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ABSTRACT

Aortic valve regurgitation (AR) occurs when the valve fails to close properly,
allowing blood to flow back into the left ventricle during diastole. This puts extra
strain on the heart and, over time, can lead to damage and reduced heart function.
Phase contrast magnetic resonance imaging (PC-MRI) is considered an accurate
method to assess the AR severity. In some cases, though, complex blood flow,
through-plane heart motion, and the presence of metal implants may affect the
diagnostic certainty. This thesis aims to determine if and how these factors
influence the assessment of AR severity and to develop new potential biomarkers
for AR patients using PC-MRI.

In Paper I, the blood flow was characterized in detail in patients with chronic AR
using PC-MRI. The results showed that patients with larger aortas and greater AR
displayed more skewed and complex flow in the ascending aorta.

Paper II determines the influence of complex blood flow on PC-MRI in the
ascending aorta of patients with chronic AR. The results showed that flow
complexity varied with (measurement) position and that a more complex flow was
associated with lower measurement repeatability.

Paper III determines the influence of through-plane heart motion on the PC-MRI
in the ascending aorta in patients with chronic AR. The results showed that such
motion errors can lead to underestimation of AR severity, particularly in patients
with large aortas.

Paper IV evaluates the potential of assessing AR severity using PC-based
biomarkers in the descending aorta of patients with chronic AR. With such



biomarkers, significant and non-significant AR could be separated with high
diagnostic certainty.

Paper V uses a flow phantom to evaluate the effect of dynamic susceptibility
changes due to the movement of metallic aortic valve protheses during the PC-MRI
acquisition. The results showed that such effects can further lead to
underestimation of the AR severity.

In summary, this thesis shows that complex flow, through-plane heart motion,
and dynamic susceptibility changes can affect the assessment of AR severity using
PC-MRI, particularly in patients with dilated aortas. Furthermore, PC-MRI
biomarkers in the descending aorta can be used as a supportive reference and
thereby improve the diagnostic certainty for patients with chronic AR.

Keywords: aortic regurgitation, phase contrast MRI, diagnostic certainty,
biomarkers, complex flow, through-plane heart motion, descending aorta,
susceptibility.
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SAMMANFATTNING PA SVENSKA

Aortaklafflickage uppstar nar klaffen inte sluter tétt, vilket gor att blod fran aortan
lacker tillbaka till vanster kammare under diastole. Detta 0kar belastningen pa
hjartat och kan med tiden leda till skador och forsamrad hjartfunktion.
Flodesmdtning med magnetisk resonanstomografi (MR) anses vara en noggrann
metod for att méta aortaldckaget och bedéma dess svarighetsgrad. I vissa fall kan
dock komplext flode, hjartrérelse genom métplanet och narvaro av metallimplantat
paverka den diagnostiska sikerheten. Denna avhandling syftar till att avgéra om
och hur dessa faktorer begriansar bedomningen av klafflickagets svarighetsgrad
och att utveckla nya potentiella biomarkorer for patienter med aortaklafflackage
med hjélp av MR-flodesmétning.

I studie 1 karaktdriserades blodflodet i detalj hos patienter med kroniskt
aortaklafflickage med hjilp av MR-flodesmétning. Resultaten visade att patienter
med storre aortor och uttalat lickage uppvisade mer skevt och komplext flode i
aorta ascendens.

I studie 2 bestamdes paverkan av det komplexa blodflodet pd MR-flodesmétningen
i aorta ascendens hos patienter med kroniskt aortaklafflédckage. Resultaten visade
att komplext flode ar associerat med lagre repeterbarhet i métningarna, vilket i sin
tur var kopplat till métposition.

I studie 3 undersoktes paverkan av hjartats rorelse genom planet pa MR-
flodesmatningen i aorta ascendens hos patienter med kroniskt aortaklafflickage.
Resultaten visade att sadana rorelsefel kan leda till en underskattning av
aortaklafflickagets svarighetsgrad, sarskilt hos patienter med stora aortor.

[ studie 4 utvirderades mojligheten att bedoma aortaklafflickagets svarighetsgrad
med hjdlp av MR-baserade biomarkorer i aorta descendens hos patienter med
kroniskt aortaklafflickage. Med sddana biomarkérer kunde signifikant och icke-
signifikant aortaklafflickage sirskiljas med hog diagnostisk sikerhet.

I studie 5 anvindes ett flodesfantom for att utvirdera effekten av dynamiska
susceptibilitetsférandringar orsakade av rorelsen hos metalliska aortaklaffproteser
under MR-flédesmitningen. Resultaten visade att sddana effekter kan leda till
ytterligare underskattning av aortaklafflickagets svarighetsgrad.

Sammanfattningsvis visar denna avhandling att komplext flode, hjartrorelse
genom madtplanet och dynamiska susceptibilitetsférandringar kan forsamra
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bedomningen av aortaklafflickagets svarighetsgrad vid anvdndning av MR-
flodesmatning, sarskilt hos patienter med dilaterad aorta. Vidare kan biomarkdrer
baserade pa MR-flodesmétning i aorta descendens anvandas som ett stodjande
kriterium och darmed forbattra den diagnostiska sakerheten for patienter med
kroniskt aortaklafflickage
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Al Artificial intelligence

AR Aortic regurgitation

BAV Bicuspid aortic valve

BFV Backward flow volume

ECG Electrocardiogram

FD Flow displacement

FFV Forward flow volume

HFR Holodiastolic flow reversal

LV Left ventricle

MRI Magnetic resonance imaging

MD Mean difference

PC Phase contrast

PC-MRI Phase contrast magnetic resonance imaging
PVL Paravalvular leakage

RF Regurgitant fraction

RFpa Regurgitant fraction measured in the descending aorta
RVol Regurgitant volume

RVolpa Regurgitant volume measured in the descending aorta
SD Standard deviation

SNR Signal-to-noise ratio

SV Stroke volume

TAV Tricuspid aortic valve

TAVI Transcatheter aortic valve implantation
VNR Velocity-to-noise ratio

2DE Two-dimensional echocardiography
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INTRODUCTION

Chronic aortic regurgitation (AR) is a cardiovascular condition characterized by
improper closure of the aortic valve, allowing blood to leak back into the left
ventricle during diastole. This condition may result from primary pathology of the
aortic valve or from abnormalities in the surrounding structures, including the
aortic root and ascending aorta. In the Framingham Heart Study the prevalence of
AR was 4.9%, with moderate to severe regurgitation observed in 0.5% of the study
cohort. AR was more common in men, with an observed prevalence of 13%,
compared to 8.5% in women [1]. The incidence and severity of AR tend to increase
with age, with a peak occurring between the fourth and sixth decades of life [2].

Chronic AR leads to increased left ventricular volume, resulting in elevated preload
and afterload. If left untreated, this progressive overload induces left ventricular
dilation, hypertrophy and eventually dysfunction [3]. Echocardiography remains
the primary modality for AR assessment. However, magnetic resonance imaging
(MRI), currently used for second-line diagnosis, can offer comprehensive
evaluation [4,5].

Phase contrast magnetic resonance imaging (PC-MRI) can directly measure the
blood flow velocity and direction over time. Typically, the imaging is performed in
a through-plane orientation at the ascending aorta to assess AR severity. Flow
measurements across the aortic plane generate time-resolved flow curves, which
are integrated to calculate stroke volume (SV), cardiac output, regurgitant volume
(RVol), and regurgitant fraction (RF).

PC-MRI is considered to be a reliable and accurate method [4]. However, complex
flow is a potential source of error when assessing AR with the PC method. It is
known that in patients with bicuspid aortic valve (BAV) and aorta dilation, the flow
profile becomes complex with concomitant asymmetric and vortical flows [6-8].
The extent to which this influences the AR assessment has not previously been
studied. Thus, there is a need to investigate how complex flow affects the
assessment of AR using the PC method. There is also a need to increase the number
of biomarkers for patients with AR for an improved treatment decision. Both the
flow rate and blood flow dynamics, as well as the heart motion differ greatly
between individuals and can change over time for each individual and, thus, may
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influence the diagnostic certainty of AR [9]. On the other hand, individually
dependent measures may be used as new individual biomarkers and supplement
conventional measures, currently used to assess the severity of AR. i.e., RVol and
RF.

Symptomatic patients with severe AR undergo valve surgery that could include
insertion of a stented aortic valve prosthesis. Some of these patients need to be
followed-up with MRI. Then, the susceptibility effect of the metal in the prostheses
could locally distort the magnetic field and thus have an influence on the diagnostic
certainty.

One problem, both nationally and internationally, has been that patients with AR
undergo treatment late in the course of the disease, which adversely impacts the
prognosis of these individuals. Furthermore, there are currently no modality or
method specific guidelines, but research indicates that surgery can be justified in
asymptomatic patients if there is evidence of cardiac dysfunction [10]. This sets
higher demands on the diagnostic method, as the benefit of the treatment may be
lost if patients, with incorrect assessment, unnecessarily or prematurely undergo
surgery. Unfortunately, late complications are not uncommon, and continued
expert care of patients after surgery is required. Thus, there is an increasing need
for non-invasive and radiation-free MRI examinations, where long-term follow-up
with PC-based risk factors is believed to improve the diagnosis and prognosis of
these individuals.

Today, MRI is used to determine the size of the leakage when the results of
echocardiography are not conclusive. When assessing AR patients with this
modality, however, there are some challenges [9,11-15], addressed in this thesis to
increase the understanding of PC-MRI and improve the reliability of PC-MRI for
assessment of AR severity.

CHRONIC AORTIC REGURGITATION

ETIOLOGY

Chronic AR is mainly caused by conditions that affect the aortic valve or the aorta
itself, leading to its inability to close properly. The most common causes of chronic
AR are congenital BAV and dilation of the aortic annulus or thoracic aorta that
causes structural abnormalities in the valve and impairs its function (Figure 1) [1].

Figure 1. Illustration of aortic regurgitation in a bicuspid and a dilated tricuspid aortic valve (middle
and right column). The left column shows a normal tricuspid aortic valve with proper closure and no
regurgitation. The upper panel presents superior views, while the lower panel provides lateral views
of the aorta.

Another major cause is rheumatic disease, which primarily affects the
atrioventricular valves causing fibrotic tissue and commissure fusions, resulting in
valve dysfunction. Rheumatic AR is due to tissue retraction, often with a central
non-severe regurgitation that is usually stable over time. This may create a central
defect in the aortic valve, leading to AR [16]. Aortic root dilation due to conditions
such as hypertension or Marfan syndrome can also cause AR by expanding the
aortic root, reduce coaptation and preventing proper valve closure. In addition,
infective endocarditis can damage the aortic valve, leading to regurgitation. Rarely,
trauma or aortic dissection may contribute to the development of chronic AR [2].
Over time, AR can lead to ventricular dilation and heart failure if left untreated.
Timely intervention is crucial to prevent long-term complications and improve
prognosis.
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PATHOPHYSIOLOGY

In chronic AR, the left ventricle (LV) adapts through gradual enlargement. As
regurgitant blood fills the LV, its end-diastolic volume increases, leading to higher
wall tension (Laplace’s law) [17]. To compensate, the LV undergoes muscle
hypertrophy, maintaining systolic function and preventing a sudden rise in
pressure.

Over time, worsening AR leads to excessive LV dilation and hypertrophy, interstitial
fibrosis, and reduced compliance. This results in increased end-diastolic pressure,
declining systolic function, and lower effective stroke volume and cardiac output
[16].

SYMPTOMATOLOGY

In the early stages, patients with chronic AR may remain asymptomatic, but as AR
worsens, symptoms emerge, including shortness of breath, fatigue, palpitations
(fast, irregular, or forceful heartbeats), and sometimes chest pain due to reduced
coronary perfusion [18]. Severe AR can lead to heart failure, characterized by
difficulty breathing when lying down, nighttime shortness of breath, and leg
swelling [2]. The widened pulse pressure results in characteristic signs such as
bounding pulses (strong, forceful heartbeats) and head bobbing (de Musset’s sign—
head movement in sync with the heartbeat) [2].

GRADING AR SEVERITY

AR patients are identified through clinical examination, including auscultation for
murmurs and assessment of symptoms [2]. Echocardiographic grading is
performed using quantitative measures (RVol, RF, effective regurgitant orifice
area), semiquantitative measures (vena contracta, jet width, pressure half time),
and qualitative assessment (LV dilation, color Doppler jet characteristics,
prominent diastolic flow reversal in the descending aorta) [19]. When findings
from echocardiographic are discongruent and the grading is inconclusive or when
images are suboptimal, the cardiovascular MRI is used. Generally, cardiovascular
MRI provides accurate and reproducible measures of RVol and RF, as well as
assessment of aortic morphology, LV volume, and LV systolic function [20].

Frida Truedsson

MANAGEMENT

Management of chronic AR depends on its severity, symptoms, and impact on
cardiac function. In mild cases, regular monitoring and medical therapy, to reduce
systolic pressure and improve forward flow, may be sufficient [20-22]. Patients
with moderate AR are followed clinically and referred to echocardiographic
examinations regularly. For severe or symptomatic cases, surgical options such as
aortic valve replacement or repair are often necessary [20].

PC-MRI

Phase contrast imaging utilizes the MRI signal to visualize and quantify velocity.
The technique relies on the phase of the MRI signal. By applying bipolar field
gradients, phase shifts are encoded and directly correlated to the proton velocity to
reconstruct velocity maps that display the blood flow velocity pixel-by-pixel. As
such, the velocity maps display hemodynamical conditions in detail, allowing for
the evaluation of flow patterns, volumes, and velocities within the cardiovascular
system.

MRI PHYSICS

Most MR images are based on the amplitude of the signal, where brighter or darker
areas correspond to stronger or weaker signals from different tissues. However,
MRI signals also contain frequency and phase information, which is usually not
displayed in standard images. The local Larmor angular frequency depends on the
magnetic field, local susceptibility, and local gradients at a given time. Over time,
the protons change their angular phase, causing a phase change in the signal. This
phase shift can be displayed in phase images, where pixel intensity reflects phase
differences instead of signal amplitude. To interpret phase images, the data must
be compared to a reference to determine the velocity relative phase shift.

PRINCIPLES

Magnetic field gradients impose a position dependent phase shift on protons. The
dephasing caused by the application of one gradient can be reversed by another
gradient with equal magnitude but opposite polarity. This gradient pair with
opposing polarity is known as bipolar gradient. The effect of bipolar gradients on
protons varies depending on whether they are stationary or in motion along the
gradient direction. This phase difference forms the basis for PC-MRI and is utilized
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to generate contrast between moving protons (such as blood in vessels or the heart)
and stationary protons (typically found in soft tissues) [23].

As illustrated in Figure 2, a bipolar gradient results in no net phase shift for
stationary protons since the magnetic moment of the dephasing (positive) and
rephasing (negative) gradient are equal (ignoring T2" decay) [23]. However, if a
proton moves while the bipolar gradient is applied, the dephasing will not be fully
reversed by the rephasing gradient (Figure 2). For example, if a proton moves from
the neck to the pelvis during application of the bipolar gradient, the following
occurs: When the positive gradient is applied, the proton in the neck experiences a
stronger magnetic field, resulting in a positive phase shift relative to the isocenter
of the magnet. By the time the negative rephasing gradient is applied, the proton is
positioned in the lower abdomen and pelvis. Therefore, during the rephasing
gradient, the proton continues to accumulate positive phase. At the end of the
bipolar pulse, the moving proton will have a large positive phase shift compared to
the stationary protons. The phase gain is directly proportional to the proton's
velocity along the direction of the applied gradient (Equation 1).

Ap = yvAM, 1

Where A@ is the phase shift, y is the gyromagnetic ratio, ¥ is the proton velocity,
and AM, is the change in the gradient moment. AM1 is directly proportionate to the
accumulation of gradient amplitude over the course of time and thereby, the phase
shift directly proportional to the gradient strength. In a real PC-MRI measurement
the distance traversed by protons in vivo is much smaller, in the order of
millimeters.

If the proton moves slower and travels from the neck to the abdomen, it will
accumulate a positive phase shift during the positive lobe of the gradient. During
the reversed gradient, rephasing at the isocenter of the magnet will be minimal. As
a result, at the end of the bipolar pulse, the slower proton will still have a positive
phase shift relative to stationary protons, but smaller than that of a faster-moving
proton [24]. On the other hand, if the proton moves in the opposite direction, such
as in the veins, its relative phase will be negative compared to the center of the
magnet. During the reversed gradient, rephasing will remain minimal, leading to a
net negative phase shift for the venous proton (Figure 2).

Frida Truedsson

No1.49T 1497 L
h rd
Y 7’

Stationary Proton

F 5 S F
@ —
£ 3
= ™ Nonet
phase shift
Arterial Proton
E S S F
\
£ J 5
E 3 MNet positive
e \ ® phase shift
(+135°)

Venous Proton

Net negative

S
—
o 1
phase shift

T (-90°)

Figure 2. How a bipolar gradient induces a net phase shift in moving protons and no phase shifts in
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stationary protons. When positive and negative gradient lobes are applied, protons precess at
relatively fast (F) and slow (S) rates depending on their position along the gradient. If the areas under
the positive and negative lobes are equal, stationary protons experience no net phase shift. However,
moving protons accumulate a phase shift during both gradient lobes, resulting in a net phase shift.

In summary, stationary protons accumulate no net phase shift following the
application of bipolar gradients, provided that each lobe has equal and opposite
gradient moments. The phase shift accumulated by moving protons is directly
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proportional to the speed of the protons moving in the direction of the bipolar
gradient. The phase shift also depends on the direction of the flow. As illustrated in
Figure 2, arterial and venous protons accumulate phase shifts with opposite signs,
reflecting the opposing flow directions. The exact relationship between phase shift
and proton velocity can be calculated for a given bipolar gradient (Equation 1).

In this way, PC-MRI can convert maps of phase shifts into velocity maps.
Furthermore, a phase shift is only accumulated for moving protons if they are
moving in the direction of the gradient. The direction of the bipolar gradient is
referred to as the velocity-sensitivity direction or velocity-encoding direction.
Hence, protons moving perpendicular to the gradient will not experience phase
accumulation.

INHOMOGENEITIES

Local magnetic field inhomogeneities also introduce phase shifts that are
indistinguishable from those caused by motion. This poses a major challenge for
the PC flow quantification. In an ideal, perfectly homogeneous magnetic field, a
stationary proton would experience no net phase shift after the application of a
bipolar gradient. However, inhomogeneities in the magnetic field cause stationary
protons to accumulate phase shifts, leading to inaccurate velocity measurements.

To correct for such confounders, the PC acquisition is typically performed twice:
first with a bipolar gradient and then with an inverted bipolar gradient (Figure 3).
By subtracting the resulting datasets, phase shifts due to magnetic field
inhomogeneities are effectively eliminated, ensuring that only motion-related
phase shifts remain. This approach is essential for achieving accurate velocity
quantification in PC-MRI.
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Figure 3. The effect of two flow-encoded gradients on moving protons to remove phase shifts caused
by factors unrelated to motion. As the phase shifts of moving protons have opposite signs for the two
flow-encoded gradients, the net phase shift is effectively doubled in the subtraction of their resulting
signals.

However, the two acquisitions do not have to be conducted using mirrored bipolar
gradients. In some commercial MRI systems, the velocity maps are generated using
a flow-encoded and a flow-compensated acquisition (Figure 4). In similar to the
case when you have two flow-encoded gradients with opposite polarity, phase
errors arising from various sources of phase errors will be minimized in the
subtraction [23].
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Figure 4. Illustration of a PC-MRI pulse sequences that utilizes a a) flow-encoded and a b) flow-

compensated gradient to minimize the effect of confounding phase errors due to e.g., magnetic field
inhomogeneities.

VELOCITY ENCODING

In PC-MRI, the measured phase shift corresponds to the velocity of the proton.
However, the phase can be explicitly determined only between o° to 360°. As a
result, the MRI scanner cannot separate between a phase shift of 405° and 45¢, or
between —270° and 9o° (Figure 5).

@=405°  @=45°

4

@ =-270° @ =90°

=

Figure 5. Illustration of aliasing. A phase angle (@) of 45° is indistinguishable from a phase angle of
405° (top). That is, a system designed to measure phase shifts will detect a shift of 45° in both cases.
The same principle applies to negative angles. A phase angle of -270° appears identical to a 9o° angle
(bottom). Since velocity encoding is used to differentiate forward and backward flow, the measurable
phase shift of a proton is limited to a range of -180° to 180° (or - to 7).
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To be able to separate between flow in forward and backward directions, the
gradient moment of the bipolar gradient is adjusted so that the moving protons are
limited within the range from -180° to 180°. Any angle measurements exceeding
+180° will be aliased and inaccurately displayed. Thus, for a specific gradient
moment, there is an upper limit in velocity where aliasing occurs. This velocity is
referred to as the encoding velocity (venc). Since this value is inversely proportional
to the gradient moment, the venc can be increased by reducing the gradient
moment and decreased by increasing it (Equation 2) [24].

T
yAM;

venc =

Where 7 is the phase angle expressed in radians (7 corresponds to 180°). The trade-
off is that if the venc is too high, the velocity-to-noise ratio (VNR) for small velocities
will degrade according to equation 3.

Where SNR is the signal-to-noise ratio. Therefore, it is important to know
approximately what velocity to expect to optimize the venc for a certain PC-MRI
measurement. The venc is chosen by the operator and measured in centimeters per
second and is recommended to be within 25% larger than the expected flow

velocity [23].

TIME-RESOLVED ACQUISITION

To be able to measure pulsatile arterial flow accurately, time-resolved or
multiphase PC-MRI sequences are generally used. Flow data is collected during
breath-holds using sequences segmented across multiple heartbeats [25]. For
example, if 4 phase encoding lines (views) are acquired per heartbeat, then during
the first R-R interval, flow-compensated and flow-encoded views 1-4 are
repeatedly sampled to capture approximately 30 cardiac phases. In the second R-
R interval, views 5-8 are acquired, and this process continues until the datasets for
both velocity-compensated and velocity-encoded data are complete. The final
velocity maps are reconstructed using view sharing to improve temporal resolution
[26-28].
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BLOOD FLOW ANALYSIS

CONVENTIONAL ANALYSIS

Figure 6 displays the images that are generally reconstructed from the PC-MRI
dataset (Figure 6b, c). Besides several velocity maps at different time points over
the cardiac cycle (Figure 6¢), magnitude images are reconstructed to display the
blood vessel anatomy (Figure 6b). Guided by the magnitude image, the vessel
boundary is outlined to calculate the blood flow volume through the vessel. Usually,
a semiautomatic tool is used to delineate the vessel boundary and propagate the
delineations (so called region of interests, ROIs) across all time frames of the
cardiac cycle (Figure 6b, c). The change in flow rate over the cardiac cycle is then
calculated by integrating the velocities within the ROI across the time frames. From
the estimated flow rate change (Figure 7a), the forward flow volume is calculated
by integrating the flow rate over the systolic phases, the RVol by integrating the
flow rate over the diastolic phases, and the RF as the percentage of RVol relative to
the forward flow volume. The SV is calculated by subtracting RVol from the
forward flow volume.

DETAILED FLOW ANALYSIS

In clinical practice, PC-MRI can be used to detect changes in blood hemodynamics
due to different cardiovascular diseases. Generally, flow rate curves over the cardiac
cycle and clinically important flow measures are building the foundation for disease
assessment. Also, more detailed information can be extracted from the PC images.
For example, flow rate curves based on positive and negative velocities can be
plotted separately (Figure 7b). From such curves, systolic backward flow volume
(BFV) and diastolic forward flow volume (FFV) can then be calculated. Such
estimates can for example reveal localized hemodynamic flow [29]. Also, velocity
profiles (Figure 8), visualizing the velocity distribution over the vessel area at each
time point in the cardiac cycle, can be generated. From these profiles, the flow
displacement (FD) can be calculated as the distance between the center of the
lumen and the peak velocity, normalized to the vessel area [30]. Such measure has
been found to be a marker of outflow eccentricity and have been correlated with
vessel strain to monitor enlargement of the aorta in AR patients with BAV [31].
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Figure 6. Images showing a) the PC image plane positioned at the sinotubular junction, b) the resulting
magnitude image, and c) the velocity map. The aortic vessel boundary is delineated in both the
magnitude image and the velocity map.
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Figure 7. Images showing a) the net flow rate curve from conventional image analysis, and b) the
positive (orange) and negative (blue) flow rate curves from detailed flow analysis.

Figure 8. Images showing velocity profiles from detailed flow analysis, viewed a) from above, b) from
the side, and c) obliquely from the side. The velocity profiles from each time point in the cardiac cycle
are presented from bottom to top and left to right.
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POTENTIAL CONFOUNDERS

When properly optimized, PC-MRI is highly accurate for measuring blood flow and
velocity [12,32-34] but requires careful parameter selection and sometimes post-
processing to minimize artifacts. As already mentioned, velocity aliasing can
significantly distort the velocity quantification if the chosen venc is too low.
Conversely, a high venc reduces sensitivity to slow flow. PC-MRI measurements
have also been shown to be sensitive to partial volume effects, especially when the
vessel size is limited to only a few pixels [35-37] .

Residual phase errors caused by gradient eddy currents, along with concomitant
field and gradient field distortions, affect the entire image, leading to erroneous
nonzero velocity values in stationary tissue and suboptimal flow quantification
[38,39]. Although several studies have explored different correction methods [40-
42], there is no consensus on a universal correction protocol [43]. Most
postprocessing software includes automatic background correction based on
stationary tissue values [23].

Failing to prescribe a plane perpendicular to the flow leads to inaccurate velocity
quantification since the calculated velocity represents the vector perpendicular to
the measurement plane. Specifically, deviations from true perpendicularity reduce
the measured velocity by the cosine of the angle [35,44]. However, the cross-
sectional area of blood flow increases with the inverse of the cosine of the angle,
theoretically compensating for the angulation error in flow volume measures
[35,44]. In the presence of partial volume effects, however, the error will persist.
Studies show that the error in the measured volume flow rate remains below 10%
if the ratio of voxel side to vessel radius is less than 0.5 [35].

Further, the AR volume may be significantly underestimated due to trough-plane
heart motion [45-47]. The error can be quite extensive if the root is dilated and
mobile [13,48]. During systole, the heart moves in direction towards the apex,
opposite to systolic aortic flow, introducing a velocity bias in PC-MRI since the
imaging plane remains fixed. This bias can lead to outflow underestimation. The
motion of the heart in the opposite direction during diastole introduces a velocity
offset that may lead to underestimation of the valvular regurgitation, impacting AR
severity assessment [45].
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In addition, secondary flow such as turbulent or complex flow (e.g., near stenoses
or valves) may not be accurately captured due to signal dephasing [49]. Complex
flow also poses a challenge for the PC-MRI measurements due to the large variation
in flow across the vessel extension and time frames of the cardiac cycle. As a result,
the measured flow rate depends greatly on the position of the image plane and on
the complexity of the actual flow profile.

However, no specific imaging guidelines define the optimal position for the PC-MRI
measurement. The slice positioning must balance multiple inaccuracies including
distal Windkessel, coronary flow, proximal valve motion and signal loss [79, 80],
even if repeatability is high [81]. In practice, the imaging plane is often positioned
near the sinotubular junction, which is considered a good trade-off between these
inaccuracies (Figure 6a) [50].

Although the acquisition strategy, based on subtracting two differently flow-
encoded measurements, effectively reduces phase errors due to local magnetic field
variations in statical tissues, PC measurements near metallic implants remain a
challenge. The large magnetic field inhomogeneities caused by the metal-induced
susceptibility effect can lead to signal dephasing and, in some cases, complete signal
loss [51,52]. This limits the choice of measurement position. Dynamically changing
susceptibility effects may affect the PC measurements even beyond the visibly
affected artifact region.
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AIMS

This thesis investigates the influence of confounding factors on the assessment of
AR severity and develops new potential biomarkers for AR using PC-MRI.

The specific aims of paper I to V were:

L To evaluate whether regional and temporal analysis of PC-MRI in the
ascending aorta provides secondary flow parameters associated to

valve phenotype and aortic dimension in patients with chronic AR.

IL. To determine if and how complex flow influences the assessment of
AR severity in patients with chronic AR using PC-MRL

1. To determine the impact of through-plane heart motion on the
assessment of the AR severity in patients with chronic AR using PC-
MRI.

V. To evaluate the potential of assessing the AR severity in patients with

chronic AR using PC-based biomarkers in the descending aorta.

V. To determine whether PC-MRI is influenced by dynamic susceptibility
changes due to the heart contraction in patients with metallic aortic

valve protheses.
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PATIENTS AND METHODS

STUDY COHORT

Most patients in paper I-IV were prospectively included in a project that aimed to
compare echocardiography with PC-MRI based assessment of chronic AR and
mitral regurgitation, presented by Polte et al. [11]. Present work is part of that
project but is explicitly focusing on detailed evaluation of PC-MRI for the AR
assessment. For reference, healthy volunteers were included in paper I and III.
Additionally, a group of AR patients that was retrospectively included from the
clinical practice, was incorporated into paper IV to expand the sample size and
enable evaluation on typical clinical data sets. The inclusion criteria for
prospectively included patients were severe or moderate chronic AR. The exclusion
criteria were: =moderate regurgitation in any other valve, the presence of a cardiac
shunt, any other form of significant cardiac disease, and an irregular heart rhythm.
All gradings were based on two-dimensional echocardiography (2DE) in
accordance with current guidelines [53-55]. Twenty-six prospectively included
patients had indication for surgery based on current European guideline
recommendations [56]. These patients underwent surgery, and their benefit was
documented through reversed remodeling of the left ventricle and/or postsurgical
alleviation (clinical standard). Patients in the retrospective cohort were included
based on clinical indication, i.e., referred to MRI due to inconclusive
echocardiographic grading of AR. Exclusion criteria for these patients were:
presence of an aortic prosthetic valve and the presence of severe regurgitation in
any other valve. The inclusion criteria for the healthy volunteers were: no
symptoms or history of cardiovascular disease.

The studies were based on different combinations of the acquired scans to answer
the specific research question. Also, only patients with full data sets and acceptable
image quality were incorporated. Therefore, the number of patients differed
between the papers. In paper III, the first 34 consecutively included patients and 13
healthy volunteers were included.

Paper 1. The study comprised 40 patients with chronic AR, who were prospectively
included between 2012 and 2014 (mean age = 50 years, 6 females) and 22 controls
(mean age = 30 years, 14 females); see Figure 9.
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Paper I1. The study comprised 43 patients with chronic AR, who were prospectively
included between 2012 and 2014 (mean age = 50 years, 7 females); see Figure 9.

Paper III. The study comprised 34 patients with chronic AR, prospectively included
between 2012 and 2014 (mean age = 50 years, 6 females) and 13 controls (mean
age = 32 years, 7 females); see Figure 9.

Paper VI. The study comprised 43 patients with chronic AR who were
prospectively included (mean age = 52 years, 7 females), as well as 148 patients
who were retrospectively included based on clinical indication, between 2012 and
2018 (mean age = 48 years, 47 females), se Figure 9.

Paper V. This phantom study included no patients.
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Figure 9. Flowchart displaying subject inclusion and exclusion for paper I to IV.
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PHANTOM

In paper V, a novel phantom setup was developed to systematically investigate the
effect of dynamic susceptibility effects on PC-MRI. The setup included a flow
phantom mounted on a crank-slider mechanism to simulate heart motion (Figure
104, ¢, d). A ring of ferromagnetic material was attached around the flow tube at
the inlet of the flow phantom in order to create magnetic field inhomogeneities in
the fluid space (Figure 10b).
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Figure 10. Illustration of a) the flow phantom setup, b) the metal ring, c) the position of the image
planes (separated by 32 mm) relative to the metal ring, the front (solid line) and rear turning points
(dashed line), and d) a plot illustrating the position and velocity of the flow phantom over time during
a single motion cycle. The time axis is oriented vertically to align with the implied time axis. The front
and rear turning points are indicated by solid and dashed lines, respectively.

The image is adapted from work presented in paper V (manuscript), included in this thesis.
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MRI

PATIENTS MEASUREMENTS

The MRI examination was performed on a 1.5 T scanner (Achieva, Philips
Healthcare) using a five-channel phased-array cardiac coil. Cine-images were
acquired according to current guidelines [57]. First, whole-heart images were
obtained in the short-axis view from the atrioventricular ring to the apex, followed
by long-axis projections. All cine-images were acquired using balanced steady-state
free precession sequences.

PC-MRI with retrospective ECG gating was performed during expiratory breath-
hold, in accordance with current guidelines [57]. In the retrospectively included
patients, the PC-MRI was performed at the sinotubular junction. In the
prospectively included patients, PC-MRI was performed both at the level of the
sinotubular junction and 1 cm distally. Further, these measurements were repeated
to determine the variability in PC-MRI at these positions. All measurements
included the descending aorta. For indirect quantification of AR, PC-MRI was also
performed at the pulmonary trunk just above the pulmonary valve. In all
measurements, the imaging plane was aligned orthogonally to blood flow using
cine-image signal voids as guidance. The velocity encoding was optimized for
systolic flow, where adjustments were made if peak velocity exceeded or were
below 80% from the selected encoding. To prevent wraparound artifacts, phase
encoding was applied in the narrowest anatomic direction. Temporal resolution
was optimized by minimizing repetition time and the turbo factor. Background
offset compensation was used to reduce velocity offsets from eddy currents,
ensuring a velocity offset below the acceptance limit (0.6 cm/s) [58].

PHANTOM MEASUREMENTS

MRI was performed on a 3T whole-body scanner (SIGNA Architect, GE Healthcare)
using the AIR™ Coil MP L. Flow measurements were acquired with PC-MRI and
retrospective ECG gating (scan parameters are provided in paper V). PC-MRI was
measured at two positions along the flow tube, close to the inlet and 32 mm
downstream (Figure 10c), both with and without the metal ring attached.
Background offset compensation was not applied, but gradient slewing time was
increased by 0.4 ms to reduce eddy current phase offsets. To visualize local
magnetic field inhomogeneity caused by the metal ring, the phantom was imaged
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at rest using balanced steady-state free precession (scan parameters are provided
in paper V).

ECHOCARDIOGRAPHY

2DE was performed using Vivid E9 imaging system (GE Healthcare) or an iE33
(Philips Healthcare) equipped with a 2D sector array transducer, according to
current guidelines [53-55].

ANALYSIS

MRI

In the prospectively included AR patients, the first of the repeated PC
measurements at the level of the sinotubular junction was analyzed in detail in
paper I to determine systolic and diastolic FD, systolic BFV, diastolic FFV and RVol.
Systolic BFV and diastolic FFV were used to identify flow patterns, and together
with RVol, valve phenotype, and aortic dimension, these measures were evaluated
for their potential to predict FD. These PC measurements were also used in paper
Ill, where an in-house tool implemented on MATLAB (MATLAB 2016, The
MathWorks, Natick, 2016) was applied to correct for errors due to through-plane
heart motion. The tool utilized cine images to track the valve plane and adjust for
the motion-induced velocity errors. RVol and RF were extracted from the PC
images before and after through-plane heart motion correction. Difference in the
assessment of AR severity before and after the correction were finally determined.
The repeated PC measurements at the sinotubular junction and 1 cm distally were
analyzed in paper II to determine the effect of complex flow on the reliability of the
regurgitation measures RVol and RF. As an internal reference for AR, the difference
between left ventricular SV and pulmonary SV was also used. Patients were
categorized to have non-complex flow (NCF) or complex flow (CF) based on systolic
BFV. In paper IV, the PC measurements at the sinotubular junction as well as at the
descending aorta in the prospective patient cohort were first analyzed to determine
thresholds for RVol and RF in the descending aorta (RVolps and RFpa, see statistical
analysis). Then, the thresholds were validated in the retrospective patient cohort
(surveilled for AR at our clinic). For comparison, the presence of holodiastolic flow
reversal (HFR) was also evaluated. In paper V, PC measurements in the flow
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phantom, with and without the metal ring, were analyzed to study differences in
flow velocity and volume and determine the influence of dynamic susceptibility
effects.

All image analysis of MRI data was performed using ViewForum (Philips
Healthcare, Best, The Netherlands) and Segment vi1.9 R2046 research tool [59]. Net
flow rate curves, positive flow rate curves, and negative flow rate curves were
generated, from which RVol, RF, systolic BFV, and diastolic FFV were calculated as
described in the Introduction section. From the net flow rate curve, presence of
HFR was also determined, defined as flow reversal with a minimum flow of 10 mL/s
that persists throughout diastole [60]. Additionally, velocity profiles were
generated, and systolic and diastolic FD was calculated as described in the
Introduction section. Also, the aortic dimension was determined from the PC
images.

Left ventricular volumes were measured by manually tracing the endocardial
contour in cine images (short-axis view). Endocardial contours were tracked across
all phases using a semi-automated algorithm, with manual adjustments if needed.
Left ventricular SV was calculated as end-diastolic volume minus end-systolic
volume, both determined using the slice summation technique.

ECHOCARDIOGRAPHY

Image analysis on echocardiographic data was performed using EchoPAC (GE
Healthcare), according to current guideline [53-55].

STATISTICAL ANALYSIS

In summary, the statistical analyses presented correspond to the key results
described in this thesis. Additional statistical analyses can be found in the respective
papers.

All statistical analyses were performed using MATLAB (R2018a, The MathWorks,
Inc., Natick, Massachusetts, United States, 2018) and IBM SPSS Statistics 19 (IBM
Corporation, Somers, New York).

In paper II, the repeatability was calculated as the absolute difference expressed as
a percentage of the mean.
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HYPOTHESIS TESTS

In paper II-IV, a Wilcoxon signed-rank test was used to compare dependents
groups, and Mann Whitney U-test was used to compare independent groups.
Statistical differences were assumed significant at p < 0.05. In paper II, however,
correction for multiple testing was performed using the Holm step-down where
the p-value was adjusted accordingly [61].

To compare multiple dependent groups in paper IV, Friedman’s test was used. In
cases where the null hypothesis was rejected, a post-hoc analysis of inter-group
comparisons using the Wilcoxon signed-rank test was applied. In this paper, the
Bonferroni correction for multiple testing was used, with the null hypothesis
rejected if p < 0.016.

To compare multiple independent groups in paper I, one-way ANOVA test (normal
distribution) or Kruskal-Wallis test (non-normal distribution) was used. In cases
where the null hypothesis was rejected (p < 0.05 considered statistically
significant), a post-hoc analysis of inter-group comparisons using the independent-
sample t-test (normal distribution) or Mann-Whitney test (non-normal
distribution) was applied. The Bonferroni correction for multiple testing was used,
with the null hypothesis rejected if p<0.016.

AGREEMENT ANALYSIS

The agreement between methods in paper Il was evaluated using the Bland-Altman
method, calculating the mean difference (MD) and limits of agreement (LoA = MD
+ 1.96 SD) [62].

CORRELATION ANALYSIS

The degree of linear correlation in paper I, III and IV was assessed by the Pearson
correlation coefficient (R). In paper IV, a linear fit model was applied to the data
points describing the correlation between flow measures in the ascending and
descending aorta. Based on the linear equation, threshold values for the descending
aorta were determined using outcome-based thresholds in the ascending aorta
(RVol > 42 mL and RF > 33% [10]) as reference.

REGRESSION ANALYSIS
Both single and multiple regression analysis were used in paper I to study
predictors of systolic and diastolic FD.
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RECEIVER OPERATING CHARACTERISTIC ANALYSIS

To establish threshold values for detection of marked systolic and diastolic FD (=
0.35) in paper I, and to evaluate the diagnostic performance of threshold values in
paper IV, receiver operating characteristic (ROC) analysis was used, where the
discriminatory power was assessed using the area under the curve (AUC).

DIAGNOSTIC PERFORMANCE

The diagnostic performance of threshold values in paper I and paper IV, and the
presence of HFR in paper IV were described using sensitivity, specificity, as well as
positive and negative likelihood ratios (PLR, NLR).

REFERENCE FOR CLASSIFYING SEVERE AND NON-SEVERE AR

To compare AR severity grading between measurement positions in paper II,
current guideline thresholds were used to distinguish between severe and non-
severe AR (RVol = 60 mL, RF = 50% [63]).

In paper III, we compared the AR severity grading before and after through-plane
heart motion correction. First, AR severity was graded using current guideline
thresholds [63]. To distinguish between severe and non-severe AR, we used
patients with documented benefit from surgery as the reference for severe AR.

In paper IV, we validated the diagnostic performance of threshold values for the
descending aorta in the retrospective patient cohort, using outcome-based
thresholds in the ascending aorta as the reference for hemodynamic significant AR

[10].
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RESULTS

In summary, the most important results are presented. Further results can be
found in the respective papers.

Paper 1. The results allowed for the categorization of subjects into three groups
based on flow complexity: Group 1 had no complex flow, Group 2 had systolic BFV,
and Group 3 had both systolic BFV and diastolic FFV. Patients in group 3 had more
often BAV, larger aortic dimensions, and more pronounced FD in both systole and
diastole (p = 0.001). Valve phenotype was not an independent predictor of systolic
or diastolic FD, but aortic dimension predicted systolic FD, while both aortic
dimension and RVol predicted diastolic FD. Strong linear relationships were
observed between systolic BFV and systolic FD, as well as between diastolic FFV
and diastolic FD. Both flow measures (systolic BFV and diastolic FFV) could identify
systolic and diastolic FD (= 0.35), respectively, with high sensitivity (95%, 94%)
and specificity (84%, 91%).

Paper II. Repeatability was significantly lower in CF patients compared to NCF
patients. In CF patients, both repeatability and the assessment of regurgitation
(RVol and RF) were significantly reduced at the more distal measurement position
(Figure 11). This was not observed in NCF patients. Furthermore, the frequency of
changes in AR grade when the measurement position shifted distally was higher in
CF patients compared to NCF patients (RVol/RF: 19/15% vs. 6/0%).

28

Frida Truedsson

NCF CF
120 120
MD £ SD: -20+ 19 ml MD +5D:-23 ¢+ 24 ml
20 LoA: -58 to 17 ml 20 LoA: -70 to 25 ml
£ E
= 40 = 40
o o
I et = pesTmesTasasaamasees
Sinotubular Q [}
e 0 o S 0
" M o [=]
junction g ° o F o g daﬁ? rog .
(=] =
S -40 o © o o 10 8° o
e ommn e g °
=] -80 [=] T [ R M o e S R
o
-120 -120
0 50 100 150 200 0 50 100 150 200
a Mean of RVol (mil) b Mean of RVol [ml)
120 120
MD £5D: -23£ 17 ml MD £ SD: -354 21 ml
80 LoA:-57to 11 m 80 LoA: -76to 7 ml
E 40 E 40
o °
Distal z 0 ---C:O---;g;---.ﬂ """" = s O O
o - o o ‘s P00 D
osition =] ° ]
P u T D L — o & o
c -40 = 40 oy 0 o °
B pe--- e e
5 -80 5 S0 pemadmsas Bebmaadned
[:]
-120 -120
0 50 100 150 200 0 50 100 150 200
¢ Mean of RVol (ml) d Mean of Rvol (ml)

Figure 11. Bland-Altman plots comparing the regurgitant volume (RVol) obtained using an internal
reference method [RVol = left ventricular stroke volume — pulmonary stroke volume] and PC-MRI.
The top panel (a, b) corresponds to measurements at the sinotubular junction, while the bottom panel
(¢, d) corresponds to the distal measurement position. The left column (a, c) represents data from
patients with non-complex flow (NCF; blue dots), and the right column (b, d) represents data from
patients with complex flow (CF; purple dots). The blue line represents the mean relative difference
(MD), the red dashed lines indicate the 95% limits of agreement (LoA), and the grey line represents
zero relative difference. SD, standard deviation.

The image is reproduced (adapted from original) from the original article authored by Truedsson et
al.[64], which is licensed under CC BY 4.0.
http://creativecommons.org/licenses/by/4.0/.
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Paper III. After through-plane heart motion correction, AR severity was re-
categorized in 18% of the patients (Figure 12). PC-MRI data also provided
regurgitation measurements that more accurately distinguished severe from non-
severe AR. Additionally, there was a significant individual variation in flow volume
error (3-28 mL), which was associated with aortic dimension (R=0.8, p<0.01).
Patients with dilated aortas had significantly larger flow volume errors compared
to those with normal-sized aortas.

Without correction With correction

24% =
RVol '

21%
38%

Mild [ Moderate [ Severe

Figure 12. Relative number of patients in the study graded to have mild, moderate or severe AR with
and without through-plane heart motion correction using current guideline thresholds for RVol and
RF [63].

* Correction: The value is incorrectly reported as 32% in the original article authored by Lagerstrand

et al. [45]. The correct value is 249%.
The image is reproduced (adapted from original) from the original article authored by Lagerstrand et

al. [45] which is licensed under
CC BY 4.0.http://creativecommons.org/licenses/by/4.0/.
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Paper IV. Regurgitant flow measures in the descending and ascending aorta
demonstrated a strong correlation. Thresholds for RVolpa>17 mL and RFpa>23%
were found to effectively identify patients with hemodynamic significant AR,
showing high sensitivity (RVol/RF = 92/83%) and specificity (95/93%; Figure 13).
More patients with hemodynamic significant AR were identified using
RVolpa>17mlL and RFpa>23% than with HFR alone (Figure 13).
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Figure 13. Confusion matrices from validation analysis of threshold values for a) RVolpa, b) RFpa, and
¢, d) HFR, with a, ¢) RVol > 42mlL, and b, d) RF > 33% as reference for hemodynamic significant AR
[10]. Each matrix shows four different combinations of true and predicted values: True Positive (1,1),
True Negative (0,0), False Positive (0,1), and False Negative (1,0). The number in each quadrant refers
to this description (number of patients).

The image is adapted from work presented in paper IV (manuscript), included in this thesis.
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Paper V. The development of the flow phantom was successful, enabling
systematic investigation of both static and dynamic susceptibility effects in PC-MRI
measurements. The metal ring induced a local magnetic field inhomogeneity,
causing variation in signal phase, which was most pronounced near the ring. Both
mean and peak flow velocities were influenced by the dynamic susceptibility effect
and the effect depended on the time point in the motion cycle (Figure 14). However,
flow volumes were not significantly affected by the dynamic susceptibility effect.
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Figure 14. Mean (upper panel) and peak velocity curves (bottom panel) obtained within the phantom
(image plane 1, left) and near the inlet (image plane 2, right). The figure also illustrates the motion
direction of the slider, the flow direction and the front and rear turning points, marked by solid and
dashed red lines, respectively. The largest differences in mean and peak velocity were observed at time
point 22, i.e, near the front turning point when the image planes were closest to the metal ring. At the
front turning point, image plane 1 was located approximately 30 mm from the artefact in the
magnitude image, while image plane 2 was located at the boundary of the artefact.

The image is adapted from work presented in paper V (manuscript), included in this thesis.
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DISCUSSION

This thesis aims to improve the diagnostic certainty using PC-MRI for assessment
of AR severity by identifying potential confounders and developing alternative
strategies for assessment of AR. Precise diagnosis is crucial for the treatment of AR
to prevent left ventricle damage and avoid delay of treatment due to
underestimation of AR. The findings enhance the understanding of the limitations
of the PC-MRI method and highlight when alternative strategies are necessary.
This, in turn, could support more individualized patient management and optimize
the use of healthcare resources. Ultimately, diagnostic advancements may lead to
better clinical outcomes by ensuring timely and appropriate interventions, thereby
reducing the risk of complications.

Currently, there are no established PC-MRI-based thresholds for assessment of AR
severity. However, researchers have recommended PC-MRI specific thresholds for
the ascending aorta [10,11]. Also, indirect MRI methods can be used to improve
diagnostic certainty. However, these methods are limited by large variability and
coexisting regurgitation in other valves PC-MRI [14,33,65-67].

The proposed method in paper IV, which can be used to assess the AR severity from
PC-MRI specific thresholds in the descending aorta, may further improve the
diagnostic certainty and offer a supportive reference for severe AR. Such method is
especially of value when PC measurements in the ascending aorta are limited by
e.g. through-plane heart motion and susceptibility effects. Also, the method does
not require additional scan time, since the PC measurements in the descending
aorta are inherently included in the clinical standard PC protocols that are targeting
the ascending aorta.

It should be noted that these PC measurements are typically prescribed orthogonal
to the ascending aorta, resulting in an angled orientation toward the descending
aorta. For younger children with smaller descending aortas, the angulation of the
image plane may potentially limit the diagnostic certainty due to partial volume
effects [35]. In large vessels, however, the PC measurement is insensitive to such
angulations error, since the reduced velocity (by cosine of misaligned angle) is
compensated for by increased area (1/cosine of misaligned angle) [35,44]. This was
demonstrated in paper IV.
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The PC measurements in the descending aorta could also be used to assess the
holodiastolic flow reversal (HFR), which have shown to effectively predict severe
AR with high sensitivity and specificity [60]. Paper IV, however, showed that the
presented PC-MRI specific thresholds could identify more patients with severe AR
than HFR.

Paper III further showed that the diagnostic certainty can be improved using valve
tracking to correct for velocity errors due to through-plane heart motion in the
ascending aorta. After the correction, a larger number of patients with severe AR
was correctly identified. Hence, PC-MRI analysis pipelines for assessment of AR
severity should integrate such correction tool in the post-processing stage.

Through-plane heart motion induces velocity errors in PC-MRI measurements
because the PC image plane remains fixed while the aorta moves during acquisition
[9,46,47,68]. In paper III, we showed that the through-plane heart motion effect
significantly underestimates the AR assessment and is more noticeable in patients
with dilated aortas. Since the velocity error accumulates across all the voxels in the
vessel, the greater number of voxels in a dilated aorta compared to a normal-sized
aorta leads to a larger total error. Therefore, identifying patients with dilated aortas
is crucial. For such patients, the supportive reference in the descending aorta or the
correction method here presented could be utilized to improve the diagnostic
certainty.

In paper II, we showed that the assessment of AR severity can be affected by
complex flow [13,35,48]. Complex flow transverses the PC image plane at an angle.
Since PC-MRI only register blood that flows orthogonally through the image plane
[35], some flow may go unregistered, potentially leading to further velocity
underestimation. Based on the findings from paper III and the fact that patients
with complex flow generally have enlarged aortas, we believe that through-plane
heart motion likely explains the underestimated regurgitation estimates in paper
II. However, the reduced reproducibility of the PC measurements may be closely
linked to the presence of complex flow with a beat-to-beat variation.

Several studies highlight the connection between complex flow and the presence of
BAV [6,8,69,70]. However, they are mainly focused on the differences between BAV
and TAV, rather than on the aortic size. In paper I, we observed that complex flow
was more closely associated to the aortic size than morphology (i.e., the presence

34

Frida Truedsson

of BAV). This finding aligns with studies reporting abnormal and swirling flow in
patients with aneurysmal aortas without BAV [71-73]. The flow profile near the
aortic valve is naturally asymmetric [74]. In patients with tricuspid aortic valves
(TAV), this asymmetry is mild but is more pronounced in patients with BAV due to
the restricted valve leaflet motion, which directs the flow toward the aortic wall.
According to fluid mechanics theory, dilation promotes turbulent flow [75].
Additionally, the pressure gradient caused by the difference between high-velocity
and low-velocity regions (Bernoulli's principle) pushes the eccentric jet toward the
aortic wall. As a result, significant eccentricity and complex flow are likely to be
found in patients with dilated aortas, regardless of valve type.

PC measurements of the aortic valve regurgitation have been shown to vary with
the image plane position, with lower values observed at more distal locations
[9,14,15]. This has been attributed to factors such as aortic wall compliance and
coronary flow [12-15,57]. However, previous studies lack in stratifying on the aortic
size. Paper II showed that only PC measurements in AR patients with enlarged
aortas display a dependence of the image plane position, indicating that through-
plane heart motion (described in Paper III) mainly contributes to this positional
dependence. Paper II further suggests that the image plane can be positioned more
freely in patients with normal-sized aortas. This is advantageous in the clinical
settings, where abnormalities in the anatomic vessel structure may limit available
options.

Potential paravalvular leakage (PVL) is a known complication in patients who have
undergone transcatheter aortic valve implantation (TAVI) [76]. PC-MRI can be
used for the assessment of the PVL but the measurements may be limited by
magnetic field inhomogeneities around the metallic prothesis [51,52]. Based on
findings from a stationary phantom study, Avitable et al. concluded that accurate
PC-MRI is possible directly outside the visible metal artifact [52] but Lethimonnier
et al., who performed similar stationary phantom measurements, recommended a
17 mm safety distance from the artifact [51]. Here in Paper V, we show that the
heart contraction induces dynamic susceptibility changes around the prothesis that
diminish the PC measurements even at a larger distance from the artifact. Without
a sufficiently large safety distance, potential PVL. may be underestimated or even
go undetected due to velocity errors caused by the dynamically changing
susceptibility effect. It should be noted that the largest velocity error occurred when
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the majority of the leakage takes place (early diastole), that is, when the imaging

plane is closest to the aortic valve prosthesis.
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CONCLUSION

This thesis shows that complex flow, through-plane heart motion, and dynamic

susceptibility changes can affect the assessment of AR severity using PC-MRI,

particularly in patients with dilated aortas. PC-MRI biomarkers in the descending

aorta have the potential to be used as a supportive reference and thereby improve

the diagnostic certainty in these patients.

The specific conclusions for paper I to V were:

II.

ML

Regional and temporal analysis of PC-MRI can detect complex flow,
associated to the aortic dimension, in patients with chronic AR and
can identify patients with marked FD, which may serve as a parameter
for stratifying the risk of developing ascending aortic aneurysm.
Complex flow may influence the AR assessment using PC-MRI, leading
to reduced repeatability depending on the measurement position.
Through-plane heart motion introduces relevant flow volume errors
in patients with chronic AR, especially in patients with aortic dilation,
which may result in underestimation of the severity grade.

PC-MRI in the descending aorta has the potential to reliably assess
RVol and RF in patients with chronic AR and offer method-specific
thresholds that can be used as a supporting reference for assessment
of AR severity.

PC-MRI blood flow measurements can be significantly affected by the
dynamically changing susceptibility effect of the metallic aortic valve
prothesis in TAVI patients even at large distances from the prothesis.
This impact is most pronounced in early diastole, when the imaging
plane is closest to the valve, potentially affecting the accuracy of the

PVL assessment.
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FUTURE PERSPECTIVES

PC-MRI is one of the workhorses in clinical practice for assessing AR severity. The
scan and processing time is short, especially when targeting specific vessels such as
the aorta descendance.

As the MRI technology improves, however, 4D flow will most likely replace PC-MRL.
The technique captures time-resolved, three-directional velocity data across a
three-dimensional volume, giving a full picture of the blood flow in space and time.
As such, the technique has potential to capture eccentric or complex flow in AR
patients more reliably than PC-MRI and allow retrospective analysis in any position
with optimized angulation [77]. This is of value in complex cardiovascular
assessments such as in heart valvular disease. 4D flow also enables quantification
of secondary flow measures and detailed visualizations of the blood hemodynamics.
However, the diagnostic value of such measures is under debate.

One historical limitation of 4D flow has been long acquisition times. Thanks to
compressed sensing, parallel imaging, and deep learning reconstruction, the scan
time has dropped to under 5-10 minutes, making routine use more realistic. With
improvements in velocity encoding, background phase correction, and motion
compensation, 4D flow is likely to become more robust and clinically reliable.

Further, the data analysis has historically been complex and very time-consuming,
and the large datasets required advanced storage and processing capabilities,
posing challenges for hospital IT systems. These issues have been addressed
through improved Al algorithms for faster data processing. With the introduction
of Al software’s for artifact correction and diagnostic decision support, 4D flow will
most likely replace PC-MRI in the future.

Even as we move toward the more advanced 4D flow technique, many of the
optimization challenges encountered with PC-MRI will remain, as both techniques
share similar confounders, several of which are discussed in this thesis. Deepening
our understanding of these challenges and developing effective strategies to
overcome them will ultimately enhance the management of patients with AR,
regardless of the chosen imaging technique. Here, Al may present a promising path
forward by, for example, offering models that correct velocity errors caused by
through-plane heart motion.
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A major limitation when assessing the AR severity using PC-MRI is the lack of
established MRI-based thresholds for clinical decision-making. Establishing
validated thresholds would improve comparability across centers, and most
importantly, new thresholds would help optimize treatment decisions and the
timing of surgery. Therefore, large multicenter studies with standardized imaging
protocols are warranted. Finally, an interesting approach would be to integrate PC-
MRI with echocardiographic data to develop a multi-modal predictive Al model for
enhanced risk stratification and treatment planning.
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