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A B S T R A C T

Background: The main objective of this study was to compare diagnostic accuracies of cardiac magnetic resonance 
(CMR)-based left atrial (LA) volumetry and function, including LA strain analysis, for the detection of myocardial 
impairments in diseases of different etiologies such as hypertensive heart disease, Fabry disease and acute 
myocarditis.
Methods: Healthy volunteers (HV, n = 50) and patients with cardiomyopathies (n = 140), including patients with 
hypertensive heart disease (n = 40), Fabry disease (n = 49), and acute myocarditis (n = 51), underwent CMR at 
3 T. Atrial volume and strain analysis based on long-axis cine acquisition was performed using a commercially 
available post-processing software.
Results: Patients exhibited impaired LA reservoir (28.60 ± 9.91 % vs. 41.27 ± 7.54 %), conduit (17.35 ± 7.72 % 
vs. 26.89 ± 5.25 %) and booster strain (11.30 ± 4.52 % vs. 14.61 ± 4.15 %) parameters compared to HV (all p 
< 0.001). In contrast, the volumetric values showed no significant difference between patients and HV (p >
0.05). Passive and total emptying fractions were significantly lower in patients (p < 0.001), while active 
emptying fraction did not differ (p > 0.05). Superior diagnostic accuracy for the LA reservoir strain demonstrated 
improved prognostic performance comparing to LA volumetric and functional parameters (area under the curve 
[AUC] 0.85 vs. e.g. passive emptying fraction AUC 0.78, p < 0.05).
Conclusion: LA strain parameters effectively distinguish patients with cardiac diseases presenting overlapping 
phenotypes from HV and outperform volumetric and traditional functional assessments of the LA.

1. Introduction

In recent years, the importance of quantifying atrial function and 
volumes in cardiomyopathies for diagnostic and prognostic purposes has 
been increasingly recognized. Left atrial (LA) size, volume, and func
tional parameters are linked to adverse clinical outcomes in cardiomy
opathy patients [1,2,3]. However, LA contraction follows a complex 
sequence, which is not sufficiently described by volumes and 

conventional functional parameters alone [1,4]. LA contraction can be 
divided into three phases: (1) reservoir function for collecting blood 
from pulmonary veins during ventricular systole; (2) conduit function, a 
passive filling phase during early ventricular diastole, and (3) booster 
function by atrial active contraction to increase ventricular filling during 
late diastole [5,6]. Analyzing LA deformation may better represent these 
phases, thus overcome the limits of volumetric assessment, such as the 
reliance on geometric presumptions by utilizing the biplane area length 
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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 [7,8].

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 atrial 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. Study 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 S1).

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 

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 × 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 emptying fraction (AEF), passive emptying fraction (PEF), and 
total emptying fraction (TEF) were computed by utilizing the time- 
volume curves and the subsequent equations: 

AEF = 100% ×
Mid-diastolic Vmax − Vmin

Mid-diastolic Vmax 

PEF = 100% ×
Vmax − Mid-diastolic Vmin

Vmax 

TEF = 100% ×
Vmax − 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 atrial 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 MedCalc (MedCalc Software bv, Ostend, 
Belgium; https://www.medcalc.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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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 
%) female, mean age 44.6 ± 17.9 years) and 50 HV (25 (50 %) female, 
mean age 26.6 ± 5.1 years). Further detailed baseline characteristics of 

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 ± 4.52 % vs. 14.61 ± 4.15 %, p < 0.001) (Fig. S1, 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 conduit 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 ± 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 S2.

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 disease.

Table 1 
Baseline characteristics, volumetric, functional and strain parameters (Patients 
vs. HV). HV: healthy volunteers, BMI: body mass index, BSA: body surface area, 
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 
(n = 140)

HV 
(n = 50)

Female (n, %) 42 (30) 25 (50)
Age (years) 44.60 ± 17.2# 26.60 ± 5.05
BMI (kg/m2) 26.60 ± 5.09# 22.82 ± 2.75
BSA (m2) 1.99 ± 0.27# 1.85 ± 0.22
MinLA-Vol. (ml) 27.94 ± 16.78 24.07 ± 8.84
MaxLA-Vol. (ml) 69.15 ± 25.57 75.96 ± 20.21
AEF (%) 41.82 ± 11.44 44.26 ± 9.56
PEF (%) 43.08 ± 14.31# 56.56 ± 10.26
TEF (%) 61.47 ± 10.94# 68.92 ± 6.17
LA Reservoir (%) 28.60 ± 9.91# 41.27 ± 7.54
LA Conduit (%) 17.35 ± 7.72# 26.89 ± 5.25
LA Booster (%) 11.30 ± 4.52# 14.61 ± 4.15

#statistically significant differences between patients and HV
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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 [2,22,23]. 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 

Fig. 2. ROC curves for the volumetric and functional approaches in comparison to LA strain parameters in differentiating HV from patients with HHD (A), FD (B) and 
AM (C) respectively in differentiating HV from patients 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: passive emptying fraction, 
TEF: total emptying fraction.

AUC Sensitivity (%) Specificity (%)

LA reservoir 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 45.9
PEF 0.78 51.6 100.0
TEF 0.73 60.9 83.3
MinLA-Vol. 0.55 14.5 100.0
MaxLA-Vol. 0.58 30.4 91.7

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

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 
stages.

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 patients derived no additional benefit from extended CMR ex
aminations, leading to significant reductions in scan time [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 accuracies

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 utility 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 to 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 
associated 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 cycle 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 

Table 3 
Baseline characteristics; volumetric, functional and strain parameters (Sub
groups vs. HV). HHD: hypertensive heart disease, FD: Fabry disease, AM: acute 
myocarditis, HV: healthy volunteers, BMI: 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 
(n = 40)

FD 
(n = 49)

AM 
(n = 51)

HV 
(n = 50)

Female (n, %) 9 (22.5) 24 (48.98) 9 (17.65) 25 (50)
Age (years) 58.85 ±

12.82
38.67 ±
14.95

38.37 ±
15.67

26.60 ±
5.05

BMI (kg/m2) 28.96 ±
4.40#

23.74 ± 4.67 27.34 ±
4.80§

22.82 ±
2.75

BSA (m2) 2.09 ± 0.25# 1.81 ± 0.25 2.06 ± 0.23§ 1.85 ± 0.22
MinLA-Vol. 

(ml)
33.61 ±
23.70#

23.28 ±
17.27

28.46 ±
11.88§

24.07 ±
8.84

MaxLA-Vol. 
(ml)

74.06 ±
30.69

59.85 ±
25.66*

72.41 ±
22.85

75.96 ±
20.21

AEF (%) 41.18 ±
16.73

43.52 ± 9.04 40.76 ± 8.79 44.26 ±
9.56

PEF (%) 31.46 ±
10.29#

50.50 ±
13.85*

44.29 ±
12.12§

56.56 ±
10.26

TEF (%) 57.08 ±
13.40#

63.95 ±
10.41*

61.11 ±
8.21§

68.92 ±
6.17

LA Reservoir 
(%)

21.84 ±
8.38#

32.82 ±
10.17*

30.12 ±
7.87§

41.27 ±
7.54

LA Conduit (%) 11.48 ±
5.71#

20.62 ±
7.70*

19.04 ±
6.51§

26.89 ±
5.25

LA Booster (%) 10.27 ±
4.74#

12.79 ± 5.06 10.71 ±
3.34§

14.61 ±
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

Table 4 
Comparison of the ROC-curve analysis (Subgroups vs. HV). ROC: receiver operating characteristic, HHD: hypertensive heart disease, FD: 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, MaxLA-Vol.: maximal left atrial volume.

HHD vs. HV FD vs. HV AM vs. HV

AUC Sens (%) Spec (%) Cut-Off (%) AUC Sens (%) Spec (%) Cut-Off (%) AUC Sens (%) Spec (%) Cut-Off (%)

LA reservoir 0.96* 95.2 88.0 ≤ 33.5 0.75 66.7 82.0 ≤ 32.8 0.86* 82.4 82.0 ≤ 36.3
LA conduit 0.97* 90.5 95.9 ≤ 17.8 0.76 66.7 81.6 ≤ 22.8 0.84* 74.5 81.6 ≤ 22.8
LA booster 0.76* 61.9 79.6 ≤ 11.2 0.63 83.3 42.9 ≤ 15.9 0.77* 65.3 82.4 ≤ 13.3
AEF 0.55 23.5 95.8 ≤ 30.1 0.53 65.9 52.1 ≤ 44.5 0.60 72.0 47.9 ≤ 45.6
PEF 0.95 91.2 100.0 ≤ 41.5 0.65 29.6 100.0 ≤ 41.0 0.76 44.0 100.0 ≤ 41.8
TEF 0.78 64.3 89.6 ≤ 62.0 0.65 83.3 51.1 ≤ 63.7 0.77 58.8 89.6 ≤ 62.0
MinLA-Vol. 0.62 45.2 83.3 ≤ 33.8 0.57 81.3 40.0 ≤ 17.9 0.60 62.8 56.3 ≤ 23.7
MaxLA-Vol. 0.54 31.0 93.8 ≤ 52.6 0.66 75.0 51.1 ≤ 52.8 0.53 27.5 91.7 ≤ 54.1

*statistically significant difference compared to MinLA-Vol. + MaxLA-Vol.
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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 DeLong 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 [37]. 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 
[37]. In a more recent study, Lee et al. showed that LA reservoir 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 [3]. As mentioned 
above, some studies have shown significant differences for LA reservoir 
and conduit strains, but not for LA booster strain [34,37,39]. 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].

Moreover, 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 strain 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, 

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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