.



In Study II, T1 mapping used MOLLI 5s(3s)3s with two inversions; five images
were acquired after the first inversion, followed by a three-second pause, and
three images were acquired after the second inversion.

Typical image acquisition parameters included: flip angle 35°, matrix size 256 x
136-158, slice thickness 8 mm, initial inversion time 129 ms, field of view 300-410

x 241-384 mm?2, parallel imaging factor 2.

In Study |, T1 mapping was performed according to clinical routine, a short-axis
stack encompassing the entire myocardium before, early before (approximately
3 min), and late (approximately 25 min) after administration of an intravenous
GBCA (0.2 mmol/kg, gadoteric acid, Dotarem®, Gothia Medical AB, Billdal,
Sweden). Example T1 maps are shown in Figure 14.

Native Early Late

Figure 14. Example T1 maps taken in Study |, before, early, and late after contrast
administration. The white and black regions of interest illustrate how measurements
were delineated in the pericardial and pleural effusions. (Reproduced under the

Creative Commons Attribution License 4.0)

In Study I, TT mapping consisted of a short-axis stack encompassing the heart
and the ascending aorta. It was screened for pericardial fluid visible as areas with
native T1values above 2500 ms. If perciardial fluid was present, a slice
perpendicular to the short-axis slice was prescribed to enable two
perpendicular measurements. T1 maps were again acquired in the same short-
axis slice positions, early, (approximately 6 min) and late (25 min) after
administration of an extracellular GBCA (0.05 mmol/kg, gadobutrol, Gadovist®,
Bayer AB, Solna, Sweden). Example T1 maps are shown Figure 15.
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Figure 15. An example of native TI maps from Study I, taken in short-axis orientation
before contrast administration (top-left) and perpendicular (top-right) slice
orientation. As well as early short-axis orientation (bottom-left) and late short-axis
orientation (bottom-right). (Reproduced under the Creative Commons Attribution

License 4.0)

Unfortunately, the use of different contrast agents in Study | and Study Il means
that a direct comparison of contrast dynamics in patients and healthy
volunteers was not possible. The decision was made not to include normal
values for GBCA contrast excretion in the final manuscript of Study Il. It is
included in the thesis for completeness and because it signifies an important

learning point in the authors doctoral research education.

3.5 T1Mapping Image Analysis

Image analysis in Study | was performed based on the manual delineation of
regions of interest (ROI) in effusions using clinical workstations (IDS7, Sectra,
Sweden). T1 values within the RO, and its size were recorded. A criterium of 5

mm of effusion was chosen regarding whether it was possible to reliably



measure T1 values from the respective effusion. The ROI size or size of effusion in
mm, required to reliably measure the T1 values of pericardial or pleural effusions
is an open question. 5 mm was chosen for purposes of consistency based on
clinical judgment.

Image analysis in Study Il was performed on clinical workstations using clinical
imaging software (syngo.via VB30A; Siemens Healthcare GmbH, Erlangen,
Germany). ROIs were manually prescribed in the same volume of pericardial fluid
of both the short axis and perpendicular slices. A 3D cursor feature was used to
ensure measurement in the -me volume of pericardial fluid in both slice
orientations. The anatomical location of the pericardial fluid, standard deviation
(SD) of T1values within the ROI, and its size were recorded. The following criteria

were used to define a reliable measurement:
. The ROl size needed to be >10 mm? and <50 mm?2.

Il. The coefficient of variation of measured values within the ROl needed
to be <10%.

lll.  The relative difference in measured values between the short axis and
perpendicular slice orientations needed to be below 5%.

The coefficient of variation was defined as the ratio of the SD to the mean within
in each ROI. The relative difference in native T1 between short axis (SA) and

perpendicular (P) measurements was defined as:

relative difference — short axis — perpendlcular/

short axis + perpendicular
2

(3-1)

This was done to attempt to standardize and increase the reliability of the
measurements. These were again arbitrarily chosen as there is no objective
threshold to inform the size, coefficient of variation, or relative difference needed
for a reliable measurement.

In both Studies | and Il, analyzed variables in the respective effusions and normal
pericardial fluid were native T1, the difference between T1 native and T1 acquired
early (AT1 early) and late (AT1 late) after contrast injection, the change in R1
values (AR1 early and AR1 late) and the effusion-volume-independent early-to-

late contrast concentration ratio (AR1 early/AR1 late), where AR1 = 1/T1 post-
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contrast - 1/T1 native. In addition, an estimation of GBCA concentration was

made using the formula

(3-2)

where rlis the specific relaxivity of each GBCA. The r1 of gadoteric acid, used
Study |, and gadobutrol used in Study Il, have been previously been determined
to be 3.6 L/mmol/s™and 5.2 L/mmol”/s™ in plasma at 1.5 T and 37° C (94).

In addition, a phantom experiment was performed where plastic bottle
containing 500 ml of sterile water was used to emulate the long T1 values of a
pericardial or pleural effusion. To obtain a reference T1 value, free from heartrate
dependence, the phantom was first imaged using a Bl corrected variable flip
angle T1 mapping sequence. The phantom was then imaged several times using
the 5(3)3 MOLLI sequence flip angle 3° and 15°, matrix size 156x256 and field of
view 380 mm * 309 mm.

3.6 Real-Time Phase-Contrast Velocity Encoded Imaging

In Study lll and IV, imaging was performed at 3T in a basal short-axis view over a
30 s acquisition during free breathing using a research sequence. In Study IV,
each participant exited the scanner, walked in a circle around it and proceeded

to be imaged again using identical parameters.

Typical image acquisition parameters included: repetition time 3.7 ms, water
excitation pulse with flip angle 10°, slice thickness 8 mm, FOV 360x266 mm?,
matrix 208x135, aliasing velocity (VENC) 150 cm/s and shared velocity encoding
enabled (95). Compressed sensing with an acceleration factor of 7.7 was used to
achieve a temporal resolution of 48 ms (96). RT-PC velocity-encoded imaging
data were acquired with through-plane velocity encoding and a slice position
across the atrioventricular plane from a horizontal long-axis view in end-diastole
as shown in Figure 16. A 30-second data set of RT-PC data was acquired per
patient, spanning several cardiac and respiratory cycles. All participants were in
sinus rhythm at the time of CMR imaging. Phase offset errors were corrected

based on estimation in stationary background tissue (97).



Figure 16. A four-chamber long-axis cine acquisition in end-diastole shows how the
plane for through-plane RT-PC imaging was prescribed (left). Regions of interest for the
mitral and tricuspid valves are shown in magnitude (middle) and phase (right) images.

3.7 Semi-Automatic Analysis of RT-PC Images

RT-PC velocity measurements and analysis were performed off-line using an in-
house developed software as a plugin to the software program Segment
(Medviso AB, Lund, Sweden) (98). The plugin was developed using source code
available for research in the MATLAB software development environment (The
MathWorks, Inc., Natick, Massachusetts, United States). The source code is freely
available as a Github fork of Segment at

https://github.com/SuperSimon81/segment-open-and-respiratory-variation.

The plugin was designed to allow the user to manually define ROls encompassing
the mitral and tricuspid orifices and propagate them across all time frames. The
ROIs could be reviewed in each frame to ensure correct placement. The negative
component of the flow velocity present in the mitral ROl during systole, part of
the aortic outflow, was then used to segment the data into individual cardiac
cycles by considering the peak negative flow as separating the cardiac cycles.

This segmentation could be edited by the user.

Spectral plots of mitral and tricuspid velocities are displayed, and the mean of
pixels with velocities higher than the 98th percentile are used to construct a
velocity-time curve where the peak early filling velocities are identified and
indicated. The user can increase or decrease the number of pixels used to
construct the velocity-time curve, the visibility of which can be toggled, to

ensure a visually acceptable fit with the spectral plot.

The peak early filling velocity is then identified within each cardiac cycle by
identifying the first local maxima with a value exceeding the mean plus one
standard deviation of the velocity in that timeframe. An example spectral
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velocity-time plot is shown in Figure 2. The respiratory variation in early inflow
velocities is then defined as the absolute value of the change as a percentage of
the maximum early inflow velocity as follows

maximum velocity - minimum velocity
maximum velocity

respiratory variation = x 100

(3-3)

Additionally, a graph with time on the horizontal axis and voxels in a vertical line
selected from the magnitude image on the vertical axis is also displayed to
enable visual tracking of the lung-diaphragm interface. While not strictly
necessary, this allows the user to ensure that each reported peak occurred

during inspiration or expiration respectively.

Additionally, a second and third definition of respiratory variation, found in the
literature, was also used where Eq. (3-4 follows (99) and Eq. (3-5 and (3-6
follows (46)

expiratory velocity - inspiratory velocity
X

- - 100
expiratory velocity

respiratory variation =

(3-4)

expiratory velocity - inspiratory velocity
X

—— - 100
inspiratory velocity

mitral respiratory variation =

(3-5)

inspiratory velocity - expiratory velocity
X

- - 100
expiratory velocity

tricuspid respiratory variation =
(3-6)

3.8 Statistical Analysis

The normality of distributions was assessed visually, using Q-Q plots, and in
ambigous cases the Shapiro-Wilk test for normality. Data was reported as
median [interquartile range] or mean=SD as appropriate. Mean value
comparisons were made using parametric paired or unpaired t-tests as
appropriate. A p-value of less than 0.05 was considered statistically significant.



No correction of the level of significance due to multiple t-tests was performed.
The coefficient of repeatability and non-parametric limits of agreement were
calculated as described by Bland-Altman et al. (76,100). ICC estimates and their
95% confidence intervals were calculated using a single rating (k=1), absolute-
agreement and a 2-way random-effects model (77). Mean absolute error was
derived as the mean of absolute differences between the two sets of
observations, divided by the mean of the observations. All statistical calculations
were performed using the software package R (R Core Team 2020, Vienna,
Austria).

4 Results

4.1 T1Mapping and Contrast Dynamics

In Study I, native T1 values were lower in pericardial effusions (2912 [2567-3152]
ms, range 1855-3744, n = 69) compared to pleural effusions (3148 [2692-3494]
ms, range 1481-3938, n = 54, p = 0.005). There was no relationship between
heart rate and the native T1 of pericardial effusions (R?<0.01, p=0.35).

ATl late values of pericardial effusions were (1342 [1029-1681] ms, range 602—
2504), there was contrast excretion into all pericardial effusions, manifested as a
sizable reduction in T1 late after contrast administration (>602 ms reduction in T1
for all). Similarly, AT1 late values of pleural effusions were (2210 [1768-2508] ms,
range 1234-3146), there was contrast excretion into all pleural effusions,
manifested as a substantial reduction in T1late after contrast administration
(>1234 ms reduction in T1 for all). The evolution of T1values at each time point is

shown in Figure 17.
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Figure 17. Line graph showing evolution of T1 values in pericardial and pleural effusions
before (Native T1), early (Early T1) and late (Late T1) after GBCA injection. A straight line
would indicate that contrast was not excreted. (Reproduced under the Creative
Commons Attribution License 4.0)

The AR of the blood pool early after contrast agent administration was (6.8 [5.3-
8.3] s, range 1.6-15 s™), and decreased at the late time point (2.1[1.8-2.4] s7,
range 1.2-3.5 s, p<0.001). The AR1 of the myocardium early after contrast agent
administration was (3.0 [2.4-3.5] s, range 0.1-7.7 s), and decreased at the late
time point (1.1[0.9-1.2] s, range 0.6-2.2 s, p<0.001). AR1is directly proportional
to relative contrast concentration, and consequently, the blood pool and the
myocardium had a relatively high contrast agent concentration early after
administration, which decreased over time between the early and late time
points. By comparison, both types of effusions had an increasing relative

contrast agent concentration over time.
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Figure 18. Plot of AR1 for the blood, myocardium, pleural effusion, and pericardial effusion
both early and late after contrast administration. Symbols denote the median, and
whiskers the interquartile range. The red lines illustrate the change in AR1. AR1is
proportional to contrast agent concentration. Note how blood and myocardium have a
relatively high contrast agent concentration early after contrast administration, which
then decreases over time at the late time point. By comparison, both the pleural and
pericardial effusions have measurable but low relative contrast agent concentrations
early after contrast administration, which increase over time at the late time point, to a
level that is lower than for blood and myocardium. (Reproduced under the Creative
Commons Attribution License 4.0)

The early-to-late contrast concentration ratio (AR1 early/ AR1 late) was higher in
pericardial effusions (0.180 [0.0800.290], range 0.003-0.530), compared to
pleural effusions (0.080 [0.003-0.144], range 0.002-0.683, p < 0.001), indicating
that pericardial effusions have more prominent early excretion dynamics. A

comparison is seen in Figure 19.
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Figure 19. Boxplot of the ratio formed by ARlearly and ARllate for pericardial and pleural
effusions. This ratio is independent of the volume of the effusion. The boxes indicate
median and interquartile range, and whiskers the full range. (Reproduced under the
Creative Commons Attribution License 4.0)

Estimated GBCA concentration at the early timepoint was (12.4 [7.1-28.7] mmol/mL,
range 0.1-164.8) for the pericardial effusions and (20.0 [7.9-33.8] mmol/mL, range 0.2—
258.3) for the pleural effusions. Estimated GBCA (gadoteric acid) concentration at the
late timepoint was (98.2 [63.3-154.7] mmol/mL, range 16.9-491.7) for the pericardial
effusions and (228.5 [154.8—331.5] mmol/mL, range 55.9-645.1) for the pleural effusions.

In Study |, the effect of heart rate on T1 measurements of pericardial and pleural
fluids was investigated using a phantom. . Electrocardiogram signals were
simulated with RR-intervals ranging from 400 to 1500 ms in 100 ms increments.
Measurements were obtained using a circular ROl 4 cm in diameter placed in the
center of the bottle. The percentage of relaxation r immediately before the
second inversion of the MOLLI sequence using the following formula:

_t
r=1-eT

(4-1)

Where t was the time between the first and second inversion in milliseconds, i.e.
8 times the RR-interval for a MOLLI readout, and T1* the apparent relaxation time

constant in milliseconds as measured by the MOLLI sequence.

The acquisition parameters of the B, corrected variable flip angle sequence used
in the phantom study were: flip angle 3° and 15°, matrix size 156x256 field of view
380 mm * 309 mm.



The reference T1 value of the sterile water phantom was measured to 3011 ms.
The results of variable RR-intervals on T1 measurements in the phantom using
MOLLI are reported in Table 3. For RR-intervals below 600 ms, the MOLLI

sequence failed to report T1 values, presumably due to lack of convergence of

the curve fitting algorithm.

Table 3. The relationship between heart rate and T1 mapping measurements

Curve fit
uncertainty

RR (ms) HR (bpm) T1(ms) inSD(ms) T1*(ms) Relaxation (%)
600 100 3363 1000 1000 98%
700 86 2948 882 1530 96%
800 75 2853 464 1949 94%
900 67 2808 256 2198 95%
1000 60 2818 158 2389 95%
1100 55 2827 106 2498 96%
1200 50 2859 73 2604 97%
1300 46 2867 54 2612 97%
1400 43 2878 41 2645 98%
1500 40 2910 33 2674 98%

The T1 values of a phantom with a reference T1 value of 3011 ms imaged using MOLLI
acquisitions with increasing heart rates (HR). The curve fit uncertainty was obtained
from the SD maps provided by the MOLLI reconstruction, T1* is the apparent T1

relaxation time constant and relaxation the percentage of relaxation after 8 RR-intervals,
immediately before the second inversion of the MOLLI sequence.
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In Study I, a reliable T1 measurement was possible in 26/30 (87%) of volunteers.
Four (13%) volunteers did not fulfill the reliability criteria detailed in the Methods
section. Native T1 of pericardial fluid was 3262 + 163 (95% normal limits 2943—
3581 ms) and did not differ in the perpendicular slice orientation (3267 + 173 ms,
P =0.75).

AR1 early was 0.11+0.05 s and ARl late 0.37+0.15 s and the effusion-volume-
independent early-to-late contrast concentration ratio AR1 early/AR1 late of
0.30z0.10.

The estimated GBCA (gadobutrol) concentration in pericardial fluid at the early
time point was (20+9 mmol/mL) and at the late time point (70+28 mmol/mL).

Normal reference ranges are shown in Table 4.

Table 4. Mean and normal reference range for characteristics of pericardial
fluid

mean 95% limits
Native T1, ms 3262 2943-3581
T1 early, ms 2458 1882-3034
T1late, ms 1552 916-2188
ATl early, ms 804 245-1363
AT1late, ms 1710 1036-2384
AR learly, s™ om 0.01-0.20
AR1 late, s 0.37 0.08-0.66
AR1 early/AR1 late, unitless 0.30 0.10-0.50
[Gd] early, mmol/mL 20 2-39
[Gd] late, mmol/mL 70 15-126

Early values were imaged 6 minutes after contrast injection with and late values were
imaged 26 minutes after contrast injection. The GBCA used was gadobutrol and the
dose used 0.05 mmol/kg.

No correlation between age, heart rate or ROl area and T1 values was found as

seen in Figure 20.



Figure 20. T1 values from pericardial fluid and subject age (left), heart rate (middle), and
ROl area (right). There were no significant correlations, and hence a line of regression has
been intentionally omitted.

4.2 Ventricular Interdependence

In Study lll, the respiratory variation in mitral and tricuspid peak early inflow
velocity in patients (n=24) without constrictive pericarditis or pericardial effusion
was (mean=SD) 22+7% (upper normal limit 35%) and 38+7% (upper normal limit
51%). An example screenshot of a representative patient without constrictive

physiology is shown in Figure 21.
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Figure 21. Screenshot of the plugin. The upper panels show spectral plots of all velocities
with peak early velocities denoted as a red circle. A graph with time on the horizontal
axis and voxels in a vertical line selected from the magnitude image on the vertical axis
is also created. This amounts to a time-motion graph not unlike M-mode (motion mode)
echocardiograph which enables visual tracking of the lung-diaphragm interface. In this
graph, white lines are used to indicate each mitral and tricuspid Vmex and Vmin and thus
allow the user to ensure that each reported peak occurred during inspiration or
expiration, respectively.
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The patient with constrictive pericarditis had a respiratory variation in mitral and
tricuspid peak early inflow of 51% and 44% as shown in Figure 22.

The patient with 35 mm pericardial effusion had a respiratory variation in mitral

and tricuspid peak early inflow velocities of 62% and 64%, respectively as shown
in Figure 23.
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Figure 22. Screenshot showing results from a patient with constrictive pericarditis. Mitral
and tricuspid variation is 51% and 44%.



C. Patient with 35 mm pericardial effusion
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Figure 23. Screenshot showing results from a patient with 35 mm pericardial effusion.
Mitral and tricuspid variation is 51% and 44%.

In Study IV, the test-retest repeatability results did not differ (mitral 27+7 vs.
28+5%, p=0.66 and tricuspid 47+10 vs. 47£11%, p=0.84). The coefficient of
repeatability was 9.1 % and 9.8 % for mitral and tricuspid respiratory variation. For
intra-observer reproducibility, the results of pooled acquisitions (n=26) did not
differ (mitral 28+6 vs 28+6 %, p=0.66 and tricuspid 4811 vs 48x11 %, p=0.84).
Bias and non-parametric 95% limits of agreement were 0% (-4%-0%) and 0% (-
5%-6%) for mitral and tricuspid respiratory variation. The results are summarized

in Figure 24.
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Figure 24. Bland-Altman plots of the difference between test-retest results for mitral
velocity (top-left), test-retest for tricuspid velocity (top-right), inter-observer results
for mitral velocity (bottom-left), and inter-observer results for tricuspid velocity.



5 Discussion

5.1 Native T1and GBCA Contrast Dynamics

The fact that GBCA is excreted into pericardial and pleural effusion fluids is
perhaps not surprising, given that GBCA used in CMR exclusively has an

extracellular distribution.

Study | confirms that excretion occurs in all pericardial and pleural effusions and
that there is considerable variability in both the amount and rate of excretion.
Pericardial effusions were found to have a lower T1 than pleural. This is expected
as pericardial effusions contain more proteins that lower T1 than pleural effusions
(101). Pericardial and pleural effusions showed similar changes in early relaxation
rate (AR1 early), but pleural effusions exhibited a greater increase in the late
relaxation rate (AR1 late). This leads to a smaller ratio of AR1 early to AR1 late in
pleural effusions, suggesting more pronounced late excretion dynamics
compared to early excretion. It is important to highlight that both AR1 early and
AR1 late are influenced by the volume of the effusion, while this term cancels out
in the ratio formed by AR1 early to AR1 late.

One study discovered that using T1-weighted imaging to measure the excretion
of GBCA into pleural effusions could perfectly distinguish between transudates
and exudates, with a sensitivity and specificity of 100%. That study noted no
difference in T1-weighted signal intensities in transudates following the injection
of GBCA and this led to the assumption that the higher pleural permeability in
exudates facilitated the excretion of these contrast agents into the effusion
(102). The findings in Study |, using the more sensitive quantitative imaging
technique T1 mapping, demonstrate that contrast excretion occurs in all types of
pleural effusions. Given that it is highly unlikely that all effusions, in Study | were
exudates, the use of contrast dynamics as a means to differentiate between

transudate and exudate appears to be more complex than previously believed.

Over time, the concentration of GBCA in both the blood pool and the
myocardium decreases. Except in cases of myocardium with acute
microvascular obstruction, there is a quick exchange of GBCA between the
myocardium and blood. This results in a dynamic equilibrium, leading to a
reduction in the relative concentration of GBCA over time following an

intravenous bolus, mainly due to renal clearance. Conversely, Study | indicates
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an increase in the relative concentration of the contrast agent in both types of

effusions over time after administering GBCA.

While blood has an extracellular space equal to one minus the hematocrit,
serous effusions contain few cells, suggesting that it should be approximately
roughly twice that of blood. In Study |, the contrast agent concentration in the
effusions did not surpass that of the blood at later time points as seen in Figure
18. This suggests that the effusions do not establish a dynamic equilibrium with
the blood as is required for the calculation of the extracellular volume fraction
(ECV) (103). Thus, a calculation of ECV for these effusions is not consistent with
the physiology of ECV and is terminologically inappropriate. This was requested
by one reviewer of Study | but is omitted in this thesis. The observed
concentration exhibited significant variation. This reflects different physiological
characteristics, amount, and rate with which GBCA is distributed into the

effusions.

Research using CT has demonstrated varying outcomes, with some studies
indicating higher attenuation in exudates than transudates in pleural effusions,
although there is an overlap in results (104-106). Contrarily, one study reported
greater attenuation in transudates compared to exudates (107). Regarding the
use of iodinated contrast agents in these studies, it was either infrequently used
(104), not evaluated despite being administered (106), used without noting any
significant differences in attenuation before and after contrast (105), or used and
differences observed only in transudates (107). In the context of pericardial
effusions, a CT study detected variations in attenuation before and after
contrast in certain cases, and all these cases had a benign progression (108),
while another study found no such differences (109). Overall, the findings
regarding contrast dynamics in CT imaging have been notably inconsistent.

Contrasting these results, Study | used T1 mapping CMR and showed the
excretion of GBCA in all examined pericardial and pleural effusions. Although CT
and T1 mapping CMR employ different measurement techniques, iodinated
constrast agents and extracellular GBCA share similarities in distribution and
renal clearance (110,111). Furthermore, a strong correlation has been established
between these two methods in the realm of quantitative tissue characterization
(m2).



In T mapping the size of the ROI can significantly impact the accuracy and
reliability of the measurements. A small ROl may increase the likelihood of partial
volume effects, where the signal comes from a mixture of tissues such as
myocardium and fluids (blood/effusion). This leads to inaccurate T1 values. A
smaller ROl means a lower signal-to-noise ratio, which makes the T1
measurements less. Achieving consistent placement of a small ROl across
different time points is challenging, which can affect the reproducibility of T1

measurements.

In Study |, a criterium of 5 mm of effusion was chosen based on clinical
judgement. There is no cut-off separating normal pericardial fluid from
pericardial effusion in current echocardiography guidelines, and an effusion
below 10 mm is simply categorized as mild (113).

Study Il shows that T1 values can be reliably measured in the pericardial fluid of
healthy volunteers. It is important to note that this is valid under the assumption
that the criteria used to define a reliable measurement, described in the
methods section, are adequate. The criteria include minimum and maximum ROI
size criteria, within-ROI variance criteria, and between-ROI variance criteria with
separately acquired and perpendicularly oriented measurements. Native T1
values of pericardial fluid in healthy volunteers were found to be similar to those
in a study where T1 mapping was used in pericardial effusions presumed to be
transudates. Using the native T1 threshold of 3105 ms, as suggested for exudates
in that study, it can be concluded that two healthy volunteers from Study i

exhibited lower values (114).

5.2 The Light Criteria

Aspirated ex-vivo effusion fluid is routinely evaluated using the Light criteria. An
attractive objective for any molecular imaging attempt of effusion fluid would
therefore be to do the same. Indeed, one study measured the T1in pleural and
pericardial effusions and correlated them to biochemical analysis employing the
Light criteria. Good diagnostic accuracy for diagnosing transudative effusions for
pleural (79% sensitivity, 89% specificity) and pericardial (sensitivity of 95%,
specificity of 81%) fluid was found. Biochemical samples were available almost
exclusively for exudates and the cohort was therefore supplemented with
presumed transudates by including patients with pericardial and/or pleural
effusions and chronic severe left ventricular systolic dysfunction (114). The

validity of this approach is questionable as several studies have shown that most
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pericardial effusions are misclassified as exudate by the Light criteria in
biochemical analysis, and most, if not all, normal pericardial fluid is classified as
exudate (18,101,115). One of the parameters of Light criteria is total fluid protein
content (15). A negative correlation between protein levels and native T1 has
been found in phantoms as well as in vitro (114) and ex vivo (116) effusion fluids. If
biochemical testing had been available for transudates, they would presumably
been classified as exudates by Light criteria, and the results would have been
considerably less impressive. That is not to claim T1 mapping is useless; on the
contrary, it could be argued that the results would have been more impressive if
dichotomization between exudate and transudate had been done using
predefined diagnostic categories and not biochemical testing with the same
outcome. The classification of pericardial effusions as exudate or transudate
should be restricted to predefined diagnostic categories reflecting the etiology
of the effusion in the lack of biochemical testing data validated specifically for

pericardial effusions.

It is important to consider that diuretics, commonly used in treating heart failure,
can influence the composition of effusion fluid. They tend to increase protein
concentration or, alternatively, reduce the water content in the fluid. This
alteration can lead to a misclassification of the effusion as an exudate when
using Light criteria (17). Given the inverse relationship between protein content
and native T1values in effusion fluids, there is a plausible risk that effusions in
patients undergoing diuretic treatment might be incorrectly identified as
exudates through T1 mapping techniques.

Contrast dynamics, as investigated in Study | and Il may offer additional insights
into the state and permeability of the pericardium using contrast agents
routinely used during CMR imaging in accordance with current clinical guidelines
(7).

In the Study I, we used the 5s(3s)3s version of the MOLLI technique for T1
cardiac mapping. There are several other cardiac T1 mapping methods available,
such as SASHA (118), shMOLLI (119), and SAPPHIRE (120), each with its individual
pros and cons. MOLLI was chosen as it is the most commonly used in clinical
settings. The standard 5(3)3 MOLLI variant is known to be affected by heart rate
(121). In Study |, there was no relationship between heart rate and native T1in our
study population, indicating that high heart rates did not contribute to

systematic bias compared to low heart rates. The phantom experiment



summarized in Table 3 indicates that high heart rates resulted in a loss of
precision but no systematic bias. The 5s(3s)3s version of MOLLI used in Study Il
offers improvements, albeit with some residual heart rate sensitivity (121). This
sensitivity at high heart rates arises from incomplete relaxation and leftover
longitudinal magnetization between inversions, resulting in lower recorded T1
values. The extent of this residual magnetization increases with both higher heart
rates and T1 values. In Study ll, native T1 values for pericardial fluid did not
fluctuate with heart rate changes, as demonstrated in Figure 20. These findings
are relevant for patients with hemodynamically significant pericardial effusion
who often experience elevated heart rates. Future research with larger sample
sizes may be justified to explore further the effect of heart rate on the long T1
values in pericardial fluid using different T1 mapping techniques.

5.3 Real-Time Phase Contrast Imaging

Study lll demonstrates the clinical feasibility of using RT-PC to measure
respiratory variations in transvalvular peak early velocities and provides normal
values for these measurements.

The normal values obtained in this study are higher compared to those derived
from Doppler echocardiography. A seminal research article on the respiratory
changes associated with cardiac tamponade and pericardial effusion noted that
there was very little respiratory variation in the peak early mitral inflow velocity in
healthy individuals (38). A different study demonstrated negligible respiratory
variation in the velocity-time integrals of mitral inflow in normal subjects (39). In
comparison to another research that used the same RT-PC technique and
equation for calculating respiratory variation (46), the findings from Study I
show significantly higher results than those observed in the healthy control
group. This discrepancy might be explained by the extended acquisition time in
our study. A longer acquisition period, around 30 seconds compared to 10-20
seconds in other studies, could potentially increase the chance of recording a
mitral or tricuspid peak early inflow velocity that aligns precisely with the
timepoint where the hemodynamic impact of either inspiration or expiration is
greatest. Notably, there are no recommendations for the duration of Doppler
recording when evaluating respiratory variation in transvalvular peak early
velocities (122,123). Comparing respiratory variation calculated from a recording

of 10 seconds with a recording of 30 seconds could potentially be misleading.
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Although patients with constrictive physiologies were excluded from the patient
population of Study lll, other confounding factors exist. Any clinical condition
that increases the respiratory effort, such as asthma or chronic obstructive
pulmonary disease, can cause an increased respiratory variation in transvalvular
peak early inflow velocities. It is unlikely that a significant portion of the study
population in Study lll, suffered from these conditions. Care should be taken to
properly characterize study populations of future studies as not only conditions
considered cardiovascular can influence intrathoracic pressures.

5.4 Arithmetic Considerations to Respiratory Variation

Historically, due to patient-specific variations in early inflow velocities,
respiratory variation has been quantified as a percentage. This percentage is
calculated using either the positive, negative, or sometimes the absolute
difference between inspiratory (Vinsp) and expiratory (Vexp) early inflow
velocities as the numerator, with one of these values serving as the denominator.

For mitral velocities, selecting Vinsp as the denominator indicates an expiratory
increase represented as a fraction of Vinsp. Conversely, using Vexp as the
denominator implies an inspiratory decrease as a fraction of Vexp. In the context
of tricuspid velocities, this relationship is inversed. The literature, however, does
not consistently specify the method of calculation, though sometimes an implicit
definition can be inferred (38,40,99,123-127). Several authors conceptualize
mitral respiratory variation as an inspiratory decrease and tricuspid respiratory
variation as an inspiratory increase, possibly influenced by the traditional
definition of pulsus paradoxus (128). Others define maximal respiratory change
as either the expiratory increase or decrease in early inflow velocities (46), while
some compare the change in early inflow velocity during respiratory phases
against apnea (129,130). Another simply reported respiratory absolute change in

peak velocities (131).

According to current guidelines from the American Society for
Echocardiography, respiratory variation in both mitral and tricuspid velocities
should be calculated as the difference between Vexp and Vinsp, with Vexp as
the denominator (99). This approach leads to a description of mitral early inflow
as a percent decrease and tricuspid early inflow as a percent increase. However,
considering that a percent increase is always greater than a corresponding
decrease when calculated as a percentage, it would be more consistent to
describe tricuspid variation as a decrease as well, thus employing Vinsp as the



denominator. In Study Ill and IV, respiratory variation in mitral and tricuspid peak
early inflow velocities was calculated as the absolute change in velocity divided

by the maximum velocity.

5.5 Methodological Considerations In Respiratory Variation

When recording respiratory variation in mitral peak early inflow velocities using
Doppler echocardiography, a cursor is placed at the mitral leaflet tips and all
ultrasound echoes from that 3-dimensional volume are recorded and usually

plotted over time in a velocity-time curve.

In through-plane phase contrast CMR, a ROl is drawn around the mitral orifice,
and all pixels inside the ROl are considered and plotted against time. The pixel to
be chosen to generate the velocity-time curve in this case is not a trivial
problem. It is possible to make a spectral plot where each pixel present in the
ROI at each time point contributes to the intensity at a certain level of velocity.
The result is quite similar to a Doppler velocity-time curve which is attractive in
this use case. It was found that in generating the quantitative velocity-time
curve used for the determination of the peak velocity, instead of using the
maximum velocity in each timeframe, using the 98th percentile of all velocities
could reduce the noisiness of the signal, which would otherwise be jagged and
rough in appearance.

Many other methods were considered but abandoned. The velocity-time curve
was generated from one, four, or nine pixels in a square shape with the highest
velocity in the entire recording. The square shape was allowed to move between
timeframes, moving towards a higher velocity with various constraints. Once all
peak inflow velocities are found, the respiratory variation can be determined.
This problem is also non-trivial. Should only one respiratory cycle be considered,
many respiratory cycles averaged, and if so how many, or the maximum and
minimum velocities within a certain predetermined time used for the calculation,
and if so during what amount of time. In Study lll and IV, simplicity was chosen,
and the entire 30-second recording was considered. The correct methodology
will ultimately be found when evaluated in clinical patients with constrictive

pericarditis or hemodynamically significant pericardial effusion.
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5.6 Repeatability and reproducibility

Study IV, assessed the test-retest repeatability and inter-observer
reproducibility of ventricular interdependence, quantified as respiratory variation
in mitral and tricuspid early filling velocities using RT-PC CMR. Notably, there are
no existing studies on test-retest or inter-observer reproducibility for ventricular
interdependence using any metrics, whether through invasive pressure

measurements, pulsed wave Doppler echocardiography, or phase-contrast CMR.

The most relevant comparisons to Study IV are studies on echocardiographic
Doppler measurements of diastolic function. The few available studies concern
intra- and inter-observer reproducibility rather than test-retest repeatability (19,
20). One study did investigate test-retest repeatability, but it used diagnostic
algorithms rather than specific measures like early inflow velocity (21). Another
relevant study examined the test-retest repeatability of diastolic function
parameters, including the ratio of mitral peak early and atrial inflow velocities
(E/A-ratio) (22). This measure can offer a comparison to our study, as both
involve assessing two peak velocities. However, it must be emphasized that
these two measures are not identical as it can be more challenging to measure
the peak atrial inflow velocity compared to the peak early inflow. The E/A-ratio is
further measured during breath-hold in contrast to respiratory variation during
free breathing in Study IV. The authors reported a strong ICC of 0.94 for the
E/A-ratio at the mitral leaflets, and a slightly lower ICC of 0.76 at the annular
level, which aligns with our findings. Another study indicated a mean absolute
error of 22% for the E/A-ratio, compared to our 13% and 7% for mitral and
tricuspid respiratory variation (23). A separate study on phase contrast CMR of
relevance reported good to excellent test-retest repeatability for cardiac blood

flow, specifically right ventricular systolic outflow (24).

The test-retest repeatability is much greater than the inter-observer
reproducibility in Study IV. This is also the case in the study that estimated both
in the setting of diastolic function and echocardiography (22). For CMR and
echocardiography, performing data collection in the same conditions but at two
different time points, assuming the physiology is unchanged, will likely cause
more variability than two different observers analyzing the same collected data.
This will likely hold for any quantitative technique. It is, therefore, quite surprising
that test-retest repeatability studies are lacking in favor of inter-observer
reproducibility studies. This is likely because performing data analysis twice is

usually easier and more convenient than collecting the data twice.



The excellent inter-observer reproducibility in Study IV is likely due to the semi-
automatic nature of the software tool. An inappropriately delineated ROI of the
mitral or tricuspid orifice will result in a spectral plot and velocity-time curve that
will provide correct peak velocities as long as one tricuspid ROl does not overlap
the mitral or include noisy signals from outside the myocardium. As such the
geometry of the ROI does not have to be as precise as in, for example,
segmentation of the left ventricle. If one, four, or nine connected pixels in the ROI
were chosen by the user or by other means to construct the velocity-time

curve, the inter-observer reproducibility would likely be worse.
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6 Conclusions

Based on results from all studies, the main overall conclusion of this thesis is that
CMR has the potential to become a useful tool in the evaluation of pericardial
effusion and constrictive pericarditis. Both molecular imaging evaluation of
effusive fluids and hemodynamic evaluation of ventricular interdependence is
feasible using CMR. The technical prerequisites, T mapping, and phase contrast
sequences are available on most commercial clinical MRI scanners, and the

software needed is open-source.

The conclusion of Study | is that intravenous extracellular GBCA is excreted into
both pericardial and pleural effusions in all patients. Compared to pleural
effusions, pericardial effusions had a lower native T], consistent with lower
relative fluid content in relation to other components such as proteins and more

prominent early excretion dynamics.

The conclusion of Study Il is that T1 can be reliably measured at 1.5 T in a normal
volume of pericardial fluid in healthy volunteers, and normal reference values are

presented.

The conclusion of Study lll is that semi-automatic analysis of magnetic
resonance RT-PC flow measurement is feasible and can be used to evaluate
diastolic ventricular interdependence by measuring the respiratory variation in
mitral and tricuspid early inflow velocities. Normal reference values are

presented.

The conclusion of Study IV is that the proposed method developed in Study lll
to measure ventricular interdependence by quantifying respiratory variation in
mitral and tricuspid peak early inflow velocity has an acceptable test-retest

reliability. The inter-observer reproducibility is excellent for both.
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7 Points of perspective

The clinical implications of this thesis are not immediately obvious. The benefit
of placing a patient with a life-threatening medical condition, pericardial effusion,
in an MRI scanner is not immediately clear. It is advisable to get a quick cursory
point-of-care echocardiogram. However, a pericardial effusion is a common
secondary finding in CMR scans. In one study it was found that 0.8% of persons
undergoing CMR scans had a secondary finding of a pericardial effusion that was
clinically significant. Being able to immediately provide some additional
information as to the etiology of the effusion, perhaps transudate or exudate and
the hemodynamic significance of the effusion is desirable. This thesis has not
provided definite means to do this, but it has set the groundwork for future
studies that hopefully will. Patients are often referred to the CMR lab with the
question of constrictive pericarditis, but an assessment of ventricular
interdependence using RT-PC is rarely performed. This thesis has shown that a
simple, semi-automatic analysis of RT-PC images is feasible and could be
included in the workup of constrictive pericarditis with ease. There is still much
to be done, only one study has shown that T1 mapping can be used to separate
transudates from exudate pericardial effusions (114). Results that need to be
replicated. Phase contrast imaging, although an old technique, is still evolving.
Increasing the temporal resolution of the signal is key in correctly characterizing
the changing velocities in the blood flow.

Examples of venues and questions for future research:

l. Does contrast dynamics have any diagnostic value?

Il. How does diuretic treatment change the T1 value of effusion fluid?

M. Is native T1 mapping inferior to the Light criteria?

V. How well does the respiratory variation in transvalvular velocity
measured using RT-PC determine the hemodynamic significance of a
pericardial effusion compared to Doppler echocardiography?

V. How should the imaging plane be prescribed in phase contrast imaging
to be as repeatable and reproducible as possible?

VL. How confounding are asthma and chronic obstructive pulmonary
disease to measurements of ventricular interdependence using
respiratory variation?

VIl.  Does decompensated heart failure affect the respiratory variation due
to increased respiratory effort?
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VIIl.  How does RT-PC compare to Doppler echocardiography as a

technique to characterize diastolic filling?

IX. Is it possible to calculate the respiratory variation inline on the
scanner?
X. How short must the TR and TE in phase contrast imaging be to match

the performance of Doppler echocardiography?

Xl. How fast can we go? What is the smallest temporal resolution
possible?
Xll.  What is the most repeatable and reproducible way to construct the

velocity-time curve?

Xlll.  Is in-plane better than through-plane velocity encoding to measure
respiratory variation in transvalvular peak inflow velocities

XIV. s it possible to make a respiratory resolved free breathing phase
contrast pulse sequence specifically to measure respiratory variation
in transvalvular peak inflow velocities?

XV. lIsit possible to use real-time imaging to derive other measurements of
ventricular interdependence that are better than respiratory variation?

XVL.  Is an m-mode line on the septum useful?

XVII.  Canright atrial strain be used?

XVIII.  Can Tirho be used to characterize effusion fluid?

XIX.  Can T2 mapping be used to characterize effusion fluid?

8 Catharsis

Catharsis, traditionally associated with the emotional release and purification in
the realms of art and psychology, here serves as a metaphor for the agony
inherent in the scientific process. This section will provide a candid examination
of the various challenges, missteps, and lessons learned throughout the course
of this research. It aims to shed light on the realities of scientific inquiry, an
inherently iterative process where hindsight often reveals missed opportunities
and alternative paths. By critically analyzing what went wrong and contemplating
how different choices could have led to varied outcomes, this introspection aims
not only to inform future research endeavors but also to provide a personal

therapeutic acknowledgment of the imperfections present in this thesis.

8.1 Underestimating the Time Required and Difficulty of a Task

Study IV of this thesis was originally planned to be a trial by fire of the method

developed in Study lll. The general goal was to recruit patients with



hemodynamically significant pericardial effusion determined by Doppler
echocardiography and perform a short CMR exam, including through-plane RT-
PC, measure the respiratory variation by both methods and compare. It turns out
to be problematic recruiting unstable patients to undergo CMR in a clinical
setting. The first naive approach was to discuss the study with the clinicians on
the floor and arrange for them to inform the author if a patient that could be
included was available. This failed as the situation for the clinicians on the floor
turned out to be stressful and hectic and required their utmost attention. There
is no bitterness in this realization but rather a pride in the knowledge that the
patient is ultimately what matters to us, physicians. The patient had often left
the Unit of Clinical Physiology if and when the author was informed of their
existence, visiting the ward and finding the responsible physician, making sure
everyone was satisfied with the level of patient monitoring available in the CMR
lab, informing the patient about the study, allowing them time to digest the
patient information, have lunch, go to the bathroom, have the nurse disconnect
the intravenous catheter, assuring access to the scanner in between clinical
patients, transporting the patient from the ward to the scanner and performing
the scan proved to be quite time-consuming. As the author was a physician at
the time, one solution was to screen all echocardiography referrals for pericardial
effusion. The key would have been to talk to the technicians performing the echo
to be informed at the exact moment the effusion was discovered. Unfortunately,
the time is up. This study is currently up for adoption upon reasonable request
to the author.

8.2 Failure to Collaborate

The original idea was for Study Il to be a correlation study between the results of
biochemical analysis of pleural and pericardial effusions and T1 mapping. An
ethical application was written but not submitted, and meetings were had with
persons from various departments to create the infrastructure needed for the
study. An enthusiastic person was interested in collaborating. However, prior
engagements, i.e, medical school and a part-time job, meant the author had to
focus his attention elsewhere. Excited and ready to go the author resumed the
project. It turns out the enthusiastic person has now quit. A short discussion
later, it was clear that the requirements desired by the department were quite
possibly deliberately designed to be so Kafkaesque so the project would never

be able to proceed. It was surmised that there was no real interest in the study
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and the project was abandoned. This study is also available for adoption upon

reasonable request to the author.

8.3 You Cannot Pop a Burned Popcorn

In Study |, two readers performed segmentation in the T1 maps of pericardial and
pleural effusion fluids. The split was strictly 50-50, and there was no overlap. A
subset could easily have been analyzed by both and inter-observer
reproducibility derived. The same argument holds for Study II.

When designing Study ll, it was not realized by the author that the contrast
agent used in Study |, had been superseded by a new one. This made comparing
contrast dynamics between patients and healthy volunteers problematic and

meant that only a subset of results were published.

In Study I, for technical reasons, the timing of the early imaging post-contrast
also differed considerably between the patients and healthy volunteers, which
could have easily been addressed beforehand. This meant the precious
effusion-volume-independent early-to-late contrast concentration ratio (AR1
early/AR1 late) could not be compared between the patients and healthy

volunteers.

In Study IV, it was realized after data analysis, that to be free of confirmation
bias, a predetermined clinically acceptable level of disagreement between two

measurements of respiratory variation should have been set.

8.4 Sometimes Grit is not Enough

My involvement in the Karolinska CMR group started as a summer project
devoted to applying the principles of the parametric diastolic filling formalism
(132) to RT-PC images. The idea was to design software to fit the velocity-time
curve of mitral diastolic filling to an equation modeling the filling as a dampened
harmonic oscillator. You had me at curve fit! It was a great learning experience
and a great introduction to CMR. The hours spent trying to squeeze out the
maximum temporal resolution from the RT-PC pulse sequence and
simultaneously trying to find the optimal way to construct the velocity-time
curve from the time-varying pixel intensities in the segmented mitral orifice
cannot be understated. It just does not work, yet.
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