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Zusammenfassung

Hintergrund: Wahrend die Echokardiographie als etabliertes Standardverfahren zur
nicht-invasiven Beurteilung der diastolischen Funktion gilt, gewinnt die kardiale
Magnetresonanztomographie fur die Diagnose der linksventrikularen diastolischen
Funktion zunehmend an Bedeutung. Insbesondere die 4D Flow Bildgebung, welche
eine gleichzeitige Ermittlung von Volumen- und Flussparametern aus einer einzigen
Messung ermdoglicht, eréffnet neue Méglichkeiten fur eine standardisierte Beurteilung
der linksventrikularen diastolischen Funktion. Ziel dieser Dissertation war es, die
Eignung der 4D Flow Bildgebung zur Diagnose und Graduierung der linksventrikularen
diastolischen Dysfunktion zu untersuchen, wobei die Echokardiographie als

Referenzmethode diente.

Methoden: Zwischen Oktober 2016 und Februar 2022 wurden 94
Studienteilnehmerinnen (mittleres Alter 62 £ 12 Jahre; 50 Frauen; 34 mit struktureller
Herzerkrankung) prospektiv in die Studie eingeschlossen und mittels transthorakaler
Echokardiographie sowie 4D Flow Bildgebung bei 3-Tesla untersucht. Die
echokardiographische Graduierung erfolgte gemal® dem multiparametrischen,
schwellenwertbasierten ASE/EACVI 2016 Algorithmus. Aus den 4D Flow Daten
wurden sowohl volumetrische Parameter als auch Echokardiographie-aquivalenten
diastolischen GeschwindigkeitsgroRen ausgewertet. Zusatzlich wurde die Dauer des
vortikalen Blutflusses in der Pulmonalarterie (tvortex) als Surrogatparameter fiur die
echokardiographisch bestimmte maximale Trikuspidalregurgitationsgeschwindigkeit
(TR) verwendet. Korrelationen zwischen den Parametern und die Ubereinstimmung
der linksventrikularen diastolischen Dysfunktions-Graduierung zwischen beiden

Methoden wurden statistisch analysiert.
Ergebnisse: Alle untersuchten 4D Flow-basierten Parameter zeigten eine starke bis

sehr starke Korrelationen mit den echokardiographischen Parametern (r = 0.75-0.92).

Bei volumetrischen Parametern traten signifikante Bias zwischen den Methoden auf,

20



weswegen fur die linksventrikulare Auswurffraktion und den linksatrialen Volumenindex
Bias-korrigierte 4D Flow Schwellenwerte definiert wurden. Bei transmitralen und
myokardialen Geschwindigkeitsparameter und Parameter-Verhaltnissen wurde bei
Verwendung entsprechenden Auswerteworkflows kein Bias zwischen 4D Flow Daten
und Echokardiographie festgestellt, weswegen die etablierten echokardiographischen
Graduierungs-Schwellwerte bei der 4D Flow-basierten Analyse angewendet werden
konnten. FUr twrex wurde ein Schwellenwert von >15% des Herzzyklus als
Surrogatparameter fur den echokardiographischen Schwellwert TR > 2.8 m/s definiert.
Bei Verwendung eines Echo-aquivalenten, Schwellwert-adaptierten ASE/EACVI 2016
Algorithmus zur Klassifikation der diastolischen Dysfunktion 4D Flow Daten ergab sich
bei der Graduierung der linksventrikularen diastolischen Dysfunktion eine nahezu
perfekte Ubereinstimmung mit der Echokardiographie (gewichtetes Kappa = 0.84). Es
gab keinen Hinweis auf systematische Uber- oder Unterschatzung des Schweregrads
der diastolischen Dysfunktion durch die 4D Flow-basierte Methode (p = 0.53).

Schlussfolgerung: Die Diagnose und Graduierung der linksventrikularen
diastolischen Dysfunktion aus einer einzigen 4D Flow Messung zeigte unter
Verwendung des im Rahmen dieser Dissertation erarbeiteten Auswertealgorithmus
eine nahezu perfekte Ubereinstimmung mit der Echokardiographie. Der 4D Flow-
basierte links-atriale Beschleunigungsfaktor a stellt einen vielversprechenden
Parameter zur Identifikation hohergradiger diastolischer Dysfunktion dar und kdnnte
zur Vereinfachung der 4D Flow-basierten Diagnose der hohergradigen diastolischen

Dysfunktion beitragen.
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Abstract

Background: While echocardiography is the established standard method for non-
invasive assessment of left ventricular (LV) diastolic function, cardiac magnetic
resonance imaging is increasingly gaining importance in the evaluation of diastolic
dysfunction. 4D flow magnetic resonance imaging in particular, which allows the
simultaneous acquisition of volumetric and flow parameters from a single
measurement, offers new options for standardized assessment of left ventricular
diastolic metrics. The aim of this dissertation was to investigate the feasibility and the
accuracy of 4D flow-based diagnosis and grading of left ventricular diastolic dysfunction

using echocardiography as the reference method.

Methods: This prospective study included 94 participants between October 2016 and
February 2022 (average age: 62 + 12 years; female participants: 50; individuals with
structural cardiac pathology: 34). All participants underwent comprehensive
transthoracic echocardiography and 3-Tesla cardiovascular magnetic resonance
imaging including 4D flow imaging. Classification of left ventricular diastolic dysfunction
followed the established multiparametric ASE/EACVI 2016 algorithm using threshold
criteria. The analysis of both volumetric cardiac parameters and velocity measurements
equivalent to echocardiography were derived from 4D flow data. Pulmonary arterial
vortical flow duration (tvortex) Was used as a surrogate marker for echocardiographic
tricuspid regurgitant peak velocity (TR) measurements. Parameter correlations and

inter-method agreement for diastolic dysfunction grading were analyzed.

Results: All 4D flow-derived measurements showed strong to very strong correlations
with echocardiographic parameters (r = 0.75-0.92). Volumetric parameters revealed
significant biases between methods, requiring the definition of bias-corrected 4D flow
thresholds for left ventricular ejection fraction and left atrial volume index calculations.
Transmitral and myocardial velocity measurements, along with their ratios, showed no

significant biases when employing appropriate data evaluation workflows, allowing the
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use of established echocardiographic threshold values for the 4D flow-based grading
of left ventricular diastolic dysfunction. A tvortex threshold > 15% was established as
equivalent to the echocardiographic tricuspid regurgitation velocity threshold of TR >
2.8 m/s. Employing the threshold-adjusted ASE/EACVI 2016 algorithm for 4D flow-
based diastolic dysfunction classification achieved nearly perfect agreement with
echocardiographic assessment (weighted kappa coefficient = 0.84). No evidence of
systematic over- or under-classification of diastolic dysfunction severity was observed
using the 4D flow method (p = 0.53).

Conclusion: The diagnostic assessment and severity grading of left ventricular
diastolic dysfunction using a single 4D flow acquisition, employing the evaluation
algorithm developed in this dissertation, demonstrates nearly perfect agreement with
echocardiography. The 4D flow-derived left atrial acceleration factor emerges as a
promising single 4D flow parameter for identifying advanced diastolic dysfunction and

may facilitate simplified 4D flow-based clinical diagnostics in future applications.
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1. Introduction

1.1 Left ventricular diastolic function assessment using cardiac imaging

Heart failure is a clinical syndrome caused by functional impairment of ventricular filling
or ejection of blood. Diastolic heart failure, which affects up to 50% of heart failure
patients, is both highly prevalent and associated with significant morbidity and mortality.
Diagnosing and grading of left ventricular diastolic dysfunction is crucial for managing
and treating these patients (6).

While systolic function describes contraction of the ventricles and of blood into the
circulation, diastolic function describes the ability of the ventricles to relax and fill with
blood after contraction ensuring a satisfying filling for the next ejection. The diastolic
phase represents a complex process composed of relaxation, drop of the
intraventricular pressure and subsequent flow of blood form the atria into the ventricles
(7). The normal filling phase is composed of a rapid early component, a slower following
filling and another faster part due to atrial contraction — all of which happen without
massive increase of left ventricular pressure in a healthy heart (8). Elevated filling
pressures are the hallmark finding of diastolic dysfunction and their non-invasive
assessment is complex (9).

The American Society of Echocardiography (ASE) and the European Association
of Cardiovascular Imaging (EACVI) endorse echocardiography as the preferred
method for noninvasive evaluation of left ventricular diastolic function (10). Current
guidelines for this non-invasive assessment of diastolic function with two-dimensional
and Doppler echocardiography recommend a validated, multiparametric, threshold-
based approach (11). This method involves identifying structural changes in the left
atrium and left ventricle associated with diastolic dysfunction, such as atrial
enlargement and left ventricular hypertrophy, as well as measurement of velocity
parameters that indicate impaired left ventricular relaxation, increased left ventricular
stiffness, and elevated left ventricular filling pressures. Key parameters include the

early-diastolic transmitral peak velocity (E), the early-diastolic mitral valve tissue peak
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velocity (€’), the ratio of early-to-late diastolic transmitral peak velocities (E/A), and the
E/e' ratio. Tricuspid regurgitant velocity, an echocardiographic marker of elevated
pulmonary arterial pressure, further aids in assessing left ventricular diastolic

dysfunction.

1.2 Cardiac magnetic resonance imaging

Cardiac magnetic resonance imaging offers a wide range of different sequences with
possibilities to investigate various cardiac parameters (12,13) and cardiac magnetic
resonance imaging-based diastolic assessment includes measuring left atrial volumes
and ejection fractions (14,15) and analyzing left ventricular filling dynamics through
peak filling rates (15-17) from volumetric imaging as well as transmitral blood inflow
velocities and early-diastolic myocardial peak velocities using phase contrast imaging
(18,19). Furthermore, cardiac magnetic resonance-based analysis of cardiac function
is rapidly advancing, especially with the introduction of commercial software that

facilitates (semi-)automated cardiac chamber segmentation (20-23).

1.6.1  Volumetric Function

Balanced steady-state free presession (bSSFP) cine imaging is considered the
reference standard for assessing left ventricular and left atrial volumetric function due
to its high accuracy and consistency (12,24). High-quality cine imaging is essential for
precise assessment of cardiac function, and respiratory motion during image
acquisition is typically minimized through breath-holding, either during inspiration or
expiration. For patients who struggle to hold their breath, cine real-time imaging
techniques offer a viable alternative, allowing functional assessment to be performed
during breathing (24-31). However, breath-holding has been shown to influence
various cardiovascular parameters (32—38), raising the possibility that intrathoracic
pressure changes between breath-holding and free breathing may affect measures of

cardiac function. Research comparing systolic left ventricular functional parameters
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obtained with cine real-time imaging during free breathing and conventional multi-
breath-hold segmented cine acquisition has produced mixed results regarding the
impact of breath-holding on left ventricular volumes and ejection fraction (25-31,39—
42). These conflicting findings suggest that the distinct imaging sequences used might
obscure physiological changes associated with breathing (34-36). As differences
between breath-hold and free-breathing measurements could affect longitudinal
assessments in various respiratory states or comparisons of functional parameters
across imaging modalities (e.g., echocardiography, where measurements are typically
performed during free breathing (11)), it is relevant to gain a clearer understanding of

breathing-induced variations in cardiac function.

1.6.2 Phase contrast imaging

Transmitral diastolic peak velocities obtained from 2D phase contrast imaging (2D flow)
in a short-axis orientation tend to be systematically lower than those measured with
echocardiography (43-46,18,47—49). Assessing e' with phase contrast magnetic
resonance imaging also differs methodologically from echocardiography, as the signal
from the mitral valve tissue is limited, although myocardial tissue velocity derived from
2D flow has been shown to correlate with echocardiography, albeit with biases for both
e'and E/e' (43,44,47,48). As a result, established echocardiographic thresholds for E,
E/A, €', and E/e’ are not necessarily applicable when assessing diastolic dysfunction
using phase contrast magnetic resonance. The lack of standardized acquisition
protocols, evaluation methods, and defined grading thresholds, which are often not
interchangeable with other techniques (50-52) hinders diagnosis and grading of
diastolic dysfunction by cardiac magnetic resonance imaging.

Four-dimensional (4D) flow imaging is increasingly recognized as a valuable tool
for noninvasive cardiovascular hemodynamic assessment and is increasingly
implemented in routine cardiac magnetic resonance imaging practice (53,54). This
technology provides three-dimensional magnitude images along with the
comprehensive time-resolved, three-dimensional velocity field of the heart and

surrounding vessels and allows positioning of evaluation planes in any region of
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interest, such as the transmitral inflow region or the myocardium. The retrospective
nature of 4D flow also supports a variety of strategies for assessing velocity
parameters, though these different approaches may impact how the parameters relate
to those obtained from echocardiography.

Apart from the three-dimensional velocity field, 4D flow measurements also
produce three-dimensional anatomical (magnitude) cine images. While many new 4D
flow parameters related to cardiac function and velocity have been investigated (55—
57), the use of 4D flow magnitude images for assessment of volumetric cardiac function
remains underexplored (568—62). Compared to standard cine bSSFP imaging, 4D flow
magnitude images use fast low-angle shot (FLASH) readout, which inherently results
in lower blood-to-myocardium contrast (63,64). Additionally, 4D flow is typically
performed as a 3D sequence, leading to decreased in-flow blood enhancement and
thus reduced contrast between blood and myocardium compared to two-dimensional
based methods (57,63,65). To mitigate this limitation in 3D acquisitions, volumetric data
from 4D flow has been collected using contrast agents like gadobenate dimeglumine,
gadopentetate dimeglumine, gadoterate meglumine (60-62), or off-label ferumoxytol
(58,59), enabling extraction of ventricular function parameters comparable to those
derived from standard cine bSSFP imaging (58—62). However, the use of gadolinium
and ferumoxytol as contrast agents is controversial due to safety concerns, making
their application difficult to justify when not specifically indicated by the clinical referral
(66,67).

A potential alternative is the use of a multislice time-resolved two-dimensional
phase contrast sequence with three-directional velocity encoding, known as multislice
4D flow, where volumetric function could be assessed from the native (non-contrast-
enhanced) magnitude images. This would be desirable as this could enable to evaluate
the parameters of diastolic function from a single measurement, preventing cycle-to-
cycle physiological variations, streamlining and shortening magnetic resonance

imaging protocols and also enabling investigation of new parameters.
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1.3 Aims and scope

The primary objective of this doctoral thesis study was to explore the feasibility of
evaluation of left ventricular diastolic function from a single 4D flow measurement.
Echocardiographic assessment was used as the reference method for diagnosis and
grading of left ventricular diastolic dysfunction following the ASE/EACVI 2016
algorithm. To achieve this, five research milestones (MS1-MS5) were defined and

examined across study cohort subgroups:

MS1: Impact of respiration on functional parameters

This milestone investigated how breath-holding affects ventricular and atrial volumetric
and flow parameters compared to free breathing, using cine bSSFP real-time and two-
dimensional magnetic resonance flow imaging. This first study specifically examined
the impact of inspiratory breath-holding on ventricular and atrial function parameters,

applying the same imaging techniques during both, free breathing and breath-holding

(1).

MS2: 4D Flow-based evaluation of volumetric function

This milestone assessed whether 4D flow magnitude data allow reliable evaluation of
left ventricular and left atrial volumetric function. Free-breathing cine bSSFP realtime
imaging was used as reference method. Internal validation was performed by 4D flow-
derived pulmonary net flow volumes. The study focused on assessing native multislice
4D flow magnitude images for left ventricular and left atrial volumetric function, and
validating these results against bSSFP cine-derived parameters and native multislice

4D flow-derived net forward volumes (2).

MS3: Impact of evaluation strategy on 4D flow-derived diastolic parameters
Different strategies for evaluating 4D flow-derived diastolic function parameters,
analogous to those obtained through echocardiography, were compared to

echocardiography as the reference (3).
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MS4: 4D Flow-based diagnosis and grading of left ventricular diastolic
dysfunction

This milestone compared 4D flow magnetic resonance imaging to echocardiography
for diagnosing and grading of left ventricular diastolic dysfunction according to the
ASE/EACVI 2016 multiparametric threshold approach. Agreement between methods

was determined (4).

MSS5: Novel 4D Flow metrics characterizing diastolic dysfunction

This milestone explored innovative 4D flow-based metrics for identifying and grading
left ventricular diastolic dysfunction. Specifically, the left atrial acceleration factor was
evaluated as a potential single-parameter metric to distinguish between normal and
more advanced grades of diastolic dysfunction. The proof-of-concept study examined
the correlation between a and left ventricular diastolic dysfunction grades as assessed

by echocardiograph (5).
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2. Material and Methods

The methods of this doctoral thesis have been published in (1-5).

21 Study design and participant recruitment

2.1.1 Ethical considerations

The study analyzed data from two prospective, single-center trials designed to evaluate
the diagnostic capabilities of 4D flow cardiovascular magnetic resonance in cardiac
function assessment. The study protocol received approval from the institutional ethics
committee and was conducted in full compliance with the Declaration of Helsinki. All

study participants provided written informed consent prior to enroliment.

2.1.2 Inclusion and exclusion criteria

Participants were recruited between October 2016 to February 2022. 61 adults without
clinical evidence or symptoms of cardiovascular disease (ClinicalTrials.gov identifier:
NCT01728597, for research milestones MS1-MS5) and 35 adults with documented
structural heart disease and confirmed or suspected diastolic dysfunction
(ClinicalTrials.gov identifier: NCT03253835, for research milestones MS4 and MS5).
Inclusion criteria were age over 18 years and the capacity to provide written
informed consent. Exclusion criteria were contraindications to magnetic resonance
imaging (including pregnancy, severe claustrophobia), cardiac rhythm irregularities,
significant mitral valve stenosis, and the presence of implanted cardiac devices

incompatible with magnetic resonance imaging.
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2.1.3 Final study population

All participants underwent echocardiographic assessments for evaluation of left
ventricular diastolic function and were examined using native or contrast-enhanced
cardiac magnetic resonance imaging (if indicated by clinical referral), including 4D flow
imaging.

Two participants were unable to complete magnetic resonance imaging due to
severe back pain (n=1) and previously unrecognized claustrophobia (n=1), resulting in
a final study cohort of 94 participants. Comprehensive baseline demographic and
clinical data included age, gender, medical history, blood pressure measurements, and
relevant laboratory results were obtained at enrollment. Figure 1 provides the study
flow chart, illustrating inclusion and exclusion criteria along with the sub-cohorts

analyzed for each research milestone MS1 - MS5.

2.2 Echocardiographic protocol

2.2.1 Image acquisition

Echocardiographic evaluations followed the 2016 ASE/EACVI guidelines (10). All
participants were investigated with a Vivid E9 system (GE Healthcare, Chicago, lllinois,
USA). Image acquisition was performed with concurrent echocardiographic monitoring
during shallow respiration, with patients positioned in the left lateral decubitus position.
Each measured parameter was acquired across three to five consecutive cardiac
cycles, with all images stored for subsequent analysis using the Vivid E9 software (GE
Healthcare, Chicago, lllinois, USA).
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Participants prospectively recruited between
October 2016 and February 2022
within two single-center trials

Inclusion criteria: Age > 18 years; ability to give written informed
consent.

Exclusion criteria: contraindications for magnetic resonance;
implanted cardiac devices; known pregnancy or claustrophobia;
abnormal heart rhythm; signifcant mitral valve diseases.

<~ ~~

61 participants without 35 participants with structural
signs/symptoms of heart heart disease and suspected
diseases (native protocol) or known diastolic dysfunction

Clinicaltrials gov NCT01728597 Clinicaltrials .gov NCT03253835

| | | |
Included participants (n = 96)

Collection of demographic information and clinical data

~~ ~~

Transthoracic echocardiography for evaluation of left ventricular
diastolic function according to the 2016 ASE/EVACI algorithm

[ | [ 1
3 Tesla cardiac magnetic resonance imaging including 4D flow
[ | [ |

Examination aborded due to Examination aborded due to
claustrophobia (n = 1) severe backpain (n = 1)

~~ ~~

Final participants (n = 94)

60 participants without signs 34 participants with structural
or symptoms of heart diseases heart disease and suspected
(native protocol) or known diastolic dysfunction

(contrast enhanced protocol).

MS4 and MS5 (n=96)
Figure 1: Study flow chart. Reproduced with modifications from Reiter C et al. Eur Radiol 2025 (4).

MS = research milestones



2.2.2 Volumetric and functional parameters

The left ventricular ejection fraction (EF) and the maximum left atrial volume indexed
to the body surface area (LAVI) were determined from apical four-chamber and two-
chamber view images using the biplane Simpson method and the biplanar area-length
method, respectively (Figure 2).

Early- and late-diastolic transmitral peak velocities (E and A, respectively) as well
as the early diastolic tissue Doppler mitral annular peak velocities (e’) were acquired in
the apical four-chamber view. Average €’ was assessed as the average of septal and
lateral velocities. Continuous-wave Doppler was used to measure peak tricuspid
regurgitation velocity (TR) in the apical four-chamber view, and systolic pulmonary
arterial pressure (sPAP/pTR) was estimated from TR (in m/s) using the formula sPAP
(in mmHg) = 4-TR? + 5 mmHg (68).
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Figure 2: Echocardiographic left ventricular diastolic dysfunction parameters.
EF = left ventricular ejection fraction, LAVI = left atrial maximal volume index, E = early-diastolic
transmitral peak velocity, E/A = early-to-late diastolic transmitral peak velocity ratio, e’ = early diastolic

tissue Doppler mitral annular peak velocity, TR = peak tricuspid regurgitation velocity.
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Systolic and early-diastolic pulmonary venous peak velocities (S and D,
respectively) were assessed in the right upper or lower pulmonary vein visualized in
the apical four-chamber view, positioning the Doppler sample volume approximately

0.5 cm within the pulmonary vein.

2.2.3 Echocardiographic characterization of diastolic function

Diastolic function characterization and grading followed the ASE/EACVI algorithm (10),
where participants with normal left ventricular ejection fraction (= 50%) were graded
based on cut-off values for e’, E/e’, TR, and LAVI. Diastolic function was classified from
parameter cut-off values as normal (grade 0, fewer than half of cut-offs met),
indeterminate (50% of cut-offs met), or diastolic dysfunction (over 50% of cut-offs met).
For participants with diastolic dysfunction, reduced left ventricular ejection fraction, or
participants with structural heart disease, left ventricular diastolic dysfunction severity

(grades I-Ill) was assessed using these parameters together with E and E/A.

2.3 Cardiac magnetic resonance imaging protocol

2.3.1 Image acquisition

Cardiac magnetic resonance imaging was performed on a 3-Tesla scanner (Magnetom
Skyra, Siemens Healthcare, Erlangen, Germany) equipped with an 18-channel body
array matrix and spine matrix coil. Electrocardiographic gating was employed for all
sequences.

2.3.2 Cine function imaging

Left ventricular and left atrial volumetric function was assessed from cine bSSFP real-

time series acquired in left ventricular two- and four-chamber orientations, contiguous

slice stacks covering the left ventricle in short-axis orientation, and contiguous slice
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stacks covering the entire left heart in four-chamber orientation. Typical imaging
parameters were: Spatial resolution = 2.5 x 4.2 x 8.0 mm? for short-axis images and
2.3 x 3.9 x 7.0 mm? for long-axis images, temporal resolution = 35 - 38 ms (using echo
sharing), data acquisition time per cardiac phase = 55 - 61 ms, echo time = 1.1 ms, flip
angle = 40°, parallel acquisition factor = 3. The data acquisition window was set to
exceed one heartbeat to ensure coverage of the entire cardiac cycle. For inspiratory
breath-hold acquisitions (MS1), series were acquired in multiple stacks, ensuring
breath-holding not exceeding 15 heartbeats.

To evaluate reproducibility of volumetric function assessment, five participants
underwent both, short- and long-axis stacks measurements twice - once during breath-
holding and once during free breathing - with the initial measurements used for

comparison.

2.3.3 2D flow imaging

A prototype sequence using a retrospectively electrographically gated 2D flow
technique with respiratory gating was employed to evaluate transmitral inflow during
inspiratory breath-holding and free-breathing (MS1 and MS3). Images were acquired
parallel to the mitral valve annulus at the level of the valve tips. Typical imaging
parameters were: Voxel size = 1.8 x 2.5 x 5.0 mm?3, echo time = 2.5 ms, temporal
resolution = 45 ms (interpolated to yield 30 cardiac phases per cycle), flip angle = 15°,
velocity encoding = 100 - 120 cm/s (preventing aliasing), breath-hold period = 12
heartbeats. Respiratory gating was used for free-breathing measurements, with
respiratory gating positioning a navigator on the right diaphragm dome (gating window

=13 mm).

2.3.4 4D flow imaging

4D flow imaging was preformed using a two-dimensional phase contrast sequence with

three-directorial velocity encoding (69) which was either electrocardiographically or
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pulse gated. The image stack was orientated in the three-chamber view and covered
at least the left ventricle, left atrium, and the main pulmonary artery.

Protocol parameters were: voxel size = 1.8 x 2.5 x 4 mm3, echo time = 3.1 ms,
temporal resolution = 41.8 ms (interpolated to 30 cardiac phases per cycle), flip angle
=12°, velocity encoding = 100 - 190 cm/s in all directions (preventing aliasing), parallel
acquisition factor = 2, averaging factor = 2 (to compensate breathing motion). The
acquisition time per slice was typically 45 seconds (52 heartbeats), resulting in a 4D

flow measurement time of about 22 minutes for 20 - 40 contiguous.

24 Cardiac magnetic resonance image analysis

Left ventricular and left atrial volumetric function, as well as 2D flow series were
analyzed using dedicated software (syngo.via and Argus Flow, Siemens Healthineers,
Erlangen, Germany; cvi42, Circle Cardiovascular Imaging Inc., Calgery, Canada). 4D
flow data were evaluated by a prototype software (4Dflow, Siemens Healthineers,
Erlangen, Germany). Repeatability (MS1) and intra- and inter-observer variability of
parameters were assessed in 20 participants which were evaluated twice by one
observer and once by a second observer (MS1 - MS3, MS5). All evaluations were

performed blinded to prior results.

241 Volumetric function

Left ventricular volumes in end-diastole (EDV), end-systole (ESV), the stroke volume
(SV), and the EF were evaluated from short-axis image stacks (and additionally from
four-chamber image stacks in MS1) following guideline recommendations (70),
including trabeculae, papillary muscles, and the left ventricular outflow tract to the left
ventricular cavity.

For the volumetric evaluation of cine bSSFP short-axis series the mitral valve
insertion points in left ventricular two-chamber and four-chamber series were identified
to define the left ventricular base, carefully excluding left atrial segments from the left
ventricular cavity (Figure 3A). Contours and mitral valve points were automatically
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propagated across all cardiac phases and manually adjusted as needed. Left
ventricular peak ejection rate (PER), and early-diastolic (PFRe) as well as late-diastolic
(PFRa) left ventricular peak filling rates, were calculated from the left ventricular volume
time-curve derivative.

Left atrial maximum (LAVmax), pre-contraction (LAVbc), and minimum (LAVmin)
volumes, along with the body surface area-normalized maximum left atrial volume
index, were measured either from segmented four-chamber stacks using the Simpson’s
method (syngo.via software, MS1) or from manual segmentation of left ventricular two-
and four-chamber series using the bi-planar area-length method (cvi42, Circle
Cardiovascular Imaging Inc., Calgery, Canada, MS2 and MSS5). The left atrial
appendage was included, and pulmonary vein insertion regions were excluded from
the left atrial volumes using straight-line contours (71). Calculated left atrial ejection
fractions included the total (EFtota = 100 X (LAVmax — LAVmin) / LAVmax), the passive
(EFpassive = 100 *x (LAVmax = LAVic) / LAVmax), and the active (EFactive = 100 % (LAVic —
LAVmin) / LAVbc) ejection fractions.

The cine bSSFP volumetric evaluation was used as reference method (MS2) for
the evaluation of left ventricular volumetric function from 4D flow magnitude data. To
employ the same evaluation strategy, left ventricular function parameters and
myocardial mass (LVM) were calculated from manual segmentation of end-diastolic
and end-systolic endo- and epicardial contours in short axis series (Figure 3B). A
discrepancy over 5% between end-diastolic and end-systolic LVM was defined as
segmentation error and corrected as needed, with the final LVM reported as the

average of both measurements.
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Figure 3: Evaluation of left ventricular and left atrial volumetric function. Reproduced with modifications
from Reiter C et al. Eur J Radiol 2021 (1)

For comparison of breath-hold versus free-breathing and short-axis versus long-axis orientation
acquisition (MS1) the Simpson method was employed for the left ventricle and left atrium using the mitral
valve plane as baseplane (A). For comparison of acquisition sequence (MS2) left ventricular volumes
were acquired from short-axis series and left atrial function was evaluated using the bi-planar area-length

method (B). MV = mitral valve, SAX = short-axis, LAX = 4-chamber orientation.

2.4.2 2D flow magnetic resonance imaging

To assess left ventricular filling velocities and flow from transmitral 2D flow (MS1 and
MS3), manual segmentation of the mitral valve opening area was performed on
transmitral phase contrast images across all diastolic cardiac phases using dedicated
software (Argus software, Siemens Healthineers, Erlangen, Germany). Transmitral
peak velocities and peak flows in the early-diastole (E and Fe, respectively) and late-
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diastole (A and Fa, respectively) were derived from velocity-time curves and flow-time
curves.

The early-diastolic myocardial peak velocity was calculated as the peak average
velocity in early diastole within a myocardial region in the lateral myocardial wall,
measured from the same phase contrast series (Figure 4). Due to the proximity of the
imaging plane to the left ventricular outflow tract, septal myocardial velocity could not

be derived reliably.

Free breathing

I
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Figure 4: Evaluation of transmitral and myocardial tissue velocities from 2D flow magnetic resonance
imaging. Reproduced with modifications from Reiter C et al. Eur J Radiol 2021 (1).
Red contour = segmentation of the mitral valve opening area; yellow contour = segmentation of the

lateral myocardial tissue.

During both breath-hold (MS1) and free-breathing (MS1 and MS3) conditions, cardiac
intervals (RR-intervals) were defined as the average intervals during 2D flow
assessment.

Breathing depth and rate were assessed by the diaphragmatic motion, quantified
as the displacement between inspiratory and expiratory positions, and as respiratory
frequency calculated from the time interval between two successive inspiratory peaks
(MS1).
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2.4.3 4D flow magnitude data

4D flow magnitude data were multiplanar reconstructed in long-axis views (left
ventricular two-chamber and four-chamber views), and a set of consecutive short-axis
slices (8 mm thickness) to cover the left ventricular cavity. Cine 4D flow series were
created for further analysis (Figure 5A) of left ventricular and left atrial volumetric
function parameters using standard software (cvi42, Circle Cardiovascular Imaging
Inc., Calgery, Canada). All contours were manually traced (Figure 5B). Left ventricular
end-diastole and end-systole were defined visually in a mid-ventricular short-axis slice
as the phases with the largest and smallest left ventricular cross-sectional areas,
respectively (72,73). Left ventricular end-diastolic, end-systolic, and stroke volume, left
ventricular EF, and left ventricular myocardial mass were assessed similar to the

evaluation described for cine bSSFP series.
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SAX s_s_tack 4-chamber LV 2-chamber

Figure 5: Processing of 4D flow magnitude data. Reproduced with modifications from Reiter C et al. Eur
Radiol 2023 (2).

Left ventricular long- and short-axis reconstruction (A). Chamber segmentation for left ventricular and
left atrial volumetric function evaluation (B). ED = end-diastole, ES = end-systole, green line = epicardial

segmentation, red line = endocardial segmentation, orange line = segmentation of the left atrium.

244 4D flow velocity data

Prior to analysis, corrections for background phases were performed, along with
aliasing correction if required. Automatic segmentation of the left ventricle, left atrium,
and surrounding large vessels was performed by using a segmentation threshold
(Figure 6). Additionally, the velocity vector fields for the left ventricle and left atrium
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were visually examined to identify any unknown cardiac shunts or notable valve

regurgitations.

Backgreund pha:s(-:-L correctlo.n .

Segmentation

Figure 6: 4D flow pre-processing workflow.
MAG = magnitude image series, PCMRA = phase contrast magnetic resonance angiographic image
series, RL = right-left velocity encoded image series, AP = anterior-posterior velocity encoded image

series, FH = feet-head velocity encoded image series.

Transmitral peak velocities

To establish a workflow for evaluating transmitral diastolic peak velocities, three
different evaluation pathways were examined using multiplanar reconstructed images

in left ventricular two-chamber, four-chamber, and short-axis orientations (Figure 7).

e 4D flow SA method: An evaluation plane was reconstructed parallel to the mitral
valve at the level of the valve tips during early diastole, similar to conventional 2D
flow assessment. Early- and late-diastolic peak velocities were determined by
manually segmenting the mitral valve opening across all diastolic phases to obtain
3D peak velocities.

e 4D flow 4-chamber method: Early- and late-diastolic peak velocities were assessed

as 3D peak velocities from a region of interest between the mitral leaflet tips in a
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multiplanar reconstructed 4-chamber view similar to echocardiographic
assessment.

e 4D flow max-velocity method:. Voxels with the highest early- and late-diastolic
velocities within the 3D velocity field of the transmitral inflow region were identified
between the mitral valve ring and tips from a velocity magnitude overlay

reconstruction.
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Figure 7: Approaches for assessing diastolic transmitral peak velocities from 4D flow velocity data.
Reproduced with modifications from Reiter C et al. Eur J Radiology 2023 (3).

Esimeor and Asimzor refer to early- and late-diastolic peak velocities from a static short-axis image at the
mitral valve tips; Esimecho and Asimecho are early- and late-diastolic peak velocities from a static 4-chamber

view; E4pr and A4pr indicate maximal early- and late-diastolic velocities in the transmitral inflow volume.

Mpyocardial peak velocity

Peak early-diastolic myocardial velocities in the septal and lateral myocardial regions
were assessed from evaluation planes which were aligned perpendicular to posterior
septal and anterior lateral myocardium (Figure 8).

Average e’ was calculated as the average of septal and lateral €’, respectively.

These velocities were derived from the average through-plane velocity-time curves.
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Voxels representing blood or pericardial tissue were carefully excluded to ensure

accuracy in the myocardial measurements.

lateral e’4pr

€ 40F

Figure 8: Assessment of early-diastolic myocardial tissue velocities from 4D flow data. Reproduced with
modifications from Reiter C et al. Eur J Radiology 2023 (3).

e'4pr = early-diastolic myocardial tissue velocity.

Pulmonary artery net flow volume

To assess the net flow volume of the pulmonary artery, an evaluation plane was
multiplanar reconstructed above the pulmonary valve aligned perpendicular to the
course of the vessel (Figure 9). The cross-sectional area of the pulmonary artery was

automatically segmented and manually adjusted as needed.

NFV

Figure 9: Assessment of pulmonary artery net flow volume from 4D flow velocity data. Reproduced with
modifications from Reiter C et al. Eur Radiology 2023 (3).

MPR = multiplanar reconstruction, NFV = net flow volume.
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Elevated mean pulmonary arterial pressure

Vortical blood flow along the main pulmonary artery, was assessed visually from
multiplanar reconstructed 3D velocity vector fields in right ventricular outflow tract
orientation (Figure 10). the duration of vortical flow (tvortex) Was quantified as previously
described (74).

_ nhumber of frames with vortex .
t\roﬂex— _— In%

number of all frames

Figure 10: Evaluation of vortical blood flow along the main pulmonary artery from observed vortical flow
patterns. Reproduced with modifications from Reiter C et al. Eur Radiol 2025 (4).

tvortex = relative duration of vortical flow in the pulmonary artery during the cardiac interval.

Left atrial peak inflow and outflow velocities

The left atrial peak early-diastolic (ve) outflow velocity was measured from the voxel
with the highest mitral valve velocity at the level of the annulus during early diastole.
Left atrial peak systolic (vs) and early-diastolic (vp) inflow velocities were measured in
cross-sections of the left and right lower and upper pulmonary veins at the level of the

junctions with the atrium (Figure 11).
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maximum (vg+vp)/2:
in this case upper right pulmonary vein

Figure 11: Assessment of early-diastolic peak outflow and peak inflow velocities of the left atrium from
4D flow data during systole and early diastole. Reproduced with modifications from Reiter C et al. Eur
Radiol 2023 (5).

Ve = early-diastolic peak left atrial outflow velocity; vs = systolic peak left atrial inflow velocity; vb = early-

diastolic peak left atrial inflow velocity.

Left atrial acceleration factor

In the present study the left atrial acceleration factor a was calculated from the formula
a = ve/[(vs + vbp)/2] using the maximum value of vs + vp across all pulmonary veins.
Moreover, the left atrial acceleration factor aiower was determined the maximum vs + vp
values among the lower pulmonary veins, as per the original definition of this metrics
in Reiter et al. (75).

25 Statistical analysis
Statistical analysis was performed using SPSS® (SPSS Software v25-v28, Chicago,
IL, USA) and NCSS (NCSS 11 Statistical Software, Kaysville, Utah, USA). Statistical

significance was defined as p < 0.05 for all analyses. Non-overlapping 95% confidence

intervals were interpreted as differing.
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2.5.1 Descriptive statistics and normality assessment

Continuous variables are presented as mean * standard deviation for normally
distributed data and as median with interquartile range for non-normally distributed
data. Normality of distributions was assessed using the Shapiro-Wilk test and visual

inspection of QQ-plots.

2.5.2 Agreement Analysis and correlation

Differences of non-paired samples were compared by t-test or Mann-Whitney U test,
differences of paired samples by paired t-Test or Wilcoxon signed-rank test, as
appropriate. Significance of biases was investigated by one sample t-test, percentages
were compared with Pearson’s Chi-Square test. Means of different groups of diastolic
(dys)function were compared by analysis of variance with Dunett-T3 as post hoc test
or Kruskal-Wallis test. Relationships of continuous parameters were investigated by
Pearson correlation (r), linear regression, and Bland-Altman analysis. Inter- and intra-
observer variability and repeatability was studied by two-way mixed effect model, single
measure, absolute agreement intra-class correlation coefficients (ICC) and within-
subject standard deviation in a variance component analysis (synonymously standard
error of measurements).

A segmented linear model was fitted to the relationship between pTR and tvortex,
with tvortex = 0% up to a treshhold of pTR and increasing linearly afterwards. Diagnostic
agreement and grading of left ventricular diastolic dysfunction between 4D flow and
echocardiography were studied by contingency table analysis; agreement was
assessed by Cohen’s weighted kappa and over- or underestimated was tested by
McNemar’s test.

Correlations were classified as very high for r = 0.9-1.0, high for r = 0.7-0.9,
moderate for r = 0.5-0.7, low for r = 0.3-0.5, and negligible for r = 0.0-0.3 (76).
Interobserver reliability were classified as excellent for ICC = 0.9-1.0, good for ICC =
0.75-0.9, moderate for ICC = 0.5-0.75, and poor for ICC =0.0-0.5 (77).
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2.5.3 Threshold Determination and Validation

Receiver operating characteristic curve analysis was employed to determine optimal
threshold values for four-dimensional flow-derived parameters in detecting diastolic
dysfunction grades. 95% confidence intervals were derived for area under the receiver
operating characteristics curve. Youden’s index was used to suggest cut-off values.
Sensitivity, specificity, positive predictive value, and negative predictive value were

calculated for thresholds.
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3. Results

The results of this doctoral thesis have been published in (1-5).

3.1 Cohort demography and clinical characterization

3.1.1  Study population overview

Data from 94 participants were analyzed. The average age of the cohort was 62 + 12
years, of whom 53% (n=50) were females. The baseline demographic profile,

echocardiographic findings, and laboratory parameters are summarized in Table 1.

3.1.2 Diastolic function distribution

Echocardiographic evaluation revealed normal diastolic function in 54% (n=51) of
participants. Diastolic dysfunction was distributed as follows: Grade | diastolic
dysfunction in 14% (n=13), grade Il diastolic dysfunction in 14% (n=13), and grade |l
diastolic dysfunction in 9% (n=8). Indeterminate diastolic function classification was
observed in 10% (n=9) of the cohort. None of the participants showed significant mitral
regurgitation, aortic regurgitation or shunts. Ten participants exhibited reduced left
ventricular ejection fraction (<50%). The temporal interval between echocardiographic

and 4D flow cardiovascular magnetic resonance assessments was 3 + 7 days.
3.1.3 Baseline clinical parameter
Participants with advanced diastolic dysfunction (Grades ll-11l) demonstrated elevated

N-terminal pro-brain natriuretic peptide levels compared to those with normal function

or mild dysfunction (p < 0.001).
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Table 1: Study population characterization. Reproduced with modifications from Reiter C et al. (4,5).

Characteristics Total Grade0 Ind Grade | Grade Il Grade Il P value
(n=94) (n=51)  (n=9)  (n=13)  (n=13)  (n=8)
Demography
Age (years) 62612 6159 59:8  58£17  6B£15  65:14 0212
Sexfemalen (%)  50(52) 29(57) 7(78)  5(39)  6(46)  3(38)  0.326
Height (cm) 170410 17128 16648  172¢11  167+10 17110 0249
Weight (kg) 77415 7513 7621 80#19 77413 86:10  0.106
BMI (kg/m2) 26:4  25:3 2846 2714 2815 30:4 0082
BSA (m?) 1902021 1.88:020 1.86:027 195:028 1.88£0.18 201:0.15 0.237
SBP (mmHg) 136£19  134£17  144+15 138420  140£26  136:20 0578
dBP (mmHg) 76:11 75810 7747 739 7715 86£12 0790
HR (min!) 6711 6710  66:9  69:10  61+11 7517  0.079
Laboratory parameters
Hb (9/L) ax2 | 14s1 14z 1522 1421 13¢3  0.065
eGFR (ml/min) 76:18  80:10°  82:13°  78:25%  74:22  48+162 <0.001
NTOrOBNP (pa/ml)* o 76:1242 84x53°  Se1seare o0 19233% 000
Trigycerides (mg/dL) 113:60  105:49  97:63 141249 132196  114£76  0.075
HDL (mg/dL) 62:20  65:21 72423  50:16 57412 4813  0.029
LDL (mg/dL) 135443 154431'2  136$45 994340  92+40° 121444 <0.001
Echocardiographic parameters
EFecno (%) 59:10 6126 6125 6011 55¢14 5219 068
Eceno (CM/s) 82:21  78+16°  79:15°  74:13%  92¢32  109:18% <0.001
E/Accno 1.23:054 1.10£0.20° 1.1420.27° 1.03£0.32° 1162035 Zon;, <0.001
&'cano (CM/s) 8.5:71 10.6£9.02% 7.94142% 66:26  54%139 4.1:18% 0023
E/e’sene 127488 83:2.212310.0£1.1923 132462 19.645.7% 31.8+14.301 <0.001
LAVIceno (mi/m?) 34513 28:62 36240 32:112  51:1801  46£17  <0.001
TR (cm/s) 23:05 22:042 2303 21204  27:04° 29:06 <0.001
SPAP (mmHg) 273181 242$422 256:52 240473 353:8.4%1 3943118 <0.001

Categorical data presented as frequencies with percentages in parentheses; continuous data presented
as means with standard deviations in parentheses. P value refers to analysis of variance. Superscripts 0,
i, 1, 2, 3 indicate significant differences from grade 0, indeterminate, I, I, lll, respectively. Ind =
indeterminate, BMI = body mass index (calculated as BMI = weight/height2, weight measured in
kilograms, height measured in meters), BSA = body surface area (calculated as BSA = weight?425 x
height0-725 x 0.007184; weight measured in kilograms, height measured in meters), sBP = systolic blood
pressure, dBP = diastolic blood pressure, HR = heart rate, eGFR = estimated glomerular filtration rate,
NTproBNP = N-terminal prohormone of brain natriuretic peptide, HDL = high-density lipoprotein, LDL =
low-density lipoprotein, EFecho = ejection fraction, Eecno = early-diastolic transmitral peak velocity, E/Aecho
= early-to-late-diastolic transmitral peak velocity ratio, eecno’ = early-diastolic mitral valve tissue peak
velocity, LAVIecno = left atrial volume index, TR = peak tricuspid regurgitation velocity, sSPAP = systolic
pulmonary arterial pressure. *Values of NTproBNP were log-transformed for comparison.
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Estimated glomerular filtration rate showed progressive decline with increasing
diastolic dysfunction severity, reaching statistical significance in Grade Il dysfunction
(p < 0.001). Systolic pulmonary arterial pressure measurements increased
progressively across diastolic dysfunction grades, with the highest values observed in
Grade Il dysfunction (39.4 + 11.8 mmHg, p < 0.001).

3.2 Cardiac magnetic resonance volumetric function measurements

3.2.1  Effect of respiration on cardiac function parameters

Analysis of respiratory effects on cardiac function was performed in 56 participants
without cardiovascular disease symptoms (mean age 58 + 14 years), following the
exclusion of four participants due to inadequate image quality (MS1). The cohort
included 33 women (mean age 56 * 16 years) and 23 men (mean age 62 + 10 years).
The average cardiac interval remained stable between respiratory conditions with 922
+ 126 ms during breath-holding versus 937 + 120 ms during breathing (p = 0.064).
Respiratory parameters during free breathing included mean respiratory depth of 13 +
4 millimeters and respiratory rate of 11 + 2 breaths per minute, with no significant
differences observed between genders.

The left ventricular volumetric function parameters showed strong correlations
between inspiratory breath-holding and free breathing conditions. During free
breathing, both end-systolic and end-diastolic volumes were higher, while ejection
fraction and peak ejection rate decreased. Among the diastolic parameters, peak filling
rate during early diastole showed only moderate correlation between the respiratory
conditions and was the sole parameter exhibiting higher values during free breathing
compared to breath-holding. Comparisons of left ventricular volumetric function
parameters are presented in Table 2 and Figure 12.

51



Table 2: Effect of respiration on left ventricular and left atrial volumetric function. Reproduced with

modifications from Reiter C et al. Eur J Radiol 2021 (1).

Parameter Breath-hold Breathing Bias SD P value r
Left ventricle

EDV (ml) 132+29 139430 -7 15 0.002 0.87
ESV (ml) 48115 56118 -7 8 <0.001 0.91
SV (ml) 84+16 83+15 1 11 0.631 0.77
EF (%) 6416 6116 3 4 <0.001 0.79
PER (ml/s) -437490 -416+85 22 51 0.002 0.83
PFRe (ml/s) 396+127 4294127 -34 110 0.025 0.63
PFRa (ml/s) 279483 287196 -8 61 0.313 0.78
PFRe/PFRa 1.57£0.68 1.69+0.72 -0.11 0.49 0.095 0.76
Left atrium

LAmax (ml) 89121 95120 -6 13 0.001 0.79
LAbc (ml) 67+17 68+17 -1 10 0422 0.81
LAmin (ml) 49113 48413 0 8 0.841 0.82
EFwa (%) 4616 5016 -4 4 <0.001 0.72
EFactive (%) 2716 2916 -2 5 0.013 0.67
EFpassive (%) 2516 29+5 -4 4 <0.001 0.73

EDV = end-diastolic volume, ESV = end-systolic volume, SV = stroke volume, EF = gjection fraction,

PER = systolic peak emptying rate, PFRE = early-diastolic peak filling rate, PFRA = late-diastolic peak

filling rate, LAmax = maximal left atrial volume, LAsc = left atrial volume before contraction, LAmin = minimal

left atrial volume, EFww = total left atrial ejection fraction, EFacaive = active left atrial ejection fraction,

EFpassive = passive left atrial ejection fraction
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Figure 12: Bland-Altman plots comparing left ventricular function during breath-holding and breathing.
Reproduced with modifications from Reiter C et al. Eur J Radiol 2021 (1).

Parameter are evaluated from stacks of short-axis images. BH = breath-holding, B = breathing, n =
number of participants, SD = standard deviation of differences, EDV = end-diastolic volume, ESV = end-
systolic volume, SV = stroke volume, EF = ejection fraction, PER = systolic peak emptying rate, PFRe =
early-diastolic peak filling rate, PFRa = late-diastolic peak filling rate. Grey bars = 95% confidence

intervals of bias and 95% limits of agreement,
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Breath-hold-to-breathing differences in left ventricular volumetric function parameters
did not correlate significantly with their average values. Gender related differences
were observed in breath-hold-to-breathing biases: 14 ml in males vs. 1 ml in females
for EDV (p = 0.004), 11 ml in males vs. 5 ml in females for ESV (p = 0.005), 3 ml in
males vs. -3 mlin females for SV (p = 0.027), and -86 ml/s in males vs. 3 ml/s in females
for PFRe (p = 0.002).

Both LAVmax and all left atrial ejection fractions were lower during breath-holding.
Strong correlations were observed between left atrial volumes acquired during free
breathing and breath-holding. A detailed comparison of volumetric function parameters
of the left atrium during free breathing and breath-holding is provided in Table 2, with
corresponding Bland-Altman plots displayed in Figure 13.

Breath-hold-to-breathing biases for LAVmax (11 ml in men vs. 2 ml in women, p
= 0.033), LAVbc (5 ml in men vs. -1 ml in women, p = 0.038), and LAVmin (2 ml in men
vs. -2 ml in women, p = 0.042) were greater in men than in women. However, same as
with left ventricular parameters the breath-hold-to-breathing differences did not

correlate significantly with the average values of the respective left atrial parameters.
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Figure 13: Bland-Altman plots comparing left atrial (LA) volumetric function parameters acquired during
breathholding and free breathing. Reproduced with modifications from Reiter C et al. Eur J Radiol 2021
(1).

BH = breath-holding. B = breathing. n = number of participants, SD = standard deviation of differences.
LAmax = Maximal left atrial volume. LAnc = pre-contraction left atrial volume. LAmin = minimal left atrial
volume, EF = ejection fraction. Grey bars = 95% confidence intervals of bias and 95% limits of

agreement.
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3.2.2 Impact of image orientation

Left ventricular volumetric function parameters derived from stacks of four-chamber
cine series correlated strongly and demonstrated similar changes during breath-holding
and breathing with the ones derived from stacks of short-axis cine series. The
comparison of left ventricular volumetric function parameters derived from four-
chamber cine stack images during breath-holding and breathing is provided in Table
3, together with the correlations between parameters derived from short-axis and four-

chamber stacks during breath-holding and breathing, respectively.

Table 3: Impact of breath-holding on volumetric function evaluated from 4-chamber cine series.
Reproduced with modifications from Reiter C et al. Eur J Radiol 2021 (1).

Parameter Breath-hold Breathing Bias SD P value r IsA.BH rsas
EDV (ml) 145 + 32 150 + 31 -5 18 0.044 0.83 0.93 0.94
ESV (ml) 62 +17 66 + 19 -4 10 0.003 0.85 0.91 0.90
SV (ml) 83+18 84+ 15 -1 11 0.532 0.78 0.87 0.82
EF (%) 58+5 b6+ 5 1 3 0.012 0.78 0.78 0.62
PER (ml/s) 426 + 96 419+ 80 7 46 0.234 0.88 0.84 0.88
PFRE (ml/s) 320 £ 98 359 + 86 -39 63  <0.001 0.78 0.86 0.82
PFRa (ml/s) 287 £ 81 31185 -24 61 0.004 0.73 0.64 0.80

PFRe/PFRa 1.21+£0.52 1.25+0.49 -0.04 043 0455 0.64 0.73 0.81

Breath-hold and breathing values are given as means + standard deviations. p refers to comparison
between breath-hold and breathing mean values. SD = standard deviation of differences, rsasn =
Pearson’s correlation coefficient between parameters derived from short-axis and 4-chamber stacks
during breath-holding, rsa g = Pearson’s correlation coefficient between parameters derived from short-
axis and 4-chamber stacks during breathing, r = Pearson’s correlation ceefficient between parameters
derived from 4-chamber stacks during breath-holding and breathing. EDV = end diastolic volume. ESV
= end systolic volume. SV = stroke volume. EF = ejection fraction. PER = peak ejection rate. PFRe =
early-diastolic peak filling rate. PFRa = late-diastolic peak filling rate.

Of note, absolute differences to left ventricular volumetric parameters obtained from

stacks of short-axis series are comparable with previously published values (78).
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3.2.3 Repeatability volumetric function measurements

The results of repeatability measurements for left ventricular and left atrial volumetric
function parameters assessed during both breath-holding and breathing are
summarized in Table 4. While short-axis-derived parameters showed better
repeatability during breath-hold measurements, the repeatability of parameters from
four-chamber series was comparable between breath-holding and breathing. Notably,
within-subject standard deviations for repeatability measurements in both conditions
were smaller than the standard deviations of differences observed between breath-hold

and breathing measurements.
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Table 4: Repeatability of left ventricular and left atrial volumetric function for different respiratory

conditions. Reproduced with modifications from Reiter C et al. Eur J Radiol 2021 (1)

Breath-hold Breathing

Parameter IcC SD., Icc SD., SD
Short-axis orientation

EDV (ml) 1.00 1 1.00 1 15
ESV (ml) 1.00 1 1.00 2 8
SV (ml) 1.00 2 0.99 4 11
EF (%) 0.99 1 0.99 2 4
PER (ml/s) 0.94 39 0.99 24 51
PFREe (ml/s) 0.99 17 0.99 20 110
PFRa (ml/s) 0.95 19 0.97 26 61
PFRe/PFRa 0.81 0.23 0.90 0.36 0.49
LAmax (ml) 0.99 5 0.98 6 13
LAbe (ml) 0.98 5 0.98 5 11
LAmin (Ml) 0.98 4 0.98 4 8
EFtotal (%) 0.87 2 0.90 2 6
EFactive (%) 0.68 3 0.95 2 5
EFpassive (%) 0.81 3 0.81 3 7
4-chamber orientation

EDV (ml) 1.00 3 1.00 4 18
ESV (ml) 1.00 2 0.99 4 10
SV (ml) 0.98 4 0.99 3 11
EF (%) 0.97 2 0.93 3 3
PER (ml/s) 0.98 20 0.91 42 46
PFRe (ml/s) 0.77 56 0.94 29 63
PFRa (ml/s) 0.91 36 0.68 67 61
PFRe/PFRa 0.85 017 0.85 0.38 0.43

Left ventricular (LV) volumetric function data derived from stacks of short-axis cine series and left atrial
(LA) volumetric function data derived from stacks of 4-chamber cine series for measurements taken
under breath-hold and breathing. SDw = within subject standard deviation, ICC = intra-class correlation,
SD = breath-hold-to-breathing standard deviation of differences (for comparative reasons). EDV = end-
diastolic volume, ESV = end-systolic volume, SV = stroke volume, EF = gjection fraction, PER = peak
gjection rate, PFRe = early-diastolic peak filling rate, PFRa = late-diastolic peak filling rate, LAmax =
maximal left atrial volume, LAbc = left atrial before contraction volume, LAmin = minimal LA volume, EFiotal
= total left atrial ejection fraction, EFacive = active left atrial ejection fraction, EFpassive = passive left atrial
ejection fraction.

58



3.2.4 Volumetric function evaluation from 4D flow magnitude data

This analysis included the 60 participants (35 females) without signs or symptoms of
heart failure or cardiac diseases (MS2). Left ventricular and left atrial volumetric
parameters measured from 4D flow and cine bSSFP series exhibited high to very high
correlations. Detailed results for parameters are provided in Table 5, scatter plots

(Figure 14) and Bland-Altman plots (Figure 15).

Table 5: Left ventricular and atrial volumetric parameters derived from cine 4D flow and cine bSSFP

images. Reproduced with modifications from Reiter C et al. Eur Radiol 2023 (2).

Parameter 4D flow-cine bSSFP-cine r Bias P value
EDV (ml) 137.9128.6 140.8+28.8 0.98 -2.915.8 <0.001
ESV (ml) 46.2+12.7 48.6+13.2 0.96 -2.3+3.8 <0.001
sSV (ml) 91.7118.4 92.3£18.1 0.95 -0.615.8 0.433
LVM (g) 157.8+37.6 118.8+30.6 0.96 39.0+11.4 <0.001
EF (%) 66.7+4.6 65.814.4 0.84 0.9+£2.6 0.005
LAVmax (ml) 78.6117.5 77.8£17.9 0.96 08+4.4 0.152
LAVmin (ml) 36.3x111 3561120 097 0.7+34 0.143
LATEF (%) 54 .2+7 1 54.7+8.1 0.83 -0.514.6 0.380

r is the Pearson-correlation coefficient between 4D flow-cine and bSSFP-cine parameters. EDV = end-
diastolic volume, ESV = end-systolic volume, SV = stroke volume, LVM = left ventricular mass, EF =
gjection fraction, LAVmax = maximal left atrial volume, LAVmin = minimal left atrial volume, LATEF = total
left atrial ejection fraction
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Figure 14: Scatter-plots of left ventricular and left atrial volumetric function parameters from cine 4D flow

and cine bSSFP images. Reproduced with modifications from Reiter C et al. Eur Radiol 2023 (2).

The dotted lines refer to the line of identity. r = correlation coefficients. EDV = end-diastolic volume, ESV

= end-systolic volume, SV = stroke volume, LVM = left ventricular mass, EF, ejection fraction, LAV max =

maximal left atrial volume, LAVmin = minimal left atrial volume, LATEF = total left atrial ejection fraction.
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Figure 15: Bland-Altman plots comparing left ventricular and left atrial volumetric function parameters
from cine 4D flow and cine bSSFP images. Reproduced with modifications from Reiter C et al. Eur Radiol
2023 (2).

LOA, limits of agreement, EDV = end-diastolic volume, ESV = end-systolic volume, SV = stroke volume,
LVM = left ventricular mass, EF, ejection fraction, LAVmax = maximal left atrial volume, LAVmin = minimal
left atrial volume, LATEF = total left atrial ejection fraction. Grey bar = 95% confidence intervals of bias,
dotted line = regression line for significant correlations between differences and averages of a parameter,

r = correlation coefficient.
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Significant biases were observed across all left ventricular volumetric function
parameters except for stroke volume; biases were generally small (less than 5% of
each parameter’'s mean value) with the exception of LVM. Differences in LVM between
4D flow and cine bSSFP measurements showed a moderate correlation (r = 0.61) with
LVM average values. Additionally, LVM was the only parameter with a significant
gender-related bias difference (46.2 £ 11.5 g for males vs. 33.9 + 8.3 g for females, p
<0.001).

Observer variability

Inter- and intraobserver agreement of left ventricular and left atrial volumetric function

parameters were excellent (Table 6).

Table 6: Inter- and intraobserver agreement of left ventricular and left atrial volumetric function evaluated

from cine 4D flow and cine bSSFP series. Reproduced with modifications from Reiter C et al. Eur Radiol

2023 (2)

Inter-observer variability (n = 20)

Intra-observer variability (n = 20)

Parameter 4D flow-cine bSSFP-cine 4D flow-cine bSSFP-cine
£OV (m) 0986 0995 0971 0994
[0966-0994]  [0988-0998]  [0.930-0988]  [0.978-0998]
£SV (m) 0.980 0.983 0.973 0.994
[0.950-0.992]  [0.957-0.993]  [0.926-0.990]  [0.985-0.998]
SV (m) 0.964 0.987 0.959 0.983
[0.913-0.986]  [0.969-0.995]  [0.900-0.984]  [0.946-0.994]
M (@) 0.994 0.995 0.996 0.991
[0984-0997]  [0989-0998]  [0.989-0998]  [0.977-0.996]
£F (%) 0873 0.869 0.911 0.889
[0708-0.948]  [0.704-0946]  [0.792-0963]  [0.738-0.955]
Ao () 0.995 0.983 0.997 0.995
[0.985-0.998]  [0.959-0.993]  [0.990-0.999]  [0.989-0.998]
AV (1) 0.995 0.992 0.997 0.996
[0.988-0.998]  [0.980-0.997]  [0.992-0.999]  [0.988-0.999]
. 0974 0.900 0.974 0.953
LATEF (%) [0936-0989]  [0763-0959]  [0.936-0.989] [0.882-0 981]

Intraclass correlation coefficients (ICCs) and their 95% confidence intervals in brackets. EDV = end-
diastolic volume, ESV = end-systolic volume, SV = stroke volume, LVM = left ventricular mass, EF =
ejection fraction, LAVmax = maximal left atrial volume, LAV min = minimal left atrial volume, LATEF = total
left atrial ejection fraction
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No difference for cine 4D flow and cine bSSFP derived parameters was observed.

Validation of stroke volumes

Net forward volumes measured using 4D flow imaging demonstrated a very strong
correlation with volumetric stroke volumes obtained from both cine 4D flow and cine
bSSFP imaging (r = 0.91 for both comparisons). There was no significant bias between
net forward volumes and volumetric stroke volumes (p = 0.218 for cine 4D flow imaging
and p = 0.058 for cine bSSFP imaging-derived stroke volumes). Scatter as well as

Bland-Altman plots illustrating these comparisons are provided in Figure 16.
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Figure 16: Scatter plots and Bland-Altman plots comparing left ventricular stroke volume evaluated from
cine bSSFP series and cine 4D flow series with the pulmonary artery net flow volume. Reproduced with
modifications from Reiter C et al. Eur Radiol 2024 (2).

SV = left ventricular stroke volume, NFV = pulmonary artery net flow volume, r = correlation coefficient,
LOA = limits of agreement. Dotted line in scatter plots = line of identity, grey bar = 95% confidence

intervals of bias.
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3.3 2D flow measurements

3.3.1 Impact of breath-holding on 2D flow measurements

E and A wave were fused in two participants during breath-holding and breathing such
that late-diastolic transmitral velocities could not be evaluated. In another two
participants the lateral myocardium was corrupted by partial volume of the left atrium
therefore evaluation of €’ was not possible.

During breathing, all early-diastolic velocities and flows (E, Fe, €’) were
significantly higher, while only the late-diastolic peak velocity A showed a marked
increase. As a result, there were no significant changes in the velocity ratios E/A and
E/e’ between breath-holding and breathing. Diastolic function parameters derived from
2D flow imaging under different respiratory conditions are presented in Table 7, Bland-

Altman plots shown in Figure 17.

Table 7: Diastolic 2D flow-derived transmitral and myocardial tissue metrics during breath-holding and
free breathing. Reproduced with modifications from Reiter C et al. Eur J Radiol 2021 (1).

Parameter Breath-hold Breathing Bias SD P value r

Eapr (cm/s) 60114 66112 -6 13 <0.001 0.53
Aopr (cm/s) 51+11 54113 -3 9 0.021 0.72
Fe (ml/s) 313110 340181 -27 86 0.024 0.63
Fa (ml/s) 259175 268187 -8 64 0.335 0.70
E/A2or 1231041  1.31+0.43 -0.07 0.32 0.101 0.71
Fe/Fa 1.3110.61 1.43+0.62 -012 0.34 0.011 0.84
e'2nr (CM/s) 9.21+3.1 11.0+4.0 -1.8 29 <0.001 0.68
E/e’aor 7.1£2.0 6.742.1 -04 20 0.115 0.53

Breath-hold and breathing values are given as mean t standard deviation. p refers to comparison
between breath-holding and breathing mean values. SD = standard deviation of differences, r =
Pearson’s correlation coefficient between breath-hold and breathing parameters, Ezor = early-diastolic
transmitral peak velocity, Azor = late-diastolic transmitral peak velocity, Fe = early-diastolic transmitral
peak flow, Fa = late-diastolic transmitral peak flow, e"2pr = early-diastolic myocardial peak velocity.
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The differences in E/e’ between breath-holding and breathing were different for women
and men (0.96 vs. -0.37, p = 0.010). Notably, cine bSSFP imaging-derived early- and
late-diastolic peak filling rates, along with their ratio, showed moderate to strong
correlations with the corresponding flows from 2D flow imaging during breathing (r =
0.70, 0.69, and 0.70 for E, A, and E/A, respectively) and breath-holding (r = 0.85, 0.53,
and 0.78 for E, A, and E/A, respectively).
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Figure 17: Bland-Altman plots comparing transmitral and myocardial tissue 2D flow measurements
under breath-holding and breathing. Reproduced with modifications from Reiter C et al. Eur J Radiol
2021 (1).

BH = breath-hold, B = breathing, E = early-diastolic transmitral peak velocity, A = late-diastolic transmitral
peak velocity, Fe = early-diastolic transmitral peak flow, Fa = late-diastolic transmitral peak flow, e’ =
early-diastolic myocardial peak velocity. n = number of participants, SD = standard deviation of

differences. Grey bars = 95% confidence intervals of bias and 95% limits of agreement.
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3.3.2 Comparison with echocardiography

Moderate correlations have been observed between echocardiographic and 2D flow
transmitral diastolic peak velocities (Table 8). 2D flow, however, significantly

underestimated both, echocardiographic E and A.

Table 8: Comparison of diastolic transmitral peak velocities evaluated from 2D flow and Doppler
echocardiography. Reproduced with modifications from Reiter C et al. Eur J Radiol 2024 (3).

Parameter Echo 2D-flow Bias r P value
E (cm/s) 78+ 16 66 + 12 12+ 12 0.70 <0.001
A (cm/s) 73+ 15 53+ 12 19+ 10 0.74 <0.001
E/A 1.11+£0.29 1.31+£043 -0.20+£0.33 0.65 <0.001

Bias is the mean difference between echocardiographic and 2D-flow measurments. E = early-diastolic

peak velocity, A = late-diastolic peak velocity, r = correlation with Echo; p = significance of the bias.

3.3.3 Impact of myocardial motion on diastolic peak filling rates

In 23 participants without symptoms of cardiopulmonary diseases, left ventricular PFRe
and PFRa were obtained from left ventricular volume-time curves. These
measurements were corrected with the myocardial wall velocity e’2p as background
phase to obtain corrected Fe and corrected Fa to compare corrected and uncorrected
transmitral 2D flow metrics with volumetrically obtained peak filling rates.

The peak filling rates PFRe = 396 + 128 ml/s and PFRa = 294 £ 90 ml/s
demonstrated a significant bias when compared to the uncorrected 2D flow-derived
peak flow measurements Fe = 316 £ 114 ml/s (p<0.001) and Fa = 249 + 72 ml/s
(p=0.005). However, no significant bias was found for the myocardial velocity-corrected
values Fe = 383 £ 90 ml/s (p = 0.196) and Fa = 306 + 94 ml/s (p = 0.438).

Correlations between volumetric peak filling rates and 2D flow-derived peak flows
were similar, with correlation coefficients of r = 0.93 and 0.94 for PFRe with uncorrected
and corrected Fg, respectively, and r = 0.67 and 0.69 for PFRa with uncorrected and

corrected Fa, respectively. The ratio of filling rates PFRe/PFRa = 1.48 £ 0.63 showed a
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strong correlation of r = 0.85 and no significant bias compared to the uncorrected Fe/Fa
ratio of 1.36 £ 0.63 (p = 0.150), as well as a strong correlation r = 0.82 and no significant
bias compared to the myocardial velocity-corrected Fe/Fa ratio of 1.38 + 0.69 (p =
0.260).

34 4D flow measurements

The comparison between 4D flow-derived E, A and e’ with echocardiographic
measurements was performed in the 60 participants of whom 35 were female (MS3).
Cardiac magnetic resonance imaging followed on average 4 = 3 days after
echocardiography. The cardiac intervals during cardiac magnetic resonance imaging
(68 £ 11 bpm) and echocardiography (69 + 11 bpm) did not differ (p = 0.367).

3.4.1  Transmitral diastolic velocities
In two participants, E and A velocities were fused wherefore the late-diastolic peak
velocities could not be assessed. Table 9 and Figure 18 present the comparisons of

different 4D flow evaluation strategies for transmitral peak velocities and

echocardiography.
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Table 9: Comparison of 4D flow and Doppler echocardiography derived diastolic transmitral and

myocardial peak velocities and velocity ratios. Reproduced with modifications from Reiter C et al. Eur J

Radiol 2024 (3).

Method mean * SD bias * SD r P

E (cm/s)

Echo 78+ 16

4DFsa 69 +£13 9+9 0.65 <0.001
4DF4ch 68 13 10+£10 0.72 <0.001
4DFmax 76+£15 2+ 11 0.73 0.128
A (cm/s)

Echo 7315

4DFsa 56 + 15 18 £ 11 0.75 <0.001
4DFach 61+12 12+9 0.80 <0.001
4DFmax 69 + 13 5+8 0.83 <0.001
septal e’ (cm/s)

Echo 82+21

4DF 8.0+21 0217 0.64 0.350
lateral €’ (cm/s)

Echo 10.1+£22

4DF 10.0+£20 0.1+£1.5 0.77 0.536
average e’ (cm/s)

Echo 9.1+£1.8

4DF 9.0+1.8 02+1.1 0.81 0.262
E/A ratio

Echo 1.11£0.29

4DFsa 1.32+042 -022+0.29 0.74 <0.001
4DFach 1.14 £ 0.30 -0.04 +0.19 0.79 0.139
4DFmax 1.14 £ 0.29 -0.04+£0.15 0.86 0.067
E/e’ ratio

Echo 87+19

4DFsa 7815 09+1.6 0.54 <0.001
4DFach 77+14 1.1£1.5 0.61 <0.001
4DF max 8615 0.1+£1.5 0.64 0.462

Data given as mean + standard deviation. Bias is the mean difference of echocardiographic and 4D flow
MRI measurements. Subscripts specify the 4D flow evaluation method at the mitral valve tips (SA),
between the mitral valve leaflets (4CH) and in the transmitral inflow volume (max). E = early-diastolic
transmitral peak velocity, A = late-diastolic transmitral peak velocity, SD = standard deviation=, r =

correlation with Echo, p = significance of the bias.
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Figure 18: Bland-Altman plots comparing transmitral peak velocities from 4D flow and
echocardiography. Reproduced with modifications from Reiter C et al. Eur J Radiol 2024 (3).

LOA = limits of agreement, Eecno = echocardiographic early-diastolic transmitral peak velocity, Aecho =
echocardiographic late-diastolic transmitral peak velocity, Esaor = 4D flow-derived early-diastolic
transmitral peak velocity, A4pr.= 4D flow-derived late-diastolic transmitral peak velocity. Gray bars = 95%

confidence interval of bias.

Moderate to high correlations were observed between echocardiographic and 4D flow-
derived diastolic transmitral peak velocities. The 4D flow SA method, and 4D flow 4-
chamber method significantly underestimated transmitral peak velocities; however, the
4D flow max-velocity method displayed a much smaller bias, which remained significant
for late-diastolic transmitral velocity. Importantly, neither the differences nor the
absolute values of these differences between methods correlated significantly with time
or heart rate discrepancies between magnetic resonance imaging and
echocardiography. Notably, velocities obtained from 2D flow and the 4D flow SA
method showed high correlations (r = 0.87 for E and 0.89 for A) and displayed only a

slight but statistically significant bias for early-diastolic transmitral velocity (p = 0.004).

3.4.2 Myocardial velocities

Myocardial tissue peak velocities assessed from 4D flow data and their comparison

with echocardiography are demonstrated in Table 9 and Figure 19.
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Strong correlations between echocardiographic and 4D flow-derived early-
diastolic septal and lateral myocardial tissue peak velocities were observed, without
significant bias. The highest correlation was found between the averaged early-diastolic
myocardial tissue peak velocities from the lateral and septal regions, comparing 4D
flow to echocardiography. Similar to the transmitral peak velocities, no significant
correlations were found between differences or absolute values of differences and time

or heart rate differences between echocardiographic and 4D flow-derived tissue

velocities.
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Figure 19: Bland-Altman plots comparing 4D flow with echocardiographic transmitral peak velocities.
Reproduced with modifications from Reiter C et al. Eur J Radiol 2024 (3).

Gray bars = 95% confidence interval of bias, LOA = limits of agreement, e’echo = echocardiography-
derived early-diastolic mitral valve tissue peak velocity, €’4or = 4D flow-derived early-diastolic myocardial

tissue peak velocities.

3.4.3 Velocity ratios

Comparison of E/A and E/e’ ratios evaluated from 4D flow and echocardiography are
summarized in Table 9; Bland-Altman plots shown in Figure 20. Moderate to high
correlations between echocardiographic and 4D flow E/A and E/e’ ratios were
observed, with the highest correlations for parameters obtained by the 4D flow max-
velocity method. While no bias was observed only for E/A assessed from the 4D flow
4-chamber method, no significant bias for E/A and E/e’ was observed using the 4D flow

max-velocity method.
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Figure 20: Bland-Altman plots comparing echocardiographic with 4D flow E/A and E/e’ ratios using the
4D flow max-velocity-method. Reproduced with modifications from Reiter C et al. Eur J Radiol 2024 (3).
Gray bar = 95% confidence interval of bias, LOA = limits of agreement, E/Aecno = echocardiography-
derived ratio of early- and late-diastolic transmitral peak velocities, E/A4pr = 4D flow-derived ratio of early-

and late-diastolic transmitral peak velocities.

3.4.4 Interobserver variability

Interobserver agreement was excellent across all 4D flow-derived measurements,
except for the early-diastolic transmitral peak velocity evaluated from the 4D flow SA-
method and the 4D flow 4-chamber method. The least observer variability was
observed for the 4D Flow max-velocity method, making it the most consistent approach

for measuring transmitral peak velocities and ratios (Table 10).
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Table 10: Interobserver variability for 4D flow-derived diastolic velocity parameter. Reproduced with
modifications from Reiter C et al. Eur J Radiol 2024 (3).

Method ICC SEM

E (cm/s)

4DFsa 0.895 [0.758 - 0.957] 51[3.9-7.4]
4DFacH 0.872 [0.695 - 0.948] 46[3.5-6.9]
4DF max 0.988 [0.970 - 0.995] 1.6[1.3-2.4]
A (cm/s)

4DFsa 0.945 [0.866 - 0.978] 54[4.1-7.8]
4DFacH 0.940 [0.792 - 0.979] 3.4[26-5.0]
4DF max 0.988 [0.967 - 0.995] 1.6[1.2-23]
e’ (cm/s)

septal 0.971[0.927 - 0.989] 0.4[0.3-0.6]
lateral 0.963 [0.911 - 0.985] 0.4[0.3-0.6]
average 0.983 [0.952 - 0.994] 0.2[0.2-0.3]
E/A’ ratio

4DFsa 0.961 [0.905 - 0.984] 0.12[0.09-0.17]
4DFacH 0.907 [0.781 - 0.962] 0.11[0.08-0.15]
4DF max 0.987 [0.967 - 0.995] 0.04 [0.03 - 0.05]
E/e’ ratio

4DFsa 0.915[0.798 - 0.965] 0.60[0.46 - 0.88]
4DFacH 0.917 [0.801 - 0.967] 0.52[0.44 - 0.84]
4DF max 0.975[0.939 - 0.990] 0.31[0.23 - 0.45]

Intraclass correlation coefficients (ICCs) and standard error of measurement (SEM) are given with
corresponding 95%-confidence intervals in brackets. Subscripts specify the 4D flow evaluation method
at the mitral valve tips (SA), between the mitral valve leaflets (4CH) and in the transmitral inflow volume
(max). E = early-diastolic transmitral peak velocity, A = late-diastolic transmitral peak velocity, e’ = early-
diastolic myocardial peak velocity.

3.5 4D flow grading parameters

The feasibility and accuracy of left ventricular diastolic dysfunction grading by 4D flow
magnetic resonance imaging using the ASE/EACVI 2016 echocardiographic grading
as reference method (MS4) was investigated in 94 participants within 3 + 7 days. Mean
participants' heart rates at echocardiography and 4D flow imaging did not differ (p =
0.33).
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3.5.1 Volumetric grading parameter

High correlations were observed between volumetric parameters measured by 4D flow
and echocardiography, the values derived from 4D flow, however, were significantly
higher than those from echocardiography (Table 11 and Figure 21).

The echocardiographic grading cutoff values for EF < 50% and LAVI > 34 ml/m?
(10) were therefore bias-corrected to EF < 55% and LAVI > 47 ml/m? for 4D flow
grading, respectively. The accuracy of 4D flow parameters, using above bias-adjusted
cutoff values, for identifying echocardiographic EF < 50% and LAVI > 34 ml/m? was
91% (Cl: 83%, 96%) for EF and 77% (Cl: 67%, 85%) for LAVI.

Table 11: Comparison of ASE/EACVI 2016 grading parameters from echocardiography and 4D flow.
Reproduced with modifications from Reiter C et al. 2024 (4).

Parameter Echo 4D flow Bias r P value
Volumetric grading parameter

EF (%) 59110 6419 -5 <0.001 75
LAVI (mL/m2) 35+ 14 48+ 15 -13 <0.001 .80
Velocity grading parameter

E (cm/s) 82 + 21 80 £ 21 2.00 0.065 0.87
E/A 123+ 054 1231048 0.01 0.820 0.84
septal e’ (cm/s) 70+£25 6.8+24 0.20 0.201 0.80
lateral e' (cm/s) 88+3.0 88+27 0.00 0.884 0.86
Ele’ 123277 11.7+64 0.60 0.069 0.92

Parameters are presented as means + standard deviations. The P value refers to the significance of
the bias, r to the correlation between echocardiographic and 4D flow measurements. EF = ejection
fraction, LAVI = left atrial volume index, Echo = echocardiography, E = early-diastolic transmitral peak
velocity, A = late-diastolic transmitral peak velocity, e’ = early-diastolic myocardial peak velocity, r =
correlation with Echo, p = significance of the bias.
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Figure 21: Bland-Altman and scatter plots comparing 4D flow with echocardiographic left ventricular EF
and LAVI. Reproduced with modifications from Reiter C et al. 2024 (4).

Bland-Altman plots: dotted line = line of identity, bold solid line with grey bars = bias with 95% confidence
interval, upper and lower solid lines = 95% limits of agreement. Scatter plot: bold line = bias-adjusted
line of identity, dashed lines = echocardiographic and bias-adjusted 4D flow grading cutoffs. Echo =

echocardiography, 4DF = 4D flow, EF = ejection fraction, LAVI = left atrial volume index.
3.5.2 Velocity grading parameters

High to very high correlations were observed between echocardiographic and 4D flow-
derived E and E/A (Figure 22), septal €', lateral €’, and E/e’ values (Figure 23), with
no significant bias between methods (Table 11). Consequently, the bias-adjusted 4D
flow grading cutoffs were set to match the established echocardiographic thresholds
(10). The predictive accuracies of 4D flow for identifying echocardiographic thresholds
were as follows: E > 50 cm/s at 97% (Cl: 91%, 99%), E/A > 0.8 at 91% (ClI: 83%, 96%),
E/A <2.0 at 97% (Cl: 91%, 99%), septal €’ <7 cm/s at 78% (Cl: 68%, 86%), lateral e’
<10 cm/s at 88% (Cl: 80%, 94%), and E/e’ > 14 at 93% (CI: 85%, 97%).

75



Egcho — Espr (Cm/s)

E/Agens — E/Auor (cm/s)

average E/A

20
10 °
1 Xy R4
AR
0 o.:’:ﬁt .'f e &
T Rede o
10| e o222 2 °,
HI o d o . .
-4 ..
20
Ll
-30
40 80 120 160 200
average E (cm/s)
15 .
10 «°
05 N °
o o°
8 % .
0 = el -
o‘o ‘.
05
[ ] °
-1.0 .
-15
0 1 2 3 4

200

Espr (Ccm/s)
- a
o o
o o

w
o

4D flow E/A
N

i y
_50__: boo _________________
50
0 50I 100 150 200
EEchc (Cm/S)
————— 20
R > -_____i___' ______ 0-8-
08 20
0 1 2 3 4
E"AEcho

Figure 22: Bland-Altman and scatter plots comparing 4D flow with echocardiographic E and E/A.

Reproduced with modifications from Reiter C et al. 2024 (4).

Bland-Altman plots: dashed lines = line of identity, bold solid lines with the grey bars = bias with 95%

confidence interval, upper and lower solid lines = 95% limits of agreement. Scatter plot: bold lines = bias-

adjusted line of identity, dotted lines = echocardiographic and 4D flow grading cutoffs. Echo =

echocardiography, 4DF = 4D flow, E = early-diastolic transmitral peak velocity, E/A = ratio of early-to-

late diastolic transmitral peak velocities.
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e’ and E/e’. Reproduced with modifications from Reiter C et al. 2024 (4).

Bland-Altman plots: dashed lines = line of identity, bold solid lines with the grey bars = bias with 95%
confidence interval, upper and lower solid lines = 95% limits of agreement. Scatter plot: bold lines = bias-
adjusted line of identity, dotted lines = echocardiographic and 4D flow grading cutoffs. Echo
echocardiography, 4DF = 4D flow, e’ = early-diastolic mitral annular/myocardial peak velocity, E/e’ = ratio

of early-diastolic transmitral peak velocity to average early-diastolic mitral annular/myocardial peak

velocity.
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3.5.3 Elevated pulmonary arterial pressure

In 69 out of 94 participants (73%) a tricuspid regurgitation was identified via
echocardiography. In these 69 individuals, the relationship between echocardiographic
peak tricuspid regurgitation pressure pTR and 4D flow-derived tvortex was well
characterized (square root of the coefficient of determination = 0.88) by a segmented
linear model with a threshold pTRo = 18.4 mmHg and a slope = 1.19 %/mmHg (Figure
24). This model estimates tvortex = 15% (Cl: 13%, 17%) as 4D flow-based grading cutoff
for the TR = 2.8 m/s (or equivalently pTR = 31.4 mmHg) echocardiographic grading

cutoff.

50 50
n=69 n=94
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3 2 30
‘;« I
2 3 20
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° P 1 1.19 %/mmHg ° (TR =2.8 m/s)
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pTR (mmHg) pTR (mmHg)

Figure 24: Scatter plot of duration of vortical blood flow along the main pulmonary artery derived from
4D flow versus echocardiographic peak tricuspid pressure gradient. Reproduced with modifications from
Reiter C et al. 2024 (4).

Left: Scatter plot of 69 participants with tricuspid regurgitation, right: scatter plot of all participants. Solid
line = fitted segmented linear model for tvortex ON PTR, vertical dashed lines = echocardiographic grading
cutoff for TR, horizontal dashed lines = 4D flow grading cutoff for tvortex. PTR = peak tricuspid pressure
gradient, twortex = vortex duration along the main pulmonary artery, TR = tricuspid regurgitant peak

velocity, pTRo = threshold value of the segmented linear model.

For all participants with echocardiographic detectable tricuspid regurgitation, the

accuracy of 4D flow-derived tvortex > 15% in predicting TR > 2.8 m/s was 99% (Cl: 92%,
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100%). However, one individual with tvortex > 15% but no visible tricuspid regurgitation

on echocardiography reduced this accuracy to 98% (Cl: 93%, 100%) for all participants.

3.6 Diagnosis and grading of diastolic dysfunction

The modified ASE/EACVI 2016 algorithm for assessing diastolic dysfunction, using 4D
flow with bias-adjusted grading parameters and their respective thresholds are
summarized in Figure 25. The comparison between echocardiography and 4D flow-
based grading of diastolic dysfunction showed nearly perfect agreement (Table 12),
with a weighted kappa coefficient = 0.84 (95%-Cl: 0.78-0.91). No significant
overestimation or underestimation of diastolic dysfunction grades was observed when

employing the suggested 4D flow method (p = 0.53).
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4D flow-based diagnosis of diastolic dysfunction

EF = 55% and no structural heart disease
|

1. Ele'> 14

2. septale’' > 7 cm/s or lateral e’ >10 cm/s

3. tonex > 15%

4. LAVI >47 mL/s
| 1 |

< 50% pos. 50% pos. > 50% pos.

v v

Grade 0 indeteminate diastolic

dysfunction

4D flow-based grading of diastolic dysfunction

Grade 1

EF < 55% or diastolic dysfunction or stuctural heart disease
| | |
E/A <£0.8 and
E/A<0.8and E<50cm/s
E <50cm/s or E/Az2
0.8<E/A<2
|
1. E/le'> 14
2. torex > 15%
3. LAVI > 47 mL/s
| | |
2 of 3 neg. 1 of 2 pos. 2 of 3 pos.
or and or
3 of 3 neg. 1 neg. 3 of 3 pos.
v v y v v

indeterminate

Grade 2 Grade 3

Figure 25: 4D flow-based diagnosis and grading of left ventricular diastolic dysfunction along with the

4D flow parameter thresholds following ASE/EACVI 2016 algorithm. Reproduced with modifications from

Reiter C et al. 2024 (4).

EF = left ventricular ejection fraction, LAVI = maximal left atrial volume index, E = transmitral early-

diastolic peak velocity, E/A = transmitral early-to-late diastolic peak velocities, €’ = average of septal and

lateral early-diastolic myocardial peak velocities, E/e’ = transmitral early-diastolic peak velocity to

average of septal and lateral early-diastolic myocardial peak velocities ratio, tvortex = duration of vortical

blood flow along the main pulmonary artery.

80



Table 12: Comparison of echocardiographic and 4D flow-based grading of left ventricular diastolic

dysfunction. Reproduced with modifications from Reiter C et al. 2024 (4).

Echocardiography
Grade 0 ind. | [l 1l total
0 44 6 0 0 0 50
s ind 7 3 0 0 0 10
= | 0 0 12 4 0 16
o)
~r
Il 0 0 1 8 2 11
1] 0 0 0 1 6 7
total 51 9 13 13 8 94

Grade 0 = normal left ventricular diastolic function, ind. = indeterminate left ventricular diastolic function,

I/III = grade I/11/111 left ventricular diastolic dysfunction

3.7 The left atrial acceleration factor

The association of the severity of left ventricular diastolic dysfunction with the left atrial
acceleration factor (79) was investigated in 94 participants (MS5).

Peak left atrial inflow and outflow velocities, along with corresponding a for the
entire study population and for subgroups of patients with diastolic dysfunction are
summarized in Table 13. The highest average left atrial inflow velocities were detected
in either the upper left (56%) or upper right (32%) pulmonary vein in 83 cases (88%),
while the left lower pulmonary vein showed the highest inflow velocities in 8 (9%) and
the right lower vein in 3 participants (3%).

Significant correlations were observed between a and echocardiographic EF (r
=-0.27,p = 0.01), E (r =0.40, p < 0.001), E/A (r = 0.60, p < 0.001), €’ (r=-0.37, p =
0.009), E/e’ (r = 0.66, p < 0.001), LAVI (r = 0.43, p < 0.001), TR (r = 0.42, p < 0.001),
and sPAP (r = -0.49, p < 0.001). Additionally, the left atrial acceleration factor
demonstrated significant differences between participants with normal (a = 1.35 + 0.46)

and reduced (a = 1.99 % 0.70) left ventricular ejection fraction (p < 0.001).
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Table 13: 4D flow-derived left atrial velocities and left atrial acceleration factor. Reproduced with
modifications from Reiter C et al. Eur Radiol 2023 (5).

Parameter Total grade 0 ind. Grade | Grade ll Grade lll P value
(n=94) (n=51) (n=9) (n=13) (n=13) (n=8)
All pulmonary veins

VE (cm/s) 57.0+13.2 52818323 515x6.7° 57.0+108 61.1+7.80 83.7+21.70 <0.001

maximum 309+

5014117 54.4+9.023 521+87° 5054 10.13 43.01 10.9° <0.001
vs (cm/s) 11.20i1
MaximMum 255104 381+85 358+44 3714114 2908+84 340137 0.072
Vb (cm/s)
maximum
(Vs+vp)/2 4311+91 462+7.62 439:61 438+88 3641720 325:115 <0.001
(cmfs)

117 ¢ 120 133+ 177 2791

o 141 t 050 0_141,2‘3 0_072,3 0_150,2‘3 0_180‘“,3 0_690,i,1,2 <0001

Lower pulmonary veins

MAMUM 356184 370£74 388:54 369:110 311:63 286£106 0012
(vs+vp)/2 cm/s

168+ 146 + 133+ 160 + 200+ 314+
CHower 059 0.2323 0.121.22 0.24i.23 0.300:1 0.870..1 <0.001

Superscripts 0, i, 1, 2 and 3 indicate significant differences from grade 0, indeterminate, grade |, grade |
and grade Il diastolic dysfunction, respectively. ve = early-diastolic left atrial peak outflow velocity, vs =
systolic left atrial peak inflow velocity, vo = early-diastolic left atrial peak inflow velocity, a = left atrial
acceleration factor from all pulmonary veins, diower = left atrial acceleration factor derived from only the
lower pulmonary veins.

Correlations between a and laboratory markers were observed for haemoglobin (r = -
0.25, p = 0.02), estimated glomerular filtration rate (r = -0.49, p < 0.001), N-terminal
prohormone of brain natriuretic peptide (r = 0.53, p <0.001), and low-density lipoprotein
(r = -0.34, p < 0.001). Maximum values of ve, vs, (vs + vb)/2 and a differed among
groups with varying grades of diastolic function, showing a decrease in vs and (vs +
vp)/2 and an increase in a with higher diastolic dysfunction grades. Specifically, mean
a values for diastolic dysfunction grades Il and lll differed from mean a in all other

groups (Figure 26).
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Figure 26: Left atrial acceleration factor alterations in left ventricular diastolic dysfunction. Reproduced
with modifications from Reiter C et al. Eur Radiol 2023 (5).

Comparisons of group means by Dunett-T3 post hoc test are indicated by lines together with p-values.

ns = non-significant; ind. = indeterminate.
3.7.1  Advanced left ventricular diastolic dysfunction

In cases of advanced diastolic dysfunction (grade = Il), a was significantly higher
compared to normal, indeterminate, and grade | diastolic dysfunction, with values of
2.16 = 0.66 versus 1.20 £ 0.15 (p < 0.001). The area-under-curve for detecting
advanced diastolic dysfunction based on a was 0.998 (95% CI: 0.958-1.000) (Figure
27). With a cut-off value of a = 1.58, the sensitivity and specificity for identifying
advanced diastolic dysfunction were 100% (95% CI: 84—-100%) and 99% (95% CI: 93—
100%), respectively. For distinguishing grade Il diastolic dysfunction, the area-under-
curve was also 0.998 (95% CI: 0.976—1.000). Using a threshold of a = 2.14, sensitivity
and specificity for detecting grade Il diastolic dysfunction were 100% (95% CI: 63—
100%) and 99% (95% CI: 94—-100%).
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Figure 27: Left atrial acceleration factor-based discrimination of advanced diastolic dysfunction and
grade Il diastolic dysfunction. Reproduced with modifications from Reiter C et al. Eur Radiol 2023 (5).
Cutoff values at maximum of Youden'’s index are given together with their sensitivity and specificity. AUC,

area under the curve.

Among participants with non-advanced diastolic dysfunction, the area-under-curve for
differentiating normal diastolic function using a was 0.711 (95% CI: 0.569-0.812), with
a sensitivity of 71% (95% CI: 56—83%) and specificity of 68% (95% CIl: 45-86%) at a
cutoff value of a < 1.22. For detecting grade | diastolic dysfunction, the area-under-
curve was 0.797 (95% CI: 0.646-0.888), with a sensitivity of 77% (95% CI: 46—-95%)
and specificity of 72% (95% CI: 59-83%) at a cutoff value of a = 1.24.

3.7.2 Left atrial acceleration factor from lower pulmonary veins cuower

As summarized in Table 13, assessment of aiower from the lower pulmonary veins
similar to the original study (79) resulted in smaller a values in both, the entire study
population and within groups categorized by their diastolic function status (p = <0.001
to 0.045). A very high correlation (r = 0.90, p < 0.001) but also a significant bias of -
0.27 (p < 0.001) was observed between a and diower.

The area-under-curve for detecting advanced diastolic dysfunction using aiower
was 0.961 (95% CI: 0.899-0.990). At a threshold of aiwer 2 1.77, the sensitivity and
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specificity for predicting advanced diastolic dysfunction were 90% (95% CI: 70-99%)
and 89% (95% CI: 80-95%), respectively.

3.7.3 Echocardiographic left atrial acceleration factor

As the pulmonary veins could only be inadequately visualization in the apical 4-
chamber view, S and D measurements were not feasible in 5 participants; among the
remaining 89, the right lower pulmonary vein was assessed in 81 participants (91%)
and the right upper pulmonary vein in 8 participants (9%). Table 14 summarizes the
mean values of E, S, D, and (S + D)/2, along with the corresponding echocardiographic
left atrial acceleration factor aecho for the overall study population and subgroups of

patients with diastolic dysfunction.

Table 14: Echocardiography-derived left atrial velocities and left atrial acceleration factor. Reproduced
with modifications from Reiter C et al. Eur Radiol 2023 (5).

Total grade 0 ind. Grade | Grade Il Grade Il

Parameter P value
(n=94) (n=51) (n=9) (n=13) (n=13) (n=8)
E (cm/s) 820+20.7 776+158379.0+150% 744 +13.03 10382 1109 <0.001
Echo . . B . . . . . 3153 18_80-” .

Skcho (CM/S) 5568+148 575+11.9 553+50 560+17.56 6141218 36.3+157 0.005
DEcho (CM/S) 487+131 437180 461+87 5633+11.2 61.0+160 63.6+23.0 <0.001

Sechot Dicho)/2
:C;“;’) En)/2 p101+123 506+84 507+64 5474125 612+152 499+190 0719
OlEcho 164+051 158+042 156+028 144+049 1744054 244+075 <0.001

Superscripts 0, i, 1, 2 and 3 indicate significant differences from grade 0, indeterminate, grade I, grade Il
and grade lll diastolic dysfunction, respectively. Eecho = early diastolic transmitral peak velocity, Secho =
systolic pulmonary venous peak velacity, Decho = early diastolic pulmonary venous peak velacity, decho =
LA acceleration factor derived from echocardiographic measurements.

There was a significant bias between a and aecho (-0.25, p < 0.001), with a large
standard deviation of differences (SD = 0.53) and a low correlation (r = 0.48, p < 0.001).
The area-under-curve for detecting advanced diastolic dysfunction based on agecho was
0.692 (95% CI: 0.535-0.848).
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3.7.4 Interobserver reliability

Interobserver reliability for determining peak velocities used to calculate a ranged from
good to excellent, while the reliability for both a and aiower was consistently excellent
(Table 15).

Table 15: Interobserver reliability for 4D flow-derived left atrial peak inflow and outflow velocities and left
atrial acceleration factor determined from all or just the lower pulmonary veins. Reproduced with
modifications from Reiter C et al. Eur Radiol 2023 (5).

Parameter SD, ICC

All pulmonary veins

Ve (cm/s) 3.4 0.97 [0.92 - 0.99]

maximum vs (cm/s) 3.1 0.95[0.88 - 0.98]

maximum vo (cm/s) 3.5 0.86 [0.68 - 0.94]

maximum (Vs+vp)/2 cm/s 3.1 0.90 [0.77 - 0.96]

a 0.14 0.96 [0.91 - 0.99]

Lower pulmonary veins

maximum (Vs+vo)/2 cm/s 3.4 0.83[0.61-0.93]
0.20 0.93[0.84 - 0.97]

Cllower

Intraclass correlation coefficients (ICC) are given together with their 95%-confidence intervals. SDy =
within subject standard deviation, ve = early-diastolic left atrial peak outflow velocity, vs = systolic left
atrial peak inflow velocity, vb = early-diastolic left atrial peak inflow velocity, o = left atrial acceleration
factor from all pulmonary veins, cower = left atrial acceleration factor derived from only the lower

pulmonary veins.
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4. Discussion

4.1 Principal findings and clinical implications

The results of this doctoral thesis demonstrate that 4D flow-based diagnosis and
grading of left ventricular diastolic dysfunction, adapted from the 2016 ASE/EACVI
echocardiographic guidelines, is feasible and closely aligns with echocardiographic
results (4). The 4D flow approach included the setting of bias-adjusted thresholds for
volumetric parameters, definition of equivalent cutoffs for diastolic transmitral and
myocardial peak velocities and ratios, and using the duration of vortical blood flow in
the main pulmonary artery (tvortex > 15%) as alternative grading parameter for the
echocardiographic TR > 2.8 m/s criterion (MS4).

The first key consideration of the study included the different conditions under
which echocardiography (free breathing) and standard magnetic resonance imaging
(inspiratory breath-holding) are performed (MS1). Breath-holding was found to impact
left ventricular and left atrial volumes, EF, and transmitral flow rates (1): left ventricular
volumes were higher and EF lower, LAVmax was higher, and early-diastolic velocities
where higher during breathing, with notable variability in parameters between breath-
hold and breathing. Given the impact of breath-holding, it was investigated if free-
breathing 4D flow magnitude data could be used for left ventricular and left atrial
volumetric function assessment, potentially reducing inconsistencies by evaluating all
parameters from the same heartbeats (MS2). Study results showed that left ventricular
and left atrial volumetric function can be accurately assessed from 4D flow magnitude
images, with all parameters highly correlated with cine bSSFP data, and no significant
differences in SV, left atrial volumes, or left atrial total ejection fraction (2). To provide
a standardized evaluation workflow for 4D flow assessment of E, E/A, €', and E/e’ for
diagnosis and grading of left ventricular diastolic dysfunction analogously to the
ASE/EACVI 2016 echocardiographic algorithm, different evaluation strategies were
investigated, achieving high concordance with echocardiography and low intraobserver

variability for the evaluation of grading parameters from the transmitral inflow volume
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(MS3). This approach especially enables to use the established echocardiographic E,
E/A, €', and E/e’ cutoff values for 4D flow-based grading of left ventricular diastolic
dysfunction (3).

Finally, the left atrial acceleration index a, a novel 4D flow metric associated with
PAWP was introduced as 4D flow-based method diagnosing left ventricular diastolic
dysfunction (MS5). a successfully differentiated normal left ventricular diastolic function
and lower-grade diastolic dysfunction from higher-grade diastolic dysfunction,
potentially simplifying the cardiac magnetic resonance multiparametric cutoff-value

based diagnosis of left ventricular diastolic dysfunction to a single-parameter approach

(5).

4.2 Methodological advances in diastolic function assessment

Cardiac magnetic resonance imaging is recognized as the gold standard for assessing
ventricular and atrial volumetric function through cine imaging (13). Left ventricular
ejection fraction and left atrial volume index calculated from multiplanar-reconstructed
4D flow magnitude data have shown high correlation with volumetric function
parameters obtained from standard cine balanced steady-state free precession
imaging, as well as comparable inter- and intraobserver variability (2). Consistent with
previous studies that compare echocardiographic ejection fraction with that derived
from cardiac magnetic resonance imaging (80-82), there is a strong correlation
between ejection fraction values obtained via 4D flow and echocardiography. In this
analysis, 4D flow-derived ejection fraction was measured by manually segmenting the
left ventricular endocardial borders, with exclusion of papillary muscles and trabeculae
from the left ventricular cavity (13), which may account for the minor but significant bias
factored into the bias-adjusted ejection fraction cutoff. Additionally, studies comparing
left atrial volume index values from echocardiography with those from cardiac magnetic
resonance imaging show high correlation between the two methods, though
echocardiography tends to underestimate left atrial volume index (83,84). This
discrepancy has been attributed to limitations in echocardiographic imaging, such as
reduced clarity of the left atrial endocardial wall and potential foreshortening (83).
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Therefore, biases had to be accounted for cutoffs of volumetric grading
parameters. Meanwhile 4D flow provided a means to assess diastolic transmitral flow
and myocardial velocity grading parameters without significant bias relative to
echocardiography. Studies have reported strong correlations between
echocardiographic values and those derived from both 2D flow and 4D flow for E, E/A,
e', and E/e' parameters (3,85-90), with 2D flow measurements generally showing a
tendency to underestimate echocardiographic E, A, and e' values (3,87-90). Unlike 2D
flow, 4D flow can capture the highest transmitral velocities across the entire inflow
volume and offers a posteriori optimization of myocardial cut planes, effectively
overcoming the issue of underestimation seen in 2D E, A, and €' measurements (3,86).
This likely accounts for the minor differences between echocardiographic and 4D flow-
derived values for E, E/A, €', and E/e' observed in the current study.

In contrast to the 2016 ASE/EACVI echocardiographic algorithm, the proposed
echo-equivalent 4D flow algorithm eliminates the need for a separate distinction in
cases where not all grading parameters are available (10). By deriving all grading
parameters from a single measurement and enabling a posteriori evaluation, this
method ensures that all parameters are available, a common Ilimitation in
echocardiographic or comprehensive cardiac magnetic resonance imaging protocols
that rely on cine function, 2D, and 4D phase contrast imaging (90,91). The observed
level of agreement for grading between echocardiography and 4D flow is similar to
previously reported repeated echocardiographic evaluations (92), representing the

upper limit of achievable agreement across methods.

4.2.1 Respiratory considerations in assessment of cardiac function

The cardio-respiratory interaction, frequently overlooked in the interpretation of cardiac
magnetic resonance imaging-derived functional parameters, represents a complex
physiological process marked by changes in intrathoracic pressure and associated
variations in ventricular volumes (93,94). During the first 30 seconds of breath-holding,
swift alterations in cardiovascular parameters have been noted, with a reduce in venous

return due to increased intrathoracic pressure as the likely main contributor (33,37).
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Moreover, additional cardiovascular and autonomic regulatory mechanisms have also
been recognized as influencing these observed changes (37,38).

With both EDV and ESV shown to be greater during breathing than during
breath-holding, only EF and PER—but not SV—were higher in the free breathing state.
The consistency of these findings in systolic left ventricular volumetric function
parameters, regardless of variations in breathing depth or frequency and across both
short-axis and 4-chamber views, implies that these changes stem from physiological
responses rather than systematic measurement errors, such as slice position shifts
during breathing. Similar breathing-induced left ventricular volume alterations have
been documented previously (93,94); however, prior studies’ typically focus on the end-
inspiratory state during breathing does not directly compare to inspiratory breath-
holding with a closed glottis. Research examining the feasibility of left ventricular
volumetric function assessment during breathing, using cine real-time or cine real-time
compressed sensing imaging, against standard segmented cine multi-breath-hold
imaging as a reference, has reported varied outcomes on systolic left ventricular
function differences between breath-holding and breathing (25,29-31,39-42). These
inconsistent results likely arise from differences in protocols, including imaging
sequence techniques, spatial and temporal resolution, post-processing approaches,
and breath-hold maneuvers, in addition to the small sample sizes involved in these
studies.

The effect of breathing on left atrial volumetric function has not been previously
explored using cardiac magnetic resonance imaging. However, given that left atrial
volumetric function is a key echocardiographic marker of diastolic function (11),
understanding the influence of breath-holding on cardiac magnetic resonance imaging-
derived left atrial parameters gains significant clinical relevance (15,19,95). In this
study, similar to left ventricular volumes, LAmax was found to be higher during breathing.
However, unlike left ventricular EF, left atrial ejection fractions were also elevated
during breathing. The observation that the differences between breath-holding and
breathing for EFpassive and EFtotal are double those for EFactive suggests that active left
atrial contraction may help offset the pressure variations that occur between breath-
holding and breathing.
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All early-diastolic metrics investigated in this study (PFRE, E, Fg, €’) were elevated
during breathing, consistent with the fact that early-diastolic parameters are more
influenced by pressure changes than late-diastolic parameters (96). Importantly, ratios
such as E/A, PFRe/PFRa, and E/e' remained stable regardless of the breathing state.
Transmitral Fe and Fa, which represent phase contrast analogs of PFRe and PFRa,
exhibited similar breathing-induced variations as observed with PFRe and PFRa. The
discrepancy between peak filling rates and peak flows can be attributed to the motion
of the mitral valve plane during transmitral peak flow. For instance, assuming an
average mitral valve opening area of 8 cm? and a mean e' of 10 cm/s yields a flow of
roughly 80 ml, which would need to be added to Fe and Fa to obtain peak flow values
that match peak filling rates. Additionally, considering the variability in €' and the mitral
valve opening area, this helps explaining the moderate to strong correlations observed
between peak filling rates and peak flows.

The comparison of repeatability during breath-holding and breathing reveals that
the standard deviations of breath-hold-to-breathing differences are larger, indicating
significant inter-individual variability in these differences. This variation is likely due to
individual physiological responses to breath-holding, potentially influenced by
variations in sympatho-vagal balance (38). Such findings suggest that the respiratory
state can substantially impact cardiac magnetic resonance imaging-based functional
parameters for left ventricular systolic and diastolic as well as left atrial measurements.
This has important clinical implications, in particular when comparing results across

imaging modalities or tracking changes in individual patients over time.

4.2.2 Volumetric function evaluation from 4D flow data

The observed biases for volumetric parameters obtained from standard bSSFP cines
and 4D flow in this study are likely attributable to the use of FLASH for 4D flow
magnitude data. Previous studies have reported up to a 19% overestimation of LVM
when using native 2D cine FLASH, compared to cine bSSFP imaging, attributing this
discrepancy to lower contrast in FLASH images, which impairs accurate differentiation
between endocardial voxels containing blood or epicardial voxels with fat and the
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myocardium (58-62). Similar to these studies, left ventricular stroke volumes were
consistent across techniques in our study; however, unlike findings from contrast-
enhanced 4D flow studies, this study revealed that native multislice 4D flow imaging
slightly underestimated left ventricular volumes and overestimated left ventricular
ejection fraction, with a more pronounced overestimation of left ventricular mass.

The larger bias observed here could be due to the lower in-plane resolution of
reformatted magnitude cine images compared to the 2D cine FLASH images in prior
studies, a limitation that may be less pronounced in contrast-enhanced data. left atrial
volumes and ejection fraction (LATEF) showed high correlation between the two
techniques, with no significant differences. Unlike the left ventricular myocardial wall,
the left atrial wall is smooth, enabling accurate delineation of the left atrial cavity on
reformatted 4D flow series comparable with cine bSSFP series. Employing the biplanar
area-length method for volumetric evaluation of left atrium particularly benefits from
retrospective reconstruction of evaluation planes, facilitating to assess optimally
orientated left ventricular long axis cut planes (97).

In the present study the orientation and angulation of cine bSSFP long-axis
images was carefully inspected and readjusted if necessary, resulting in a level of
precision that may sometimes be overlooked in routine clinical cardiac magnetic
resonance imaging assessments.

In our study cohort, which was free of cardiac shunts and significant valve
regurgitations, mass conservation was applied to validate stroke volumes (57,98). Both
volumetric stroke volumes exhibited a very high correlation with 4D flow-derived NFV
without significant bias, which serves as mutual validation for both free-breathing cine
bSSFP volumetry and 4D flow velocity data, as well as an added validation for 4D flow
volumetry. Interestingly, the correlation between cine bSSFP and 4D flow SV with 4D
flow-derived NFV did not differ, despite the fact that the 4D flow results were obtained
from the same measurement. This is noteworthy, as a lower correlation might typically
be anticipated between cine bSSFP SV and 4D flow NFV due to their sequential
acquisition. The consistency in heart rate across measurements and the unchanged

respiratory state indicate a stable physiological condition, which is often not given
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between different sequences due to patient adjustments to the scanner, discomfort,

anxiety, or contrast agent administration (99).

4.2.3 Diastolic velocity parameter evaluation from 4D flow data

Current guidelines for the non-invasive assessment of left ventricular diastolic function
emphasize the need for precise measurement of parameters such as E, E/A, €', and
E/e' (11). Consistent with previous studies that evaluated diastolic transmitral peak
velocities using through-plane-encoded 2D flow measurements (18,43-48,100,101),
this study found underestimation of E and A compared to echocardiography. A similar
underestimation was observed for transmitral peak velocities derived from 4D flow
when measured from a static short-axis plane at the mitral valve tips, a limitation noted
previously for this approach (100,102). This underestimation of peak velocities derived
from 2D flow, compared to those from 4D flow, can be attributed to the three-
dimensional complexity of the transmitral velocity field, which is not fully captured by
through-plane 2D flow; this discrepancy may be even greater in cases of valve
pathology or abnormal flow patterns. Although 4D flow-derived E/A, evaluated from the
region between the mitral valve leaflets in a 4-chamber view, showed no significant bias
relative to echocardiography, transmitral peak velocities were still underestimated.
Possible reasons for this include the thinner slice thickness in the multiplanar
reconstructed planes and potential movement of the Doppler sample volume during
measurement. Peak maximal velocities within the transmitral inflow volume provided
the highest correlation with echocardiography across all 4D flow methods, allowing a
bias free assessment of E and E/A relative to echocardiography. The underestimation
of A might result from the high temporal resolution of the 4D flow protocol, set at the
upper recommended limit (57), and the relatively short duration of the A-wave
compared to the E-wave in healthy individuals (103). These findings align with recent
research using a streamline-based approach for diastolic peak velocity assessment
(104), underlining the need for a volume-based rather than slice-based evaluation
strategy for accurate 4D flow-derived diastolic velocity assessment. While the 4D flow
max-velocity method demonstrated low intraobserver variability, indicating high
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reproducibility for identifying the voxel with the highest velocity, variability was higher
for other methods due to differences in slice selection among observers.

4D flow-derived septal, lateral, and average e’ values, as well as E/e’ from the
4D flow max-velocity method, showed no significant differences compared to
echocardiographic measurements. In contrast, 2D flow studies have reported a
significant bias in €  measurements relative to echocardiography
(43,47,48,18,101,105,106), potentially due to suboptimal slice positioning or
orientation. A key advantage of 4D flow over 2D flow imaging is its capacity for a
posteriori definition of evaluation planes, allowing for individualized optimization in
terms of location and angulation to be perpendicular to the septal and lateral
myocardium. Importantly, the high velocity encoding used in the 4D flow protocol did
not impede the assessment of the low myocardial velocities in this study. Although a
lower velocity encoding could have improved the velocity-to-noise ratio (63), it would
require a separate measurement. As myocardial velocity assessment in this context is
region of interest-based, averaging over numerous voxels produced a precise estimate
of e’. Consistent with these findings, high correlations between 2D flow-derived and
echocardiographic €’ have been reported using velocity encoding values of 100 cm/s
(44), low velocity encoding (43,47,48,101,105), or dual velocity encoding (106)
protocols. Additionally, an alternative approach for deriving €’ by cardiac magnetic
resonance imaging is mitral valve insertion point tracking from cine bSSFP imaging
(107). A study comparing e’ from cine bSSFP with echocardiographic measurements
in healthy subjects (108) found a minimal bias; however, the limits of agreement were
nearly twice as wide as those observed in the present study.

The study population consisted of individuals without cardiovascular disease
symptoms. The observation that differences between parameters derived from 4D flow
and echocardiography did not vary with the magnitude of the parameters suggests that
similar outcomes may be achievable in subjects with diastolic dysfunction, even with
broader velocity ranges. A retrospective analysis of patients with diastolic dysfunction
supported this generalization for both the 4-chamber and 4D flow max-velocity method
(3). Additionally, the more pronounced discrepancy in transmitral peak velocity E
between echocardiography and the 4D flow SA-method in patients, compared to the
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asymptomatic study population, highlights the advantage of using a volume-based

approach to assess peak velocities.

4.3 Novel diagnostic parameter and clinical implications

4.3.1 Pulmonary arterial vortical flow as surrogate parameter for tricuspid

regurgitation velocity

Phase contrast imaging could theoretically directly assess tricuspid regurgitant peak
velocity, comparable to echocardiography (109,110); however, this approach would
require an additional high velocity encoding flow measurement. Therefore, this study
adopted a surrogate grading parameter for tricuspid regurgitation, as previously
recommended (91). As described by the simplified Bernouilli equation, the peak
tricuspid pressure gradient is directly related to systolic pulmonary arterial pressure,
aside from right atrial pressure (111). A cutoff of TR > 2.8 m/s is commonly used to
indicate possible pulmonary hypertension (112). The 4D flow-derived duration of
vortical blood flow along the main pulmonary artery has demonstrated a segmented
linear relationship to mean pulmonary arterial pressure, allowing elevated mean
pressure (in mmHg) to be estimated from tvortex via the formula: tvortex via 16 + 0.63-tvortex
(113). Given the approximate proportionality between systolic and mean pulmonary
arterial pressures (114), the close segmented linear relationship observed between
pPTR and tvortex in this study is consistent with these findings. The model-derived 4D flow
grading cutoff of tvortex > 15%, employed as a surrogate for the echocardiographic TR >
2.8 m/s threshold, aligns with a mean pulmonary arterial pressure of approximately 25
mmHg—the former benchmark for pulmonary hypertension (112). Using these grading
cutoffs, there was strong agreement between 4D flow and echocardiography in
predicting elevated pulmonary arterial pressures, both in participants with detectable
TR and across the entire cohort (with non-detectable TR interpreted as TR < 2.8 m/s).
It is noteworthy, however, that the current cutoff of tvortex > 15% (corresponding to a

mean pressure >25 mmHg) may not be the optimal threshold for 4D flow-based
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detection of pulmonary hypertension. Lowering the threshold to tvortex > 13% (reflecting
a mean pressure >24 mmHg) would remain within the confidence interval for a TR of
2.8 m/s and more closely match the pulmonary hypertension definition. Nevertheless,
this lower cutoff could reduce agreement between 4D flow and echocardiography,
which aligns with the observation that tvortex more accurately reflects elevated mean
pulmonary arterial pressures than echocardiography when compared to measurements

from a right heart catheter (115).

4.3.2 The left atrial acceleration factor as discriminator for advanced diastolic

dysfunction

The left atrial acceleration factor derived from 4D flow, was initially proposed as a non-
invasive approach to estimate PAWP in individuals at risk of or suffering from
pulmonary hypertension (75). Results of the present study support the link between a
and PAWP across a non-pulmonary hypertension cohort, showing that a can effectively
differentiate between normal, indeterminate, or grade | diastolic dysfunction and more
advanced diastolic dysfunction, where increased left ventricular filling pressures are
present. Although a exhibited significant, yet only low to moderate correlations with
echocardiographic parameters such as E, E/A, E/e', and LAVI, these levels of
correlation are comparable to those found between echocardiographic metrics and
invasive PAWP measurements (116,117). This result supports a’s relevance as a
PAWP indicator within a study group including individuals with normal left ventricular
ejection fraction and patients with conditions like hypertrophic cardiomyopathy,
restrictive cardiomyopathy, or aortic stenosis. Identifying advanced diastolic
dysfunction—or elevated left ventricular filling pressures—is crucial not only for
diagnosing heart failure, especially when left ventricular ejection fraction is preserved,
but also for highlighting patients at greater risk for cardiovascular events and mortality
across various conditions These conditions include patients undergoing hemodialysis
(118,119), those with chronic kidney disease (120), individuals with either reduced or

normal left ventricular ejection fraction (121,122), ischemic heart failure (123), post-
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cardiac surgery (124), and patients who have undergone transcatheter aortic valve
replacement (125,126).

The current standard for non-invasive detection of elevated left ventricular filling
pressures involves comprehensive grading of left ventricular diastolic dysfunction using
a detailed multiparametric echocardiographic algorithm, with specific thresholds set for
parameters like E, E/A, E/e', €', TR, and LAVI (11). Although cardiac magnetic
resonance imaging-based assessment could replicate the echocardiographic
diagnostic flowchart (43,48,68) it is not yet widely adopted. In contrast, the 4D flow-
derived parameter a offers a straightforward and reliable single-parameter alternative,
achieving a level of diagnostic accuracy that other parameters—whether from
echocardiography or cardiac magnetic resonance imaging—cannot match. The
commonly used diastolic parameter E/e' has limited accuracy in cases with normal left
ventricular ejection fraction (127,128) as well as in patients with pulmonary
hypertension (129,130), hypertrophic cardiomyopathy (131), and in those with acutely
decompensated reduced EF (132). Similarly, the relationship between enlarged LAVI
and elevated left ventricular filling pressures is weakened in groups such as athletes,
individuals with mitral valve disease, patients with atrial fibrillation (11,133), and those
with persistent left atrial dilation following heart failure treatment (134). Although
reduced left atrial strain has shown superior predictive power for elevated left
ventricular filling pressures over other single diastolic markers (133,135-137), its
diagnostic performance is lower compared to a.

In the model introduced in (75) for estimating PAWP non-invasively, Qiower Was
calculated using the maximum pulmonary venous inflow velocities from either the lower
left or right pulmonary veins. In contrast, this study derived a from the highest inflow
velocities observed across all pulmonary veins. Interestingly, the highest (vs+vp)/2
values were most commonly found in the upper left or right pulmonary vein for most
subjects. Due to the strong correlation between a and aiower, there was no notable
difference in their effectiveness for identifying advanced diastolic dysfunction,
suggesting that this condition could potentially be diagnosed with a shorter scan
focusing on a 4D flow stack that excludes the full left atrium volume. However, it should
be noted that because of a bias between a and diower, using the formula PAWP = -6.2

97



+ 10.1-diower from (75) would result in an approximate underestimation of PAWP by 3
mmHg when applied to a. For example, an a threshold of 1.58 for diagnosing advanced
diastolic dysfunction would correspond to a PAWP of 13 mmHg rather than 10 mmHg,
closely matching the pressures reported by Andersen et al. (117) across different levels
of diastolic dysfunction.

The slightly higher a observed in the group with grade | diastolic dysfunction
compared to the group with normal diastolic function, along with significant area-under-
curves for differentiating normal from grade | diastolic function within non-advanced
cases, suggests a marginally elevated PAWP in grade | diastolic dysfunction, though
still within the normal range. The a difference of 0.14 between normal and grade |
diastolic function would correspond to an estimated PAWP difference of about 1.5
mmHg, a finding consistent with invasive measurements reported in (138).

The echocardiographic analogue aecho derived through recommended methods
for measuring peak pulmonary venous velocities (S and D) and early-diastolic
transmitral E, showed poor correlation with a and lacked accuracy for identifying
advanced diastolic dysfunction. Contributing to this result are factors such as the
derivation of left atrial inflow velocities from only one pulmonary vein and suboptimal
quality in pulmonary venous flow assessment by transthoracic echocardiography
(9,139). Additionally, these findings may largely reflect the anatomical differences in
the locations of left atrial inflow and outflow velocity measurements in
echocardiography versus cardiac magnetic resonance tomography. As demonstrated
in 4D flow datasets, the correlation between PAWP and the left atrial acceleration factor
significantly diminishes when velocity measurements are taken at the mitral valve tips
and 1 cm into the pulmonary vein rather than at the atrioventricular junction and

pulmonary vein orifice (75).
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4.4 Limitations of the study

This doctoral thesis study has several limitations. Although the present study was a
prospective, medium-sized, single-center study, echocardiography and cardiac
magnetic resonance imaging were performed at different times, which may have
introduced variability in parameters. This timing difference was considered acceptable
for assessing clinically relevant left ventricular diastolic dysfunction, as no changes in
medication, particularly with vasodilators or diuretics, occurred between assessments
that could influence loading conditions and therefore measurements (92). Subjects with
irregular heart rhythms were excluded to avoid potential biases to echocardiography.
As previous studies demonstrated high inter-rater reliability for all parameters used in
the multiparametric algorithm (3,142), intra-observer reliability of grading was not
assessed. Manual evaluation of 4D flow data as well as scan times limit the broader
clinical applicability of the method; however, recent advances in magnetic resonance
image acquisition and evaluation using artificial intelligence-supported accelerated
protocols and automated segmentation algorithms could enhance its utility in the future.

Additional limitations of the study include the non-standard spatial and temporal
resolution of cine real-time protocols for assessing the impact of respiration on cardiac
function parameters. Since similar protocols were employed for breath-holding and free
breathing image acquisitions, any acquisition protocol-dependent impact is expected
to be minimal. Breath-holding was performed during inspiration, and parameter
differences under expiratory breath-holding are assumed to be less pronounced
(19,20). Patients with heart failure, valvular diseases, atrial fibrillation, arrhythmias, or
pulmonary conditions were excluded to avoid potential variability in results due to
altered intrathoracic pressures (145-147).

Moreover, the feasibility of assessment of volumetric function from 4D flow
magnitude data was studied in individuals without cardiovascular symptoms, which
offered the possibility to apply the principle of mass conservation for validation of the
volumetric ventricular stroke volume with the pulmonary arterial net flow volume.
Observed results could differ in patient populations with cardiovascular disease.
Velocity encoding for 4D flow was optimized for intracardiac blood flow. The value of
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velocity encoding does not impact the quality of 4D flow magnitude images (148),
indicating that observed results would remain consistent for higher velocity encoding.

The fact that echocardiography and cardiac magnetic resonance tomography
were not performed immediately after each other, might have impacted parameter
correlation in the study. Physiological variations between echocardiography and
cardiac magnetic resonance imaging measurements are likely mitigated by the large
cohort size and stable heart rate between modalities.

Whole-heart 4D flow imaging required an average acquisition time of 22 minutes.
Limiting the volumetric coverage to the main pulmonary artery, the left ventricle and the
left atrium could reduce this time.

The postprocessing method of 4D flow mitral valve tracking (149) was not
available for the present study. Adapting the evaluation plane in late diastole could alter
results for diastolic peak velocities, and correction by myocardial tissue velocities would
increase all transmitral velocities, consistent with echocardiographic determinations
that do not incorporate this factor.

The introduction of the 4D flow-derived left atrial acceleration factor as novel 4D
flow metrics for predicting advanced left ventricular diastolic dysfunction finally was a
single-center proof-of-concept study. Invasive hemodynamic measurements were not
available, and while the interval between cardiac magnetic resonance imaging and
echocardiography was minimized, potential changes in filling pressures may have
occurred. Additionally, the left atrial acceleration factor was derived from both, native
and post-contrast 4D flow datasets. The use of contrast agent, however, is not

expected to have a direct impact on velocities measured by 4D flow imaging (150).
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5. Conclusion

In conclusion the results of this thesis project show that left ventricular diastolic
dysfunction can be diagnosed and graded in nearly perfect agreement with
echocardiography from a single 4D flow measurement (MS4). The suggested 4D flow-
based algorithm could serve as a valuable noninvasive alternative approach to
echocardiography, particularly for patients undergoing cardiac magnetic resonance
imaging as part of a diagnostic evaluation or patients with poor echocardiographic
image quality. Furthermore, this method may support future studies in validating new
4D flow parameters for assessing left ventricular diastolic dysfunction, especially
through the use of concurrently acquired data.

Using cardiac magnetic resonance imaging for diagnosing left ventricular
diastolic dysfunction comparable to echocardiographic results, respiratory state should
be considered, particularly for follow-up results (MS1). 4D flow imaging enables
accurate assessment of left ventricular and left atrial volumetric parameters during free
breathing; however, aside from stroke volume, left ventricular volumetric
measurements exhibit biases when compared to cine bSSFP imaging that have to be
considered when comparing volumetric function parameter against their respective
normal values (MS2). 4D flow provides accurate and reproducible measurement of
transmitral and myocardial peak velocities for assessing left ventricular diastolic
function, particularly when employing the 4D flow max-velocity method (MS3). This
approach supports the use of established echocardiographic thresholds for transmitral
and myocardial tissue velocities and velocity ratios for echo-equivalent 4D flow-based
evaluation of left ventricular diastolic dysfunction. Finally, the 4D flow-derived left atrial
acceleration factor a effectively distinguishes advanced diastolic dysfunction (grade |l
and higher) from less advanced grades (MS5). The left atrial acceleration factor
calculated from standard echocardiographic measurements, in contrast, cannot

effectively differentiate advanced diastolic dysfunction.
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