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1 Abkiirzungsverzeichnis

AEF Aktive Entleerungsfraktion

CMR Kardiale Magnetresonanztomografie (Cardiac Magnetic Resonance Imaging)
CMR-FT Kardiales Magnetresonanztomografie Feature Tracking

LA Linkes Atrium/ linksatrial

LGE Late Gadolinum enhancement

LVH Linksventrikulare Hypertrophie

PEF Passive Entleerungsfraktion

TEF Totale Entleerungsfraktion



2 Zusammenfassung

Zur Beurteilung von Kardiomyopathien hat die prazise Quantifizierung der atrialen Volumina
(und der hieraus berechneten atrialen Funktion) im Bereich der kardiovaskularen Bildgebung
in den letzten Jahren zunehmend an Bedeutung flr diagnostische und prognostische
Fragestellungen gewonnen. Insbesondere bildgebende Parameter des linken Atriums (LA),
wie dessen Grofe und Volumen, sind eng mit unginstigen klinischen Verlaufen assoziiert [1,
2, 3]. Physiologisch betrachtet, erfolgt die Kontraktion des LA typischerweise in drei
funktionellen Phasen, einschlieRlich Reservoir-, Conduit- und Boosterfunktion. Diese werden
jedoch durch herkdmmliche volumetrische und funktionelle Parameter nur unzulénglich erfasst
[1, 4, 5, 6]. Die Interpretation der LA-Deformation mittels Strain-Analyse dagegen ermoglicht
eine differenziertere funktionelle Beurteilung und detektiert auch subtile Dysfunktionen bei
normaler LA-GroRRe [1, 7, 8].

Die atriale Funktionsanalyse mittels Echokardiografie ist in der klinischen Routine weit
verbreitet, weist jedoch Limitationen auf wie eine hohe interindividuelle Variabilitat und eine
verminderte Bildqualitat, beispielsweise durch eingeschrankte Schallfenster [7]. Die kardiale
Magnetresonanztomografie (engl. ,Cardiac Magnetic Resonance Imaging“ (CMR)) wird
hingegen aufgrund ihrer Uberlegenen raumlichen Auflésung und hohen Reproduzierbarkeit als
aktueller Goldstandard flir die nicht-invasive Beurteilung atrioventrikularer Volumina und
Funktionen angesehen. Speziell das CMR-Feature Tracking (CMR-FT) ermdglicht eine
prazise Quantifizierung des LA Strains und hat sich zunehmend zu einem verlasslichen
Verfahren zur differenzierten Beurteilung der atrialen Funktion entwickelt [9, 10, 11].

Ziel dieser Studie war der Vergleich der diagnostischen Aussagekraft von CMR-basierter LA-
Volumetrie und -Funktionsparametern mit der LA Strain-Analyse zur Detektion myokardialer
Funktionsstdérungen bei Erkrankungen unterschiedlicher Atiologie wie der hypertensiven

Herzerkrankung, dem Morbus Fabry und der akuten Myokarditis.

2.1 Linksatrialer-Strain

Der LA Strain stellt einen sensitiven funktionellen Parameter zur Beurteilung der LA Funktion
dar. Wahrend die Echokardiografie, insbesondere mittels Speckle-Tracking, derzeit die am
weitesten verbreitete Methode zur Analyse des LA Strains ist, gewinnt die CMR zunehmend
an Bedeutung. Anhand von Cine-Sequenzen und CMR-Feature-Tracking lasst sich die
longitudinale Deformation des LA wahrend der verschiedenen Phasen des Herzzyklus
charakterisieren [12, 13]. Dabei werden insbesondere die Reservoir-, Conduit- und
Boosterfunktion des LA differenziert abgebildet [14]:



(1) Reservoir-Funktion: Der Vorhof dehnt sich wahrend der ventrikuldren Systole und
nimmt Blut durch den pulmonalvendsen Rickstrom auf.

(2) Conduit-Funktion: In der frihen Diastole fliel3t Blut passiv in Richtung Ventrikel.

(3) Booster-Funktion: Diese spiegelt wahrend der spaten Diastole die aktive

Vorhofkontraktion und darauffolgende ventrikulare Fillung wider [12].

Abbildung 1: Semiautomatisch abgeleitete Konturen des LA im Zwei- (oben links), Drei- (oben
mittig) und Vierkammerblick (oben rechts) sowie die daraus berechnete LA-Strainkurve (unten)
mit Reservoir-, Conduit- und Booster-Strain anhand eines Patienten mit Morbus Fabry.
(Abbildung aus Reichardt C et al. Diagnostic value of cardiac magnetic resonance imaging-
based left atrial strain analysis for identifying cardiac diseases with overlapping phenotype.
Eur J Radiol. 2025 Jul;188:112153. doi: 10.1016/j.ejrad.2025.112153. Epub 2025 May 1.
PMID: 40324293.)

Studien zeigen, dass die Strain-Analyse des LA moglicherweise eine frihzeitige Identifizierung
subklinischer diastolischer Dysfunktionen ermdglicht, oft noch bevor morphologische
Veranderungen auftreten. Der CMR-basierte Ansatz ist reproduzierbar, nicht-invasiv und lasst
sich in bestehende CMR-Protokolle integrieren, wodurch er durchaus als valides Instrument
zur detaillierten Beurteilung der LA-Funktion angesehen werden kann, vor allem im Rahmen

der Diagnostik und Risikostratifizierung bei kardial erkrankten Patienten [7, 15].

Mit Hilfe der vorliegenden Studie soll aufgezeigt werden, dass die LA Strain-Analyse als

erganzende diagnostische Methode verwendet werden kann, insbesondere wenn bewahrte



Methoden keine eindeutigen Ergebnisse liefern oder nicht sensitiv genug sind, um frihe

krankheitsbedingte Veranderungen zu detektieren.

In der Publikation ,Diagnostic value of cardiac magnetic resonance imaging-based left atrial
strain analysis for identifying cardiac diseases with overlapping phenotype” wurden LA Strain-
Parameter mit denen der LA-Volumetrie und -Funktion verglichen. Zudem wurde untersucht,
ob LA Strain-Parameter der Detektion myokardialer Funktionsstérungen bei Erkrankungen
unterschiedlicher Atiologie wie der hypertensiven Herzerkrankung, dem Morbus Fabry und der
akuten Myokarditis dienen. Daftr wurden 50 gesunde Probanden sowie insgesamt 140
Patienten mit den genannten kardialen Erkrankungen einer CMR-Untersuchung bei 3T
unterzogen und retrospektiv eingeschlossen. LA-Volumen/-Funktion und -Strain wurden
basierend auf Cine-Sequenzen in Langsachsenprojektion (Zwei-, Drei- und Vierkammerblick)
analysiert und anschlielRend mittels kommerziell verfiigbarer Post-Processing-Software (cvi42
Circle®, v5.11, Circle Cardiovascular Imaging, Calgary, Kanada) ausgewertet. Typische
Aquisitionsparameter der Cine-Sequenzen waren wie folgt: Repetitionszeit 3.88 ms; Echozeit
1.42 ms; zeitliche Auflésung 39,24 ms; rekonstruierte Herzphasen 25 pro Herzzyklus; Sichtfeld
360 mm; Flip-Winkel 60° und VoxelgroRe 1.5 x 1.5 x 8.0 mm.

In der Gesamtanalyse zeigten sich keine signifikanten Unterschiede in den volumetrischen
Parametern des LA zwischen Patienten mit kardialen Erkrankungen und gesunden
Kontrollpersonen, beispielsweise beim minimalen LA-Volumen (27,94+ 16,78 ml vs.
24,07 £ 8,84 ml; p=0,33). Die passive und die totale Entleerungsfraktion (PEF, TEF) waren
jedoch in der Gruppe der Patienten deutlich reduziert (z.B. PEF: 43,08 £14,31 % vs.
56,56 £ 10,26 %; p <0,001), wahrend bezuglich der aktiven Entleerungsfraktion (AEF) kein
signifikanter Unterschied bestand (p = 0,20).

Die LA Strain-Analyse zeigte bei Patienten signifikant verminderte Parameter in allen
Funktionsphasen: Reservoir-Strain 28,60+9,91 % vs. 41,27+7,54 % (p <0,001), Conduit-
Strain 17,35+7,72% vs. 26,89+5,25% (p <0,001) und Booster-Strain 11,30+4,52 % vs.
14,61+4,15% (p<0,001). Die Reservoir- und Conduit-Strain-Parameter wiesen dabei die
hdchste diagnostische Genauigkeit auf (AUC 0,85 bzw. 0,84), mit Sensitivitdten von 80,9 %
und Spezifitaiten von 82,0 % bzw. 81,6 %. Alle Strain-Parameter waren den volumetrischen

Messwerten statistisch signifikant Gberlegen (p < 0,05).

In der Subgruppenanalyse zeigten Patienten mit hypertensiver Herzerkrankung deutlich
reduzierte Strain-Werte, insbesondere beim Conduit-Strain (11,48 £5,71 % vs. 26,89 + 5,25 %,
p <0,001), der mit einer AUC von 1,00 die héchste diagnostische Trennscharfe aufwies
(Sensitivitat 95,7 %, Spezifitat 100 %).

Auch bei Patienten mit Morbus Fabry waren der Reservoir-Strain (32,82 + 10,17 %, p <0,001)



und der Conduit-Strain (20,62+7,70 %, p<0,001) signifikant vermindert, wahrend der
Booster-Strain keinen signifikanten Unterschied zeigte (12,79+5,06 %, p=0,054). Die
hochste diagnostische Genauigkeit lag hier beim Conduit-Strain (AUC 0,76), ohne
signifikanten Vorteil gegentber volumetrischen Parametern (p > 0,05).

Bei Patienten mit akuter Myokarditis waren die Strain-Werte allesamt signifikant vermindert
(Reservoir 30,12 +7,87 %, Conduit 19,04 +6,51 %, Booster 10,71 + 3,34 %; alle p <0,001).
Hierbei zeigte der Reservoir-Strain die hochste Trennscharfe (AUC 0,85, Sensitivitat 80,9 %,

Spezifitat 82,0 %) und war den volumetrischen Parametern signifikant Uberlegen (p <0,002).
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method [1]. In addition, LA strain abnormalities can be detected despite
normal LA size, rendering LA strain as a sensitive marker to recognize
early left ventricular (LV] diastolic dysfunction [7,E].

Clinically, evaluation of atrial volume and function is often per-
formed using echocardiography, which has several limitations,
including high interobserver variability and the possibility of a subop-
timal field of view [7]. Cardiac magnetic resonance imaging (CMR) by
contrast is known for its good accuracy respectively reproducibility and
is the current gold-standard in the non-invasive assessment for the
evaluation of atrioventricular volumes and function [9,10]. Further-
more, CMR has the benefit of high spatial resolution and clearer visu-
alization of arrial endocardial borders [11]. Recent focus on CMR-strain
analysis highlights the growing recognition of advanced CMR feature
tracking (CMR-FT) as a reliable technique for assessing atrial function
through strain imaging.

We hypothesized that LA strain imaging provides a more effective
method than conventional volumetric and functional analysis for
detecting acute and chronic cardiac diseases such as hypertensive heart
disease, Fabry disease, and acute myocarditis.

The main objective of this study was to compare diagnostic accu-
racies of CMR-based LA volumetry and function with LA strain analysis
and to investigate LA strain as a diagnostic marker in phenotypes with
overlapping imaging features but different pathophysiological back-
grounds and mechanisms of impaired LA function.

2, Methods

The protocol of this cross-sectional single-center study was approved
by the responsible institutional ethics committee (837.196.13 (8881-F))
with a waiver for informed consent for the retrospective assessment of
all patient data. All healthy volunteers (HV) provided written informed
consent.

2.1, Swudy population

For this retrospective study, the institutional database was searched
for patients with selected chronic and acute cardiomyopathies who
underwent CMR from 2013 to 2019, This led to a total of 166 patients,
categorized into subgroups comprising individuals diagnosed of
myocardial diseases of different etiologies such as hypertensive heart
disease (HHD, n = 46), Fabry disease (FD, n = 65) and acute myocarditis
(AM, n = 55). In accordance with the current guidelines [12], the
respective clinical diagnoses of HHD and AM were confirmed using
clinical data, echocardiography and CMR. The diagnosis of FD was
additionally confirmed through genotype analysis (Table 51).

Additionally, a prospectively recruited cohort of 52 HV, who had
previously been enrolled as a cohort to establish local reference values
for T1 mapping, served as a control group. Inclusion criteria for the
prospectively enrolled HV were no history of cardiovascular events or
symptoms, no cardiovascular risk factors (e.g., diabetes or hyperten-
sion), and normal cardiac dimensions as judged by CMR.

After initial screening, a total of 28 subjects were excluded due to
poor image quality, artefacts, or an incomplete cardiac cycle, rendering
strain analysis not feasible. Thus, a total of 190 subjects (HHD (n = 40),
FD (n = 49), AM (n = 51) and HV (n = 50)) were included in the final
analysis.

2.2, Image acquisition

All patients underwent CMR at 3 Tesla (MAGNETOM Prisma or
Skyra, Siemens Healthineers, Erlangen, Germany) following the same
institutional imaging protocol throughout the study period, thus mini-
mizing inter-scanner variability. Standard cardiac views (2-, 3-, and 4-
chamber) were acquired using a unified imaging protocol comprising
a conventional balanced steady-state free-precession cine sequence with
retrospective electrocardiography (ECG) gating and standard parallel
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imaging acceleration (GeneRalized Autocalibrating Partial Parallel
Acquisition, GRAPPA 3), Typical pulse sequence parameters were as
follows: repetition time (TR) 3.88 ms; echo time (TE) 1.42 ms; recon-
structed cardiac phases 25; field of view (FOV) 360 mm; flip angle 60°;
and voxel-size 1.5 x 1.5 » 8.0 mm.

2.3, Image analysis and post-processing

A dedicated cardiovascular post-processing software (cvi42 Circle®,
v5.11, Circle Cardiovascular Imaging, Calgary, Canada) was used for the
analysis of all cine sequences following guidelines by the Society for
Cardiovascular Magnetic Resonance (SCMR) [13]. LA volumes and
functions were semi-automatically assessed by LA time-volume curves,
Minimal and maximum LA volumes were assessed applying the biplane
area-length calculation technique using the 2- and 4-chamber views of
the LA [14]. LA volumes were indexed to body surface area (BSA) [15].
Active empiying fraction (AEF), passive empiying fraction (PEF), and
total emptying fraction (TEF) were computed by utilizing the time-
volume curves and the subsequent equations:

Mid-diastolic Vmax — Vmin

AEF = 100% x ——3¢:3 Giastolic Vmax
PEF = 100% x Vmax — Mid-diastolic Vmin
Vmax
TEF = 100% x ¥ — Vmin
Vmax

From a physiological perspective, AEF reflects the atrial booster
function, while PEF represents conduit function, and TEF characterizes
the reservoir function of the atria [16,17].

In all acquired images, LA strain analysis was conducted semi-
automatically at end-diastole in the 2-, 3-, and 4-chamber views. The
endo- and epicardial borders of the LA were manually traced on a single
phase of the cine images during the ventricular diastole (Fig. 1). Sub-
sequently, employing an automated computation, the software algo-
rithm tracked myocardial borders throughout the cardiac cycle. Visual
validation ensured the quality of tracking and contouring, with manual
corrections if necessary [9]. Conforming to standard practice, the ori-
fices of the pulmonary veins, and the atelal appendage were excluded
[18,19]. Ultimately, the software autonomously calculated the longi-
tudinal atrial strain. Using the LV end-diastolic phase as a zero-
reference, strain curves were generated to identify peaks correspond-
ing to the LA contraction phases of the cardiac cycle (Fig. 1) [20,21], In
the following process, all strain parameters were calculated from the
numeric raw data rather than extracted from the strain curves.

2.4. Statistical analysis

All statistical analyses were performed using SPSS Statistics (IBM
Corp. Released 2020, IBM SPSS Statistics for Windows, Version 27.0.
Armonk, NY: IBM Corp) and MedCale (MedCale Software bv, Ostend,
Belgium; hutps:/Swww.omedcale.org; 2020, Version 22.007). The
Kolmogorov-Smirnov test with Lilliefors correction was used to assess
the normality of continuous variables. Independent t-tests were used to
identify differences between the groups if the data was normally
distributed. If not, the differences were tested with the Mann-Whitney U
test. Receiver operating characteristic (ROC) curve analyses were used
to calculate areas under the curve (AUC). To further evaluate diagnostic
accuracies, sensitivity/specificity were calculated, and optimal cut-offs
were determined by means of highest Youden's Index. The DeLong
method was used to conduct pairwise comparisons of ROC curves,
aiming to determine significant differences between AUCs, The signifi-
cance level was set at p < 0.05.
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Fig. 1. Semiautomatically derived contours of the left atrium in 2- (left upper),
3« (middle upper), and 4-chamber views (right upper) and derived left atrial
strain curve (lower) with reservoir, conduit and booster strain in a patient with
Fabry discase.

3. Results
3.1. Study population

The overall study population consisted of 190 subjects (67 (35.26 %)
female, mean age 40.8 + 17.7 years). This included 140 patients (42 (30
9%) female, mean age 44.6 = 17.9 years) and 50 HV (25 (50 %) female,
mean age 26.6 = 5.1 years). Further detalled baseline characteristics of

Table 1

Baseline characteristics, volumetric, functional and strain parameters (Patients
vs. HV). HV: healthy volunteers, BMI: body mass index, BSA: body surface ares,
MinLA-Vol.: minimal atrial volume, MaxlA-Vol.: maximal left atrial volume,
AEF: active emptying fraction, PEF: passive emptying fraction, TEF: total
emptying fraction, LA: left atrial,

Patients HV

(n = 140) (n = 50)
Female (n, %) 42(30) 25(50)
Age (years) 4460 +17.2° 26,60 + 505
BMI (kg/m) 2660 4 509° 2282 4 275
BSA (m?) 1.99 £ 0.27° 1.85 £ 0.22
MinlAVel. (mf) 2794 £ 16.78 2407 £ 884
MaxLA-Vol. (m) 69.15 + 25.57 75.96 + 20.21
AEF (%) 4182 + 11.44 4426 = 956
PEF (%) 4308 + 14317 56.56 + 10.26
TEF (%) 61.47 £ 1094" 6892 = 617
LA Reseevolr (%) 2860 4 991" 4127 4 7.54
LA Conduit (%) 1735 + 2.72° 2689 + 525
LA Boaster (%) 1130 + 452° 1461 2 415

*statistically significant differences between patients and HV
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the study population can be found in Table 1.
3.2. Patients vs. HV

Comparing the atrial volumetric parameters of the total cohort of
patients with acute and chronic cardiac diseases such as HHD, FD and
AM to HV, no significant differences were detected (e.g. MinLA-Vol.
27.94 + 16.78 ml vs. 24,07 = 8.84 ml, p =~ 0.33). Regarding the
emptying fractions, significantly lower values were found for TEF and
PEF (e.g. PEF 43.08 & 14.31 % vs. 56.56 + 10.26 %, p < 0.001). In
comparison, no statistically significant difference was observed for AEF
(41.82 + 11.44 % & vs. 44.26 + 9.56 %, p = 0.20) when comparing the
patient’s cohort and HV subjects.

LA strain analysis revealed significantly lower values in all phasic
function parameters in the patient’s cohort opposed to HV (LA reservoir
strain 28.60 £ 9.91 % vs. 41.27 + 7.54 %, p < 0.001; LA conduit strain
17.35 + 7.72 % vs. 26.89 + 5.25 %, p < 0.001; and LA booster strain
11.30 4 4.52 % vs, 14.61 + 4,15 %, p < 0.001) (Fig. §1, Table 1).

The LA reservoir and conduit strain had the highest discriminatory
power between the patient’s group and HV with an AUC of 0.85 and
0.84, respectively. This led to a sensitivity of 80.9 % and a specificity of
82.0 % for LA reservoir and 78.0 %/81.6 % for LA conduit strain. In
comparison of the ROC-curves, all strain parameters outperformed
volumetric parameters (p < 0.05) (Fig. 2, Table 2).

3.3. Subgroup analysis

3.3.1. Patients with hypertensive heart disease (HHD)

LA strain analysis revealed significantly lower values in HHD pa-
tients compared to controls in all phasic function parameters (LA
reservoir strain 21.84 = 8.38 % vs. 41.27 = 7.54 %, p < 0.001; LA
conduit strain 11.48 = 5.71 % vs. 26.89 = 5.25 %, p < 0.001; and LA
booster strain 10.27 + 4.74 % vs. 14.61 £ 4.15 %, p < 0.001).For HHD
patients, the LA condult strain showed the highest discriminatory ac-
curacy with an AUC of 1.00, leading to a sensitivity of 95.7 % and a
specificity of 100.0 %, Comparing the AUCs of strain and volumetric
parameters showed superior performance of the LA conduit and reser-
voir strains compared to the clinical standard of volumetric parameters

minimal and maximal LA volume (p < 0.001).

3.3.2. Patients with Fabry disease (FD)

The evaluation of LA strains revealed significantly lower values for
patients with FD compared to HV (LA reservoir strain 32.82 £ 10.17 %
vs. 41,27 £ 7.54 %, p < 0.001; and LA conduit strain 20.62 = 7.70 % vs.
26.89 £ 5.25%, p < 0.001). LA booster strain did not differ significantly
(12.79 4 5.06 % vs. 14.61 £ 4.15 %, p = 0.054). The ROC-curve anal-
ysis of the LA indicated that LA conduit strain had the highest discrim-
inatory power between the groups with an AUC of 0.76, leading to a
sensitivity of 80,9 % and a specificity of 71.1 %. There was no evidence
of a difference between the AUC of reservoir and conduit strains and the
minimal and maximal LA volume parameters (p > 0.05).

3.3.3. Patients with acute myocarditis (AM)

In AM patients LA strain analysis showed significantly lower values
compared to HV in all phasic function parameters (LA reservoir strain
30.12 £ 7.87 % vs. 41.27 £ 7.54 %, p < 0.001; LA conduit strain 19.04
+ 6.51 % vs. 26.89 = 5.25 %, p < 0.001; and LA booster strain 10.71 =
3.34 % vs, 14,61 £ 4.15 %, p < 0.001). ROC-curve analysis concerning
the LA demonstrated that LA reservoir strain had the highest discrimi-
natory power between AM patients and HV with an AUC of 0.85, leading
to a sensitivity of 80.9 % and a specificity of 82.0 %, The results of the
Delong test revealed significant differences between the LA conduit and
reservoir strain, and the minimal and maximal LA volume parameters (p
< 0.002).

Detailed results of the subgroup analysis are shown In Table 3 and 4
as well as Fig. 2 and §2.
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PP ison to LA strain parameters in differentiating HV from patients with HHD (A), FD (B) and
i with acute and chronic cardiac diseases, including HHD, FD and AM (D). ROC: receiver operating char-

acteristic, LA: left atrial, AEF: active emptying fraction, PEF: passive emptying fraction, TEF: total emptying fraction, MinLA-Vol: minimal left atrial volume, MaxLA-

Vol: maximal left atrial volume.

Table 2
Comparison of the ROC-curve analysis (Patients vs. HV). HV: healthy volunteers,
LA: left atrial, MinLA-Vol.: minimal left atrial volume,MaxLA Vol.: maximal left

atrial volume, AEF: active emptying fraction, PEF: p ptying fracti
TEF: total emptying fraction.
AUC Sensitivity (36) Specificity (%)
LA reservolr 0.85* 80.9 82.0
LA conduit 0.84* 78.0 81.6
LA booster 0.72* 73.8 61.2
AEF 0.56 70.3 459
PEF 0.78 51.6 100.0
TEF 073 60.9 83.3
MinLA-Vol. 0.55 145 100.0
MaxLA-Vol. 0.58 30.4 917

*statistically significant difference compared to MinLA-Vol. + MaxLA-Vol.

4. Discussion

This study evaluated the diagnostic value of LA strain analysis using

CMR for detecting myocardial dysfunction in various conditions,
including hypertensive heart disease, Fabry disease and acute myocar-
ditis. The main findings can be summarized as follows: (1) LA strain,

especially reservoir and conduit strain, are significantly impaired in
patients with acute or chronic cardiac diseases compared to healthy
volunteers, (2) LA strain analysis had superior diagnostic accuracy
compared to the clinical standard of volumetric and functional atrial
assessment, and (3) LA strain analysis showed abnormalities even in the
absence of atrial enlargement.

4.1. Clinical utility of atrial assessment

In recent years, there has been an increasing recognition of the
clinical importance of atrial imaging and the utilization of advanced
cardiac imaging techniques to assess atrial function. The LA plays a
crucial role in cardiac performance and its size is widely regarded as a
key indicator of adverse cardiovascular events [2,22,22], Nevertheless,
the mere presence of LA enlargement does not provide a comprehensive
understanding of LA function throughout the cardiac cycle. Therefore,
several studies have investigated functional atrial parameters such as
the AEF, PEF, and TEF for their potential effectiveness in predicting
outcomes, e.g. among patients with diastolic dysfunction and in diag-
nosing and managing atrial fibrillation (AF) [24,25].

The analysis of atrial strain parameters introduces another level of
sophistication into the assessment of overall atrial function. Generally
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Bageline characteristics; volumetrie, functional and strain parameters (Sub-
groups vs, HV), HHD: hypertensive heart disease, FI: Fabry disease, AM: acute
myocarditis, HV: healthy volunteers, BMT: body mass index, BSA: body surface
area, MinLA-Vol.: minimal left atrial volume, MaxLA-Vol: maximal left atrial
volume, AEF, active emptying fraction, PEF: passive emptying fraction, TEF:
total emptying fraction, LA: left atrial,

HHD D AM HV
[0 = 40) (n = 49) [n = 51) [ = 50)
Female (n, %) 9 (2L5) 24 (48.949) B {17.65) 26 (500
Age (years) SR.AS 4+ IRET = IRIT + 26.60 +
1282 14.95 1567 5.05
BMI (kgzmzl 2896 + 2374 = 467 IT34 £ 2282 +
4.40% 4.80" 2.75
BSA {m?) 2094 0.25%  L814£025 2064023 1854022
MinLA-Val. 36 + 2328 = 2B.46 + 24,07 +
{ml) 23.70" 17.27 11.88° B.84
MaxLA-Val. T4.06 + 59.85 = Tr4l + 7596 +
{ml) 30.69 25 664 41:14 20.21
AEF (%) 41.18 & 4352 =904 4076 LBTY 4425+
16.73 9.56
PEF (%) 346+ 50.50 = 4420 4 56.54 +
10.29% 1385 1212 10,26
TEF (%) 57.08 & 63.95 = 6111 & 692 £
13407 10.41% a2’ 6,17
LA Reserveir 2184 4+ 3282 = 012 + 41,27 +
%) g.as” 10.17* 7.87 7.54
LA Conduit (%) 1148+ 20,62 = 19004 + 26,89 +
s 7.70° 651" 525
LA Booster (%) 10,27 + 1279 £ 506 1071 + 1461 +
4.74% 3.54" 4.15

“statistically significant differences between HV and HHD, *statistically signif-
icant differences between HV and FD, *statistically significant differences be-
tween HV and AM

spoken, LA strain has been suggested as a non-invasive tool for early
prognosis and diagnosis, e.g. to assess diastolic dysfunction including
correlations with fibrosis and remodeling, surpassing the assessment of
LA size alone [3,26]. The incremental prognostic role of LA reservoir
strain over conventional LA volume for predicting outcome has been
demonstrated recently in various clinical settings [27,28,29,30], Addi-
tionally, evidence of LA remodeling, indicated by impaired LA reservoir
strain, even in cases where LA size appears normal, has been observed in
cardiometabolic diseases such as hypertension [26].

Specifically, in FD, LA strain measured by CMR can reveal early
impairment of atrial function due to myocardial fibrosis and remodeling,
even in the absence of overt systolic dysfunction. Conversely, HHD is
typically associated with increased LA stiffness and reduced strain as a
result of chronic pressure overload, although the specific pattern of
strain alteration differs from that observed in FD. In AM, pronounced
abnormalities in LA strain are often observed during the acute inflam-
matory phase, with these changes showing reversibility as the condition
resolves. By quantifying LA strain, CMR thus enables the detection of
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these nuanced differences, thereby supporting more precise subtype
differentiation and facilitating the early diagnosis of conditions such as
FD, which may otherwise be challenging to identify in their initial
SLES’ES.

Moreover, enhancing the capability to distinguish between HV and
individuals with disease without relying on contrast agents can reduce
the invasiveness and duration of CMR scans by altering protocol work-
flows. Recent studies have highlighted the potential of streamlined
protocols for patients with high negative predictive values, demon-
strating that acquiring only a few key CMR parameters may suffice.
These patents derived no additional benefit from extended CMR ex-
aminations, leading to significant reductions in scan dme [24,31].

Thus, there is a growing body of evidence that sheds light on the
potential of LA strain analysis as a supplemental tool in various car-
diovascular diseases.

4.2, Diagnostic aceuracies

The main objective of this study was to compare diagnostic accu-
racies of LA function and volumes with LA strain analysis in a study
sample of patients with HHD, FD and AM compared to HV. These cardiac
diseases have different pathophysiological backgrounds but may have
overlapping imaging features including ventricular hypertrophy.

Prior research has investigated the diagnostic utlity of atrial strain
analysis using CMR-FT and explored whether it offers improved out-
comes compared to volumetric and functional assessments for certain
diseases [32,33,34]. Some studies on patients with HHD showed similar
results compared to our findings [32,35]. Wen et al, for example,
demonstrated that LA strain parameters may exhibit enhanced sensi-
tivity in reflecting LA function impairment compared to LA ejection
fraction, including AEF, PEF and TEF in a cohort of hypertensive pa-
tients. Furthermore, they demonstrated that both LA reservoir and
conduit functions were compromised in patients with hypertension
[33]. In a study of patients with hypertrophic cardiomyopathy, Yang et
al. were able w demonstrate that impairment of LA reservoir and
conduit functions occurs even prior to LA enlargement, despite different
pathophysiological background for the hypertrophy [34].

Moreover, atrial strain using CMR-FT is a valuable tool for early
detection of cardiac involvement in patients with cardiomyopathy
assoclated with FD [7]. In line with the present study, Halfmann et al.,
who investigated the correlation between LA strain and the severity of
cardiac involvement in FD patients, demonstrated impaired strain pa-
rameters in a FD patient population [9]. Particularly, the diminished
reservoir function of the LA was identified as the most accurate predictor
of cardiac involvement. Its unique characteristics and correlation with
the cardiac eyele suggest a strong dependency on atrial mechanics,
indicating a high sensitivity for detecting diastolic dysfunction [36].
Additionally, the strain parameters, particularly reservoir strain, have
previously been observed to outperform volumetric assessments in dis-
tinguishing patients with FD from HV [9]. While our study also

Comparison of the ROC-curve analysis (Subgroups vs, HV), ROC: receiver operating characteristic, HHD: hypertensive heart disease, FIx: Fabry disease, AM: acute
myocarditis, HV: healthy volunteers, AUC: area under the curve, LA: left atrial, AEF: active emptying fraction, PEF: passive emptying fraction, TEF: total emptying
fraction, MinLA-Vol.: minimal left atrial volume, MoxLA-Vol.: maximal left atrial volume.

HHD vs, HY FD s, HV AM vs. HV

AUC Sens (%) Spec (%) Cut-0f %) AUC Sens (%) Spec (%) Cut-Cff (%) ALC Sens (%) Spec (%) Cut-Off (%)
LA resarvolr 096" 852 28.0 < 335 075 B6.7 820 < 328 o.Be* B24 820 < 363
LA conduit 097 90.5 95.9 =178 076 B6.7 816 < 228 LE4* 745 8l6 <228
LA boosier 076 619 79.6 <112 063 B33 429 <159 [ e i 653 824 <133
AFF [1E-1.3 235 958 = 30.1 053 B65.9 521 = 445 DD 720 47.9 < 45.6
FEF 0.95 91.2 1000 =415 L 20.6 1000 = 410 07e 4.0 104000 < 418
TEF 07E 64.3 896 = 62.0 0L.e5 B33 sl.1 < 63.7 FT 568 896 < 62.0
MinlA-Vel. 062 45.2 833 = 3348 057 B1.3 40.0 =179 0.e0 BLE 56.3 <237
MaxLA-Wal 054 31.0 9318 =526 .66 75.0 51.1 =528 053 5 91.7 <541

*statistically significant difference compared to MinLA-Vol, + MaxLA-YVeol.



C. Reichard: et al

demonstrated that LA reservoir and conduit strain had the best
discriminatory accuracy in this cohort of patients, these results did not
reach statistical significance in the DelLong test when compared to
volumetric parameters. This discrepancy may be attributed to the fact
that patients within this group were at different stages of a disease
continuum of FD, thus diluting mean differences.

The study situation regarding AM remains scarce. Regarding our
investigation of the AM cohort, the findings align with a study con-
ducted by Dick et al [27]. They demonstrated impaired reservoir and
conduit strains in the LA among AM patients, making it a potential
marker for biventricular diastolic dysfunction. However, in contrast to
our findings, the study by Dick et al. reported preserved booster strain
[47]. In a more recent study, Lee ef al showed that LA reservair and
conduit strain were lower in AM patients compared to HV and that both
parameters independently predict the clinical outcome of these patients
[38].

Two potential mechanisms account for the reduction in strain pa-
rameters, First, individuals with cardiomyopathy may develop increased
wall stiffness caused by LA fibrosis, leading to decreased LA compliance
and consequently impaired LA strain. Second, these patients may un-
dergo progressive LA remodeling and dysfunction [2]. As mentioned
above, some studies have shown significant differences for LA reservoir
and conduit strains, but not for LA booster strain [24,57,39]. These
observations suggest that LA reservoir and conduit function gradually
decline as LV diastolic dysfunction progresses, while impairment of the
booster function may occur at a later stage [33]. A plausible rationale for
this variance is that the sustained LA pumping function serves as a
compensatory mechanism to uphold stroke volume and LV filling [3].

Mareaver, the Frank-Starling mechanism helps provide a further
reasonable explanation for these findings, as adaptive redistribution
likely takes place in response to hemodynamic changes to ensure proper
LV filling and maintain cardiac function during the progression of LV
diastolic dysfunction. However, this compensatory effect has limita.
tions, and eventually, decompensation can also lead to a decrease in
active LA function [33].

4.3. Limitations

This study has several limitations. First, this is a single-center,
retrospective study which may have resulted in selection bias. Addi-
tionally, the disease cohorts analyzed in this study were heterogeneous.
Second, the study includes a limited number of healthy controls and
focuses on a rare disease such as FD, which might impact generalization
of the findings. Third, despite several studies that have validated the
reproducibility of atrial strain analysis, significant differences still exist
between different vendors and there is currently no established refer-
ence standard. For image analysis, we utilized a single software pri-
marily designed for the registration of ventricular deformation and it is
therefore important to note that the results obtained may not be
generalizable to other available software. Fourth, given the retrospec-
tive nature, it was outside the scope of the study to provide data on
patient-specific outcomes or predict disease progression. Therefore,
further studies are required to investigate the relationship between
pathological atrial strain values and the progression of the examined
diseases. Fifth, while previous studies have shown agreement between
speckle-tracking echocardiography and CMR-derived LA strain, we did
not compare our findings with echocardiographic results, Sixth, we are
aware of the gender bias within this study for HHD and AM, which is due
to the retrospective nature, Therefore, findings will have to be pro-
spectively confirmed. Seventh, we are aware of the notably younger age
of the HV, which were recruited prospectively. The reported normal
values were within one standard deviation of normal LA sirain values
reported in prior studies with significantly older study samples [40].
Eighth, there is potential for bias due to time-related variations within
CMR acquisition parameters, but we have minimized it by ensuring
strict adherence to imaging protocols, scanner consistency,
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reproducibility testing, and uniform post-processing methods. Lastly,
while the results do encourage further studies on the supporting role of
atrial strain assessment in the diagnostic workflow, the authors
acknowledge that the distinction between the different cardiac etiol-
ogies in this study based upon strain parameters is a hypothetical sce-
nario owed to the exploratory nature of the study.

5. Conclusion

LA strain parameters, particularly reservoir and conduit strain,
effectively distinguish cardiomyopathy and HHD patients from HV,
Compared to traditional volumetric and functional atrial assessments,
LA strain detects abnormalities even without LA enlargement. Notably,
CMR-FT-derived LA strain demonstrates consistent impairment across
acute and chronic cardiac diseases, including HHD, FD and AM, high-
lighting its potential as a supplementary diagnostic tool for diverse
myocardial conditions.
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4 Diskussion

Die Promotionsarbeit zeigt auf, dass die Strain-Analyse des LA funktionelle Veranderungen
des LA frihzeitig — auch ohne begleitende atriale Erweiterung — detektieren kann und damit
eine bessere diagnostische Sensitivitat im Vergleich zur konventionellen volumetrischen
Bewertung aufweist. Primar der Reservoir- und Conduit-Strain sind sensitive Marker fur eine
Vorhofdysfunktion und eignen sich daher zur differenzierten Beurteilung verschiedener
kardialer Pathologien mit unterschiedlichen pathophysiologischen Hintergriinden. Besonders
bei der hypertensiven Herzerkrankung und der akuten Myokarditis konnte eine deutliche
Uberlegenheit der Strain-Analyse gegeniber den herkémmlichen Volumen- und
Funktionsparametern nachgewiesen werden. Auch bei Patienten mit Morbus Fabry konnten
trotz normaler Volumina des LA funktionelle Limitationen erkannt werden, was auf eine
friihzeitige myokardiale und atriale Beteiligung durch die fiur die Erkrankung typischen
Sphingolipid-Einlagerungen und deren dadurch ausgelostes Remodeling hinweist. Im
Folgenden werden weitere spezifische Vorteile der LA Strain-Analyse fur die beschriebenen

Krankheitsbilder einzeln dargestellt:

Bei der hypertensiven Herzerkrankung wird die Echokardiografie routinemafig zur Beurteilung
der linksventrikularen Hypertrophie (LVH) angewandt. Sie weist jedoch in frihen
Krankheitsstadien mit noch subtilen strukturellen Veranderungen eine eingeschrankte
Sensitivitat auf [16, 17]. Dagegen kann der LA Strain als friiher Marker atrialer Dysfunktion
funktionelle Anpassungen detektieren, noch bevor strukturelles Remodeling eintritt. Dies ist
entscheidend, da die hypertensive Herzerkrankung initial und im Verlauf sehr lange subklinisch
verlauft. Studien zeigen, dass der LA Strain mit erhéhtem LV-Fullungsdruck und diastolischer
Dysfunktion korreliert, was seine Rolle bei der Differenzierung pathologischer von

physiologischer Hypertrophie unterstreicht [18].

Bei Patienten mit Morbus Fabry dient die genetische Diagnostik als Goldstandard, jedoch
gestaltet sich die Beurteilung der kardialen Beteiligung oft herausfordernd. Das Late
Gadolinum enhancement (LGE) in der CMR kann progressive, fur die Erkrankung typische
Sphingolipidablagerungen nachweisen, wird jedoch in frGhen Krankheitsstadien ohne den
Nachweis einer Fibrose als unzuverlassig angesehen. Zudem stellt das native T1-Mapping im
Rahmen der Bildgebung ein zentrales Tool zur Detektion der friihen kardialen Beteiligung bei
Morbus Fabry dar. Die diagnostische Aussagekraft ist jedoch eingeschrankt, da in frihen
Stadien noch normale T1-Werte nachgewiesen werden und fibrotische Veranderungen in
fortgeschrittenen Krankheitsstadien zu einer Pseudo-Normalisierung fiihren kénnen [19, 20].
Zusatzlich zu dem T1-Mapping kdnnte der LA Strain hier einen funktionellen Marker fiir eine

beginnende Fabry-Kardiomyopathie darstellen und eine subklinische atriale Dysfunktion
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identifizieren [10]. Dies kdnnte supportiv fir eine frihere Einleitung einer Enzymersatztherapie

in grenzwertigen Fallen sein.

Bei der akuten Myokarditis gelten die Lake-Louise-Kriterien mit T1-/T2-Mapping und LGE als
diagnostischer Standard zur Erfassung inflammatorischer Prozesse des Myokards. Eine
mdgliche Vorhofbeteiligung mit vorlibergehender LA-Dysfunktion bleibt jedoch haufig
unerkannt [21]. Die Strain-Analyse kénnte in diesem Fall zusatzliche pathophysiologische

Einblicke liefern und mit dem Schweregrad und der Prognose der Erkrankung korrelieren.

SchlieBlich stellt die Strain-Analyse des LA somit zwar kein eigenstandiges diagnostisches
Verfahren dar, liefert jedoch erganzende funktionelle Einblicke in Bezug auf herkdmmliche
Verfahren. Die Ergebnisse verdeutlichen die Relevanz der LA Strain-Analyse flr die friihzeitige
Diagnostik mit potentiellen Auswirkungen auf die Risikostratifizierung und Verlaufskontrolle,
insbesondere in komplexen klinischen Erkrankungsszenarien, die durch dhnliche Phanotypen
gekennzeichnet sind. So ist die CMR-basierte Strain-Analyse des LA in der Lage, eine
differenzierte Bewertung der Vorhoffunktion vorzunehmen, mit potenziell unmittelbarem

Einfluss auf Diagnostik, Therapie und Prognose.

Ferner besitzt die LA Strain-Analyse das Potenzial, diagnostische Algorithmen zu optimieren,
indem sie bereits mit wenigen kontrastmittelfreien CMR-Sequenzen eine prazise funktionelle
Beurteilung ermoglicht. Trotz der vielversprechenden Resultate sind Limitationen dieser
Promotionsarbeit in Betracht zu ziehen: Das retrospektive, monozentrische Studiendesign, die
heterogene Altersstruktur zwischen Patienten und gesunden Kontrollen und eine potenzielle
Softwareabhangigkeit schranken die Ubertragbarkeit ein. Auswirkungen auf die
Risikostratifizierung und die prognostische Bedeutung wurden nicht untersucht. Eine

prospektive Validierung ist in diesem Fall unerlasslich.

Zusammenfassend lasst sich festhalten, dass die LA Strain-Analyse mittels CMR-FT,
insbesondere der Reservoir- und Conduit-Strain, eine sensitiver, nicht-invasiver Ansatz zur
Identifizierung atrialer Funktionsstérungen darstellt. Sie Ubertrifft etablierte volumetrische
Parameter in der diagnostischen Genauigkeit und erlaubt eine differenzierte Beurteilung akuter
und chronischer kardialer Erkrankungen wie der hypertensiven Herzerkrankung, dem Morbus
Fabry und der akuten Myokarditis. Somit bietet diese Methode einen vielversprechenden
Mehrwert in der nicht-invasiven kardialen Diagnostik und sollte zuklnftig nach Validierung der
Risikostratifizierung und des prognostischen Nutzens potentiell starker in klinische CMR-

Protokolle integriert werden.
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