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Abstract
Background Atrial cardiopathy (AC) has emerged as a potential pathological thrombogenic atrial substract of embolic stroke 
of undetermined source (ESUS), even in the absence of atrial fibrillation. Left atrium (LA) myocardial deformation analysis 
may be of value as a subclinical marker of AC and a predictor of ESUS.
Aims To compare LA mechanical function between ESUS cases and age and sex-matched controls.
Methods A single-center analytical study with case-control design was performed. Case group was composed by young 
patients admitted in the Neurology department from January 2017 to June 2021. Control group was composed by age and 
sex matched controls recruited from the community. All participants performed echocardiogram and a smaller sample 
underwent cardiac magnetic resonance.
Results We recruited 31 ESUS patients aged between 18 and 65 years and 31 age and sex matched controls. ESUS patients 
had a significantly higher prevalence of cardiovascular risk factors and patent foramen ovale (PFO). The prevalence of AC 
was not different between groups. Echocardiogram parameters, including strain analysis, were similar between groups, except 
for LA appendage (LAA) ostium variation which was significantly lower in ESUS patients (absolute: 6.5vs8.7mm, p<0.001; 
relative: 44.5%vs53.4%, p=0.002). After exclusion of patients with PFO, all the results were statistically similar. Regarding 
cardiac magnetic resonance analysis, there were no statistically significant differences between groups.
Conclusion This study shows that in our population atria cardiopathy and atrial function was not associated with ESUS.
LAA structural and functional abnormalities may play a major role. The role of LAA in ESUS warrants further studies.

Keywords Left atrium · Embolic stroke of undetermined source · Left atrium appendage · Atrial cardiopathy · Myocardial 
deformation

Introduction

Globally, stroke remains the second-leading cause of death, 
accounting for 11.6% of total deaths [1]. Cryptogenic strokes 
(CS), ischemic strokes (IS) with undefined etiology despite 
extensive evaluation, comprise about 50% of all IS in young 

adults [2]. Embolic stroke of undetermined source (ESUS) 
represents a recent subtype of CS defined as non-lacunar 
IS of probable embolic origin, in the absence of both major 
cardioembolic source and atherosclerosis, causing at least 
50% of luminal stenosis in arteries proximal to the infarc-
tion area [3]. ESUS comprises about 80% of CS in young 
adults [4]. These patients have lower mortality and a higher 
recurrence rate (4.5% per year) than cardioembolic stroke 
patients [5–7].

Considering the initial belief that ESUS occurred due 
to covert atrial fibrillation (AF) it was hypothesized that 
patients could benefit from anticoagulation [3]. Nonetheless, 
RESPECT [8] and NAVIGATE [9] trials, which compared 
dabigatran and rivaroxaban vs acetylsalicylic acid, demon-
strated a neutral effect on recurrence associated with higher 
bleeding concerns. Furthermore, several studies failed to 
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establish a temporal and causal association between AF and 
ESUS development and AF was not detected in 66% of the 
ESUS population despite long-term continuous rhythm-
monitoring [10]. A possible explanation may be the hetero-
geneity of this population, with numerous potential embolic 
mechanisms, overlapping each other. Indeed, approximately 
66% of ESUS had more than one likely embolic source and 
the three most prevalent were left ventricle (LV) disease, 
atherosclerosis and atrial cardiopathy (AC) [6, 11]. Patent 
foramen ovale (PFO) with paradoxical embolism may also 
be a potential source [3].

Therefore, growing evidence suggests that AF is not 
a necessary condition for thromboembolic events, but a 
marker of left atrium (LA) disease, defined as AC [12, 13].

AC describes functional and structural anomalies of LA 
[14] and is associated with several biomarkers, namely: LA 
enlargement, supraventricular ectopy, increase of P-wave 
terminal force in lead V1 (PTFV1) and increase of serum 
N-terminal pro-brain natriuretic peptide (NT-ProBNP) [15]. 
A consensual and standardized diagnostic tool has not yet 
been proposed.

A sub-analysis of NAVIGATE TRIAL showed that ESUS 
patients with LA enlargement had lower recurrence events 
when treated with rivaroxaban, supporting the importance 
of AC [16]. Currently, ARCADIA [17]/ATTICUS [18] 
trials are studying the benefits of anticoagulation in this 
population.

In previously published studies, LA enlargement was 
commonly evaluated by LA anteroposterior diameter which 
is an inappropriate tool since enlargement is usually asym-
metrical and not in an anteroposterior direction [19]. Fur-
thermore, it does not provide information about the LA 
function.

A useful tool to assess myocardial function is the evalua-
tion of myocardial deformation through strain analysis.

Given the putative association between AC and thrombo-
embolic events, we sought to evaluate the role of LA strain 
as a subclinical marker of atrial cardiopathy and a predictor 
of ESUS.

This question is relevant as it may identify new markers 
of LA dysfunction, which can allow a better identification 
of patients that will benefit from anticoagulation therapy.

Methods

Study population

This is a single-center analytical study with a case–con-
trol design. The case group (“ESUS group”) was com-
posed of patients admitted to the neurology department of 
Braga Hospital from January 2017 to June 2021 that met 
the following inclusion criteria: (1) age between 18 and 

65 years; (2) non-lacunar IS of probable embolic origin 
with no cause identified after extensive diagnostic work-
up. Patients included underwent standardized diagnostic 
procedures: cranial computed tomography (CT) or mag-
netic resonance (MR), CT or MR angiography to evaluate 
intracranial and extracranial arteries of the neck, 12-lead 
electrocardiogram (ECG), serial 24-h Holter monitoring 
and transthoracic echocardiogram. Patients with intra 
or extracranial atherosclerosis (at least 50% stenosis) 
and major risk cardioembolic sources (AF, atrial flutter, 
intracardiac thrombus or tumors, vegetations, prosthetic 
valves, moderate-severe mitral stenosis, recent myocardial 
infarction, LV aneurysm and severe LV dysfunction) were 
excluded.

ESUS patients included had initiated antithrombotic treat-
ment immediately after stroke and the antithrombotic treat-
ment decision was solely based on neurologist discretion.

Patients were age and sex-matched to ESUS-free vol-
unteers recruited from the community in a 1:1 fashion.

All study subjects were recruited to an in-person meet-
ing where the research team collected a detailed clinical 
history and a short physical examination together with a 
12-lead ECG and transthoracic echocardiogram with LA 
strain analysis.

A smaller sample, 10 ESUS patients and age and sex-
matched controls underwent cardiac MR in a second visit.

Atrial cardiopathy

In this study AC was defined by the presence of at least 
one criterion, accordingly to previous literature and clini-
cal data available:

1. PTFV1 > 5000 ms μV on 12-lead ECG. [17, 20, 21]
2. LA anteroposterior diameter of at least 47 mm (men) or 

43 mm (women) on transthoracic echocardiogram. [22]

Echocardiogram methods

The same investigator, who is trained in cardiac ultra-
sound, performed an echocardiogram in all study subjects, 
blinded to the case–control status, with a General Electric 
Vivid E95 ultrasound device using M5Sc and 4 V probes.

Basic LA and LV measurements were obtained from 
the parasternal long-axis view. Measurements of mitral 
inflow and e′ velocity (mean of medial and lateral results) 
were obtained from the apical 4-chamber view using the 
pulsed-wave Doppler and tissue Doppler imaging, respec-
tively. Tricuspid regurgitation velocity was assessed from 
a projection optimized to the regurgitation jet.
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The presence of PFO was detected by morphological 
analysis and color-Doppler, namely in subcostal view, 
complemented by saline contrast analysis.

Maximum LA volume (LAV), end-diastole and end-
systole LV volumes and LV ejection fraction (LVEF) 
were obtained using the 2-dimensional biplane Simpson 
method.

LAV was also determined using the 3-dimensional anal-
ysis. The LA was zoomed and the full cycle was recon-
structed from a 6-cycle multibeat methodology. LAV was 
analysed in 4 stages of the cardiac cycle from the volume-
time curve: end-systole LAV (LAVmax), mid-diastole 
LAV (after emptying phase), late-diastole LAV (before 
atrial contraction) and end-diastole LAV (LAVmin). LA 
reservoir volume (LAVmax-mid-diastole LAV), LA stroke 
volume (late diastole LAV-LAVmin), LA ejection fraction 
(LA stroke volume/late diastole LAV), LA cyclic volume 
(LAVmax-LAVmin) and LA passive emptying percentage 
[(LAVmax-late diastole LAV)/(LAVmax-LAVmin)] were 
subsequently calculated.

All volumes were indexed to the body surface area 
using the Mosteller formula [23].

Additionally, LA appendage (LAA) was also evaluated 
in the apical view and measured where the ostium was 
as large as possible, to evaluate de maximum and mini-
mum ostium diameters and calculate LAA ostium abso-
lute (LAA ostium maximum-LAA ostium minimum) and 
relative ((LAA ostium maximum-LAA ostium minimum)/
LAA ostium maximum) variation (Fig. S1).

Finally, we analysed LA longitudinal strain (LAS) using 
STE with EchoPac software (General Electric Healthcare, 
Milwaukee, WI, USA) and ventricular end-diastole (closure 
of the mitral valve) as a time reference to define the zero-
baseline for LAS curves [24]. We measured LAS in LA-
focused 4 and 2-chamber apical views and divided it into 3 
phases from the strain–time curve: LAS reservoir (LASr), 
defined as the difference between strain at mitral valve 
opening and mitral valve closure; LAS conduct (LAScd), 
the difference between strain at the onset of atrial contrac-
tion and mitral valve opening, LAS contraction (LASct), 
difference between strain at mitral valve closure and the 
onset of atrial contraction.

Cardiac magnetic resonance methods

Cardiac MR imaging was performed on clinical 3T scan-
ners (Magnetom Verio, Siemens Healthcare). Cine images 
were acquired using balanced steady-state free preces-
sion (bSSFP) sequences during breath-hold (field of 
view = 340  mm2; slice thickness = 8 mm 25% gap; repeti-
tion time = 57.86 ms; echo time = 1.12 ms; flip angle = 50°; 
acquisition matrix = 192 × 156) in short axis stack and the 
three-standard long-axis views: 2-, 3- and 4-chambers. The 

acquisition was ECG-gated, and the images were retrospec-
tively reconstructed in 25 frames.

All the areas and diameters were measured using CMR42 
(Circle, Canada).

LAS was analysed by a single investigator blinded to the 
case–control status, using feature-tracking with a previously 
validated custom MATLAB-based cardiac image analysis 
software, embedding the Medical Image Tracking Toolbox 
(MITT) [25] (Fig. S2).

LAS curves were computed and exported from 2- and 
4-chambers views and the values of LA reservoir function 
(Ɛs), passive strain (Ɛe) and active strain (Ɛa) were manu-
ally obtained.

Statistical analysis

Continuous variables were tested for normality using Kol-
mogorov–Smirnov’s test combined with histogram visual 
assessment. Measures of central tendency (mean or median) 
and dispersion (standard deviation or interquartile range) 
were chosen according to normality test result.

To examine differences between groups in normal vari-
ables the t-student test or Welsh test (if homogeneity of vari-
ances was not assumed) was used. In non-normal variables, 
a Mann–Whitney test was performed.

Categorical variables were expressed as relative and abso-
lute frequencies and compared using the Chi-square test (χ2) 
or Fisher’s test, depending on expected values.

To assess the correlation between variables, a Spearman 
correlation (ρ) was performed, defining a small association 
for 0.1; a medium association for 0.3; and a strong associa-
tion for values above 0.5. All analyses used IBM SPSS (ver-
sion 28; IBM corp., Armonk, NY), a confidence interval of 
95% and statistical significance was defined when p < 0.05.

Ethical considerations

This study was approved by the Braga Hospital Ethical 
Committee and met the criteria established by the Decla-
ration of Helsinki. All the participants provided written 
informed consent.

Results

During the study period 51 patients admitted to the 
neurology department fulfilled the inclusion and exclu-
sion criteria. From this pool, 31 patients accepted to be 
enrolled and were age and sex-matched to 31 ESUS-free 
controls (Fig. 1).
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Fig. 1  Study flow diagram

The mean age of the ESUS group was 50.1 ± 10.2 years 
(48.4% females) and of the control group was 
48.0 ± 8.5 years (51.6% females). We found no significant 
differences regarding sex, age and anthropometric measure-
ments. Compared with controls, ESUS patients had a higher 
prevalence of cardiovascular risk factors [hypertension 
(48.4% vs 16.1%, p < 0.001); diabetes Mellitus (32.3% vs 
0.0%, p < 0.0001), dyslipidemia (67.7% vs 16.1%, p < 0.001) 
and excessive alcohol intake (25.8% vs 0.0%, p = 0.024)] and 
patent foramen ovale (29.0% vs 3.2%, p < 0.001).

Patients had a significantly higher usage of antiplate-
lets (83.9% vs 0.0%, p < 0.001), statins (83.9% vs 12.9%, 
p < 0.001), angiotensin-converting enzyme inhibitor/angi-
otensin receptor blocker (45.2% vs 9.68%, p = 0.002) and 
diuretics (19.4% vs 0.0%, p = 0.024).

Baseline characteristics of study subjects are presented 
in Table 1.

Further description of clinical characteristics of ESUS 
patients is presented in Table S1.

Additionally, ESUS patients were segregated accord-
ing to the severity of the neurological deficit (NIHSS- 
National Institute of Health Stroke Scale) and there were 
no differences related to baseline characteristics, cardio-
vascular risk factors or atrial cardiopathy (Table S2).

First visit

ESUS patients had a higher P-wave dispersion (25.0 ms 
vs 18.0 ms, p = 0.016) comparing with controls. The other 
electrocardiogram variables were similar between cases 
and controls (Table 2).

LA and LV dimensions as well as LVEF did not differ 
significantly between groups and all study subjects had a 
normal diastolic function. There was a significantly lower 
LAA ostium variation (6.5 mm vs 8.7 mm, p < 0.001, 
r = 0.45) and LAA ostium relative variation (45.1% vs 
53.0%, p = 0.002, d = − 0.87) in ESUS group with a strong 
effect size (Table 3).

A multivariate analysis using the logistic regression 
model by forward method was performed and revealed that 
LAA ostium relative variation difference was still present 
(p = 0.037) after adjusting to baseline characteristics (age, 
gender, and cardiovascular risk factors).

An analysis of LA dynamics was performed through the 
evaluation of LA volumetry using a 4-dimensional method 
and myocardial deformation analysis using STE (Fig. 2). 
These results were shown in Table 4.

There were no differences in the multiple parameters 
evaluated including LASr, LAScd and LASct.
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Also, when analysing the ESUS patients with (n = 7.0, 
22.6%) and without AC (n = 24.0, 77.4%), we found no 
significant differences in all LA echocardiogram findings 
(Table S1).

To assess the impact of PFO, an analysis without these 
patients was performed (Table 5). In this sub-analysis, LA 
and LV basic measurements and LAS were similar between 
groups, although a lower LAA ostium variation (6.9mm vs 

Table 1  Baseline clinical data 
of study subjects

Statistically significant results are shown in bold
ACE angiotensin‐converting enzyme, ATR  angiotensin receptor blockers, IQR Interquartile range, SD 
standard deviation
a Atrial cardiopathy: using index left atrium volume instead of left atrium diameter to define moderate left 
atrium dilatation (> 42 ml/m2)

Patients (N = 31) Controls (N = 31) P-value

Clinical presentation
 Female gender, N (%) 15.0(48.4) 16.0(51.6) p = 0.571
 Age (years), mean (SD) 50.1(10.2) 48.0(8.5) p = 0.548
 Body mass index (kg/m2), median(IQR) 26.8(7.8) 25.1(4.9) p = 0.328
 Body surface area  (m2), mean(SD) 1.8(0.2) 1.8(0.2) p = 0.912
 Abdominal circumference (cm), mean(SD) 93.3(15.1) 89.5(10.7) p = 0.254
 Systolic blood pressure (mmHg), median (IQR) 133.2(16.0) 123.0(18.0) p = 0.005
 Diastolic blood pressure (mmHg), mean(SD) 81.2(10.7) 80.0(10.8) p = 0.666
 Heart rate (BPM), mean(SD) 73.1(12.5) 72.5(11.4) p = 0.841

Comorbidities
 Hypertension, N(%) 15.0(48.4) 5.0(16.1) p < 0.001
 Diabetes mellitus, N(%) 10.0 (32.3) 0.0(0.0) p < 0.001
 Dyslipidaemia, N(%) 21.0(67.7) 5.0(16.1) p < 0.001
 Smoking habits, N(%) 15.0(48.4) 10 (32.3) p = 0.119
 Excessive alcohol intake, N(%) 8.0(25.8) 0.0(0.0) p = 0.024
 Patent foramen ovale, N(%) 9.0(29.0) 1.0(3.2) p < 0.001

Cardiovascular medication
 Antiplatelets, N(%) 26.0(83.9) 0.0(0.0) p < 0.001
 Anticoagulants, N(%) 5.0(16.1) 0.0(0.0) p = 0.053
 Statins, N(%) 26.0(83.9) 4.0(12.9) p < 0.001
 Beta-blockers, N(%) 4.0(12.9) 1.0(3.2) p = 0.354
 ACE inhibitors/ATR blockers, N(%) 14.0(45.2) 3.0(9.7) p = 0.002
 Diuretics, N(%) 6.0(19.4) 0.0(0.0) p = 0.024
 Atrial cardiopathy, N(%) 7.0(23.0) 6.0(19.0) p = 0.755
 Atrial  cardiopathya N(%) 9.0(29.0) 7.0(23.0) p = 0.772

Table 2  Electrocardiogram 
performed in the visit: basic 
analysis

Statistically significant results are shown in bold
IQR interquartile range, SD standard deviation

Patients (N = 31) Controls (N = 31) P-value

Electrocardiogram
 Heart rate (BPM), mean(SD) 72.4(12.2) 70.0(11.1) p = 0.531
 PR interval (MS), median(IQR) 160.3(46.2) 160.2(40.0) p = 0.555
 P-wave mean (MS), median(IQR) 80.1(40.0) 80.2(20.1) p = 0.341
 P-wave max (MS), median(IQR) 100.0 (30) 94.0(28.0) p = 0.495
 P-wave min (MS), median(IQR) 73.0(15.5) 70.0(20.0) p = 0.852
 P-wave dispersion (MS), median(IQR) 25.0(10.0) 19.0(18.0) p = 0.016
 P-wave axis (º), mean(SD) 41.2(25.0) 43.3(25 + 21.9) p = 0.732
 PTFV1 > 5000 MS ΜV, N(%) 7.0(22.6) 5.1(16.1) p = 0.561
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8.6 mm, p = 0.003, d = − 0.89) and LAA ostium relative var-
iation (46.0% vs 53.1%, p = 0.005, d = − 0.83) in the patient 
group was still observed.

Second visit

Additionally, 10 patients and 10 age and sex-matched con-
trols underwent cardiac MR in a second visit.

Table 3  Echocardiogram 
performed in the visit: basic 
analysis

Statistically significant results are shown in bold
IQR Interquartile range, IVS interventricular septum, LA left atrium, LAA Left atrium appendage, LV left 
ventricle, LVED left ventricle end-diastole, LVES left ventricle end-systole, SD standard deviation, TAPSE 
tricuspid annular plane systolic excursion

Echocardiogram: basic analysis Patients (N = 31) Controls (N = 31) P-value

LV and LA basic measurements
 LVED diameter (MM), mean(SD) 45.8(4.8) 45.2(4.7) p = 0.471
 LVES diameter (MM), mean(SD) 29.9 (4.2) 29.1(4.1) p = 0.378
 IVS diameter (MM), mean(SD) 9.4(1.3) 8.7(1.8) p = 0.097
 LV posterior wall diameter (mm), mean(SD) 8.3(1.2) 8.2(1.4) p = 0.696
 LVED volume (ml/m2), median(IQR) 43.8(15.5) 40.8(11.0) p = 0.905
 LVES volume (ml/m2), mean(SD) 17.3(5.7) 15.9(4.3) p = 0.310
 LV stroke volume (ml/m2), median(IQR) 28.0(13.6) 27.0(8.8) p = 0.387
 LV ejection fraction (%), mean(SD) 62.0(7.0) 64.1(6.0) p = 0.154
 TAPSE (mm), mean(SD) 24.2(2.8) 24.8(2.8) p = 0.408
 LA diameter (mm), mean(SD) 35.5(4.8) 34.2(5.2) p = 0.313
 LA area  (cm2), mean(SD) 19.0(4.3) 18.0(3.9) p = 0.230
 LA volume (ml/m2), mean(SD) 28.8(7.9) 27.5(7.6) p = 0.45

LA appendage
 LAA ostium maximum (mm), mean(SD) 15.3(3.6) 16.2(2.9) p = 0.279
 LAA ostium minimum (mm), mean(SD) 8.6(3.2) 7.6(1.9) p = 0.158
 LAA ostium variation (mm), median(IQR) 6.5(2.9) 8.7(2.3) p < 0.001
 LAA ostium relative variation (%), mean(SD) 45.1(12.0) 53.0(7.7) p = 0.002

Diastolic function
 E/E′, mean(SD) 7.8(3.3) 7.5(2.4) p = 0.549
 E′ septal (m/s), mean(SD) 0.08(0.04) 0.09(0.03) p = 0.169
 E′ lateral (m/s), mean(SD) 0.12(0.04) 0.11(0.03) p = 0.779
 Tricuspid regurgitation (m/s), mean(SD) 2.2(0.9) 2.0(0.6) p = 0.200
 Diastolic dysfunction, N(%) 0.0(0.0) 0.0(0.0) –

Fig. 2  Atrial segmentation for 
longitudinal strain quantifica-
tion using 2D echocardiography
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Table 4  Echocardiogram 
performed in the visit: LA 
dynamics analysis

IQR Interquartile range, LA left atrium, LAcd-LA longitudinal strain conduct, LASr-LA longitudinal strain 
reservoir, LASct-LA longitudinal strain contraction, SD standard deviation

Echocardiogram: LA dynamics Patients (N = 31) Controls (N = 31) P-value

LA volumetry
 LA minimum volume (ml/m2), median (IQR) 12.3(6.4) 13.2(7.6) p = 0.584
 LA maximum volume (ml/m2), median (IQR) 27.4(8.4) 26.8(10.12) p = 0.846
 LA mid-diastolic volume (ml/m2), median (IQR) 17.6(7.8) 17.1(6.3) p = 0.954
 LA late-diastolic volume (ml/m2), median (IQR) 18.6(7.2) 19.0(7.0) p = 0.634
 LA reservoir volume (ml/m2), mean (SD) 8.9(2.5) 9.3(4.6) p = 0.844
 LA stroke volume (ml/m2), median (IQR) 5.0(3.8) 4.9(2.8) p = 0.665
 LA ejection fraction (%), median (IQR) 28.1(13.7) 26.1(14.5) p = 0.745
 LA cyclic volume change (ml/m2), median (IQR) 13.3(5.1) 12.5(7.8) p = 0.445
 LA conduit volume (ml/m2), median (IQR) 12.0(8.3) 11.4(15.1) p = 0.462
 LA passive emptying (%), mean (SD) 34.5(9.5) 34.1(13.5) p = 0.358

LA strain/myocardial deformation analysis (4-cham-
ber and 2-chamber)

 LASR (%), median (IQR) 42.0(16.4) 38.0(12.6) p = 0.784
 LASCD (%), median (IQR) − 21.0(11.7) − 22.0(11.7) p = 0.464
 LASCD (%), mean (SD) − 18.0(5.4) − 17.0 (4.2) p = 0.270

Table 5  Study subjects without 
PFO: LA echocardiogram 
analysis

Statistically significant results are shown in bold
IQR Interquartile range, LA left atrium, LAA left atrium appendage, LAcd-LA longitudinal strain conduct, 
LASr-LA longitudinal strain reservoir, LASct-LA longitudinal strain contraction, SD standard deviation

Patients (N = 22) Controls (N = 30) P-value

LA basic measurements
 LA diameter (mm), mean(SD) 36.0(4.9) 34.0(5.2) p = 0.204
 LA area  (cm2), mean(SD) 20.0(4.3) 18.0(3.9) p = 0.123
 LA volume (ml/m2), mean(SD) 29.9(8.5) 27.5(7.6) p = 0.274

LA appendage
 LAA ostium maximum (mm), mean(SD) 15.1(3.5) 16.2(2.9) p = 0.235
 LAA ostium minimum (mm), mean(SD) 8.3(2.8) 7.6(2.0) p = 0.291
 LAA ostium variation (mm), mean(SD) 6.9(2.2) 8.6(1.8) p = 0.003
 LAA ostium relative variation (%), mean(SD) 46.0(11.0) 53.1(8.0) p = 0.005

LA volumetry
 LA minimum volume (ml/m2), median (IQR) 12.7(6.3) 13.2(7.8) p = 0.833
 LA maximum volume (ml/m2), mean(SD) 27.4(5.6) 26.9(10.4) p = 0.950
 LA mid-diastolic volume (ml/m2), median (IQR) 19.0(6.1) 17.2(6.6) p = 0.774
 LA late-diastolic volume (ml/m2), mean(SD) 19.8(6.7) 19.0(7.3) p = 0.786
 LA reservoir volume (ml/m2), mean(SD) 8.8(2.9) 9.3(4.7) p = 0.851
 LA stroke volume (ml/m2), median (IQR) 4.9(4.0) 4.9(3.2) p = 0.688
 LA ejection fraction (%), mean(SD) 28.6(13.5) 26.7(14.4) p = 0.848
 LA cyclic volume change (ml/m2), mean(SD) 13.7(5.0) 12.7(7.6) p = 0.655
 LA conduit volume (ml/m2), mean(SD) 11.7(10.6) 11.1(15.8) p = 0.256
 LA passive emptying (%), mean(SD) 31.7(10.7) 34.2(13.6) p = 0.782

LA strain/myocardial deformation analysis (4-cham-
ber and 2-chamber)

 LASR (%), median (IQR) 41.0(14.4) 38.0(12.6) p = 0.08
 LASCD (%), median (IQR) − 20.0(11.9) − 23.0(11.7) p = 0.210
 LASCD (%), mean (SD) − 19.0(5.5) − 17.0(4.2) p = 0.100
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Table 6  Cardiac magnetic 
resonance analysis

Statistically significant results are shown in bold
IQR Interquartile range, Ɛa active strain, Ɛe passive strain, Ɛs reservoir function, LA left atrium, SD stand-
ard deviation

Patients (N = 10) Controls (N = 10) P-value

LA basic measurements
 LA area  (cm2), median(IQR) 21.0(6.0) 23.0(3.0) p = 0.373
 LA volume (ml/m2), mean(SD) 30.2(9.4) 32.1(6.3) p = 0.404

LA appendage
 LAA ostium maximum (mm), mean(SD) 15.1(3.6) 15.4(2.7) p = 0.235
 LAA ostium minimum (mm), mean(SD) 8.0(2.6) 7.7(2.6) p = 0.291
 LAA ostium variation (mm), mean(SD) 8.1(1.6) 7.8(1.9) p = 0.710
 LAA ostium relative variation (%), mean(SD) 55.0(3) 51.2(2) p = 0.452

LA strain/myocardial deformation analysis 
(4-chamber and 2-chamber)

 Ɛs (%), mean (SD) 35.0(9.7) 38.0(9.4) p = 0.426
 Ɛe (%), mean (SD) − 20.0(6.1) − 23.0(6.4) p = 0.430
 Ɛa (%), median (IQR) − 14.0(5.4) − 16.0(3.1) p = 0.283

The mean age of the ESUS group was 51.1 ± 8.2 years 
(40.0% females) and of the control group was 
49 ± 8.0 years (50.0% females). We found no signifi-
cant differences regarding sex, age and anthropometric 
measurements.

LA basic measurements, LAA ostium variation as 
well as LAS did not differ significantly between groups 
(Table 6).

Discussion

Given the putative association between AC and ESUS, the 
main goal of this study was to evaluate LA mechanical func-
tion using myocardial deformation analysis by STE and FT-
Cardiac MR.

In line with current literature, our study showed that 
ESUS patients had a higher prevalence of cardiovascular 
risk factors [26–28] and PFO [28]. In our ESUS popula-
tion 23.0% had AC, which was also consistent with pub-
lished data [29], but surprisingly, compared with age and 
sex-matched controls the prevalence was not significantly 
different. In addition, LA dimensions were similar between 
groups.

Formerly, LA evaluation was restricted to its dimensions, 
however, the role of LA mechanical function in several dis-
eases was recently highlighted and myocardial deformation 
analysis has been increasingly used, since it allows detection 
of LA dysfunction before structural changes [30].

Current evidence highlights the role of LA in ischemic 
strokes and recently it was used to differentiate stroke sub-
types since patients with ESUS had larger LA and higher 
PTFV1 comparing with patients with non-cardioembolic 

strokes [31, 32]. In our study, a comparation between young 
ESUS and healthy controls was performed and, except for 
P-wave dispersion which was higher in cases, LA dimen-
sions and atrium myocardial deformation analysis did not 
show significant differences between cases and controls. 
Furthermore, when analysing the ESUS patients with and 
without AC we found no significant differences in all LA 
echocardiogram findings. Considering the possibility of PFO 
being the source of ESUS through paradoxical embolism, 
we excluded these patients and repeated the analysis, but 
the results were similar. Considering the higher spatial reso-
lution and better endocardial border definition of Cardiac 
MR [33], we also performed a LA myocardial deformation 
analysis using FT, which confirmed the previous findings.

Therefore, these findings suggest that in our young ESUS 
patients AC or LA dysfunction were not the major embolic 
mechanism. A possible explanation is the heterogeneity of 
the population which could have implications for smaller 
studies.

A similar case–control published in 2020, evaluated 
LA dynamics in 30 young CS patients (73% with ESUS) 
and found no differences regarding LA maximum volume, 
although patients had a lower epsilon peak [26]. However, 
in contrast with our study, LAS was evaluated using tissue 
Doppler imaging, which is angle-dependent and less trust-
worthy [34].

Moreover, a prospective cohort published in 2021, that 
evaluated the association of LAS using STE and stroke sub-
type, did not find any association with CS [35].

In addition, our study revealed a significantly lower abso-
lute and relative LAA ostium variation in the ESUS group, 
which persisted after exclusion of the PFO study subjects. 
Furthermore, during the analysis of ESUS patients with and 
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without AC, LAA ostium variation was similar between 
groups, which suggests that the LAA role may be independ-
ent of AC. In cardiac MR analysis, no differences were found 
in LAA ostium variation between groups. This discrepancy 
could be explained by a much smaller sample and flow arte-
facts that compromise small structure evaluation.

LAA is a remnant of the original embryonic LA and is 
a reservoir of blood during fluid overload [36]. Previously 
published data already highlighted the role of LAA in IS 
[14], however data in ESUS is scarce (Fig. 2).

Reduced LAA flow velocity promotes stasis, mainly if 
less than 20 cm/s, in AF patients [14, 37]. Additionally, 55% 
of CS patients had enlarged LAA [38] and non-chicken wing 
morphology and the number of lobes is independent risk 
factors of thromboembolic events [39, 40].

In summary, our study in line with current literature sug-
gests that LAA may play a major role in ESUS pathophysi-
ology, since lower ostium variation may hypothetically be 
associated with stasis and according to Virchow’s triad, 
thrombus formation. The role of LAA warrants further 
studies.

LAS did not add value for risk stratification in this group 
of patients.

Limitations

This study has four main limitations. The first main limita-
tion is that it is a single center study with a small number of 
participants, which restrict the statistical analysis.

The second main limitation is that most of patients lack 
pro-brain natriuretic peptide values data, reason why even 
though it is an important AC marker the authors did not 
included in the study.

The third main limitation is that controls did not perform 
24-h Holter. Although every case had serial 24-h Holter 
without atrial fibrillation detection, none underwent implant-
able loop recorder insertion which would improve the diag-
nostic yield compared with 24-h Holter recording.

The last main limitation is that LA was not evaluated by 
computed tomography, reason why LAA morphology was 
not accessed.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10554- 022- 02779-6.

Author contributions Carla Marques Pires and Barbara Lage Garcia- 
obtained the data from cases and controls.Carla Marques Pires and 
Vitor Hugo Pereira-analysed data, wrote the main manuscript and pre-
pared the figures.All authors reviewed the manuscript.

Funding Open access funding provided by FCT|FCCN (b-on). The 
project was funded by a grant from the clinical Academic Center 
Braga: “MCI-CANCER:Multimodality Cardiac Imaging approach 
to CANCER therapeutics–related cardiac dysfunction”  and a 
grant from the "Fundação da Ciência e Tecnologia"  (ref. PTDC/
EMD-EMD/1140/2020).

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Feigin VL, Stark BA, Johnson CO, Roth GA, Bisignano C, Abady 
GG et al (2021) Global, regional, and national burden of stroke 
and its risk factors, 1990–2019: a systematic analysis for the 
Global Burden of Disease Study 2019. Lancet Neurol 20:1–26

 2. Putaala J, Martinez-Majander N, Saeed S, Yesilot N, Jäkälä P, 
Nerg O et al (2017) Searching for explanations for cryptogenic 
stroke in the young: revealing the triggers, causes, and outcome 
(SECRETO): rationale and design. Eur Stroke J 2:116–125

 3. Hart RG, Diener H-C, Coutts SB, Easton JD, Granger CB, 
O’Donnell MJ et al (2014) Embolic strokes of undetermined 
source: the case for a new clinical construct. Lancet Neurol 
4:429–438

 4. Ladeira F, Barbosa R, Caetano A, Mendonça M, Calado S, Viana-
Baptista M (2015) Embolic stroke of unknown source (ESUS) in 
young patients. Int J Stroke 10(Suppl A100):165

 5. Ntaios G, Papavasileiou V, Milionis H, Makaritsis K, Manios E, 
Spengos K et al (2015) Embolic strokes of undetermined source 
in the Athens Stroke Registry: a descriptive analysis. Stroke 
46:176–181

 6. Ntaios G (2020) Embolic stroke of undetermined source: JACC 
review topic of the week. J Am Coll Cardiol 75:333–340

 7. Ntaios G, Papavasileiou V, Milionis H, Makaritsis K, Vemmou 
A, Koroboki E et al (2015) Embolic strokes of undetermined 
source in the Athens Stroke Registry: an outcome analysis. Stroke 
46:2087–2093

 8. Diener H-C, Sacco RL, Easton JD, Granger CB, Bernstein RA, 
Uchiyama S et al (2019) Dabigatran for prevention of stroke 
after embolic stroke of undetermined source. N Engl J Med 
380:1906–1917

 9. Hart RG, Sharma M, Mundl H, Kasner SE, Bangdiwala SI, 
Berkowitz SD et al (2018) Rivaroxaban for stroke prevention 
after embolic stroke of undetermined source. N Engl J Med 
378:2191–2201

 10. Fuentes B, Gutiérrez-Zúñiga R, Díez-Tejedor E (2020) It’s Time 
to say goodbye to the ESUS construct. Front Neurol 11:653

 11. Ntaios G, Perlepe K, Lambrou D, Sirimarco G, Strambo D, 
Eskandari A et al (2019) Prevalence and overlap of potential 
embolic sources in patients with embolic stroke of undetermined 
source. J Am Heart Assoc 8:e012858

 12. Kamel H, Okin PM, Longstreth WT Jr, Elkind MSV, Soliman 
EZ (2015) Atrial cardiopathy: a broadened concept of left atrial 
thromboembolism beyond atrial fibrillation. Future Cardiol 
11:323–331

https://doi.org/10.1007/s10554-022-02779-6
http://creativecommons.org/licenses/by/4.0/


746 The International Journal of Cardiovascular Imaging (2023) 39:737–746

1 3

 13. Kamel H, Okin PM, Elkind MSV, Ladecola C (2016) Atrial fibril-
lation and mechanisms of stroke: time for a new model. Stroke 
47:895–900

 14. Yaghi S, Kamel H, Elkind MSV (2017) Atrial cardiopathy: a 
mechanism of cryptogenic stroke. Expert Rev Cardiovasc Ther 
15:591

 15. Elkind MSV (2020) Atrial cardiopathy and stroke. Practical Neu-
rol 80:875–876

 16. Jeff HS, David JG, Balakumar S, Jens E, Hardi M, Andrew EE 
et al (2019) Recurrent stroke with rivaroxaban compared with 
aspirin according to predictors of atrial fibrillation: secondary 
analysis of the NAVIGATE ESUS randomized clinical trial. 
JAMA Neurol 76:764–773

 17. Kamel H, Longstreth WD Jr, Tirschwell DL, Kronmal RA, 
Broderick JP, Palesch YY et al (2019) The atrial cardiopathy 
and antithrombotic drugs in prevention after cryptogenic stroke 
(ARCADIA randomized trial): rationale and methods. Int J 
Stroke 14:207–214

 18. Geisler T, Poli S, Meisner C, Schreieck J, Zuern CS, Nägele T 
et al (2017) Apixaban for treatment of embolic stroke of unde-
termined source (ATTICUS randomized trial): rationale and 
study design. Int J Stroke 12:985–990

 19. Lambea Gil Á, Tejada Meza H, López Perales CR, Artal Roy J, 
Marta MJ (2020) Echocardiographic parameters of atrial car-
diopathy and the detection of atrial fibrillation in patients with 
cryptogenic stroke. Neurologia 35:284–287

 20. Kamel H, Soliman EZ, Heckbert SR, Kronmal RA, Longstreth 
WT Jr, Nazarian S et al (2014) P-wave morphology and the 
risk of incident ischemic stroke in the multi-ethnic study of 
atherosclerosis. Stroke 45:2786–2788

 21. Kamel H, Hunter M, Moon YP, Yaghi S, Cheung K, Di Tullio 
MR et al (2015) Electrocardiographic left atrial abnormality and 
risk of stroke: northern Manhattan study. Stroke 46:3208–3212

 22. Edwards JD, Healey JS, Fang J, Yip K, Gladstone DJ (2020) 
Atrial cardiopathy in the absence of atrial fibrillation increases 
risk of ischemic stroke, incident atrial fibrillation, and mortality 
and improves stroke risk prediction. J Am Heart Assoc 9:13227

 23. Mosteller RD (1987) Simplified calculation of body-surface 
area. N Engl J Med 317:1098

 24. Badano LP, Kolias TJ, Muraru D, Abraham TP, Aurigemma 
G, Edvardsen T et al (2018) Standardization of left atrial, right 
ventricular, and right atrial deformation imaging using two-
dimensional speckle tracking echocardiography: a consensus 
document of the EACVI/ASE/Industry Task Force to stand-
ardize deformation imaging. Eur Heart J Cardiovasc Imaging 
19:591–600

 25. Queiros S, Morais P, Barbosa D, Fonseca JC, Vilaca JL, 
D’Hooge J (2018) MITT: medical image tracking toolbox. IEEE 
Trans Med Imaging 37:2547–2557

 26. Pirinen J, Järvinen V, Martinez-Majander N, Sinisalo J, Pöy-
hönen P, Putaala J (2020) Left atrial dynamics is altered in 
young adults with cryptogenic ischemic stroke: a case-control 
study utilizing advanced echocardiography. J Am Heart Assoc. 
https:// doi. org/ 10. 1161/ JAHA. 119. 014578

 27. Tan BYQ, Ho JSY, Sia CH, Boi Y, Foo ASM, Dalakoti M et al 
(2020) Left atrial volume index predicts new-onset atrial fibril-
lation and stroke recurrence in patients with embolic stroke of 
undetermined source. Cerebrovasc Dis 49:285–291

 28. Meisel K, Yuan K, Fang Q, Bibby D, Lee R, Schiller NB (2019) 
Embolic stroke of undetermined source: a population with left 
atrial dysfunction. J Stroke Cerebrovasc Dis 28:1891–1896

 29. Jalini S, Rajalingam R, Nisenbaum R, Javier AD, Woo A, Pikula 
A (2018) Atrial cardiopathy in patients with embolic strokes 
of unknown source and other stroke etiologies. Neurology 
92:E288–E294

 30. Kupczyńska K, Mandoli GE, Cameli M, Kasprzak JD (2021) 
Left atrial strain-a current clinical perspective. Kardiol Pol 
79:955–964

 31. Kamel H, Okin P, Merkler A, Navi B, Campion T, Devereux R 
et al (2019) Relationship between left atrial volume and ischemic 
stroke subtype. Ann Clin Transl Neurol 6:1480–1486

 32. Stalikas N, Doundoulakis I, Karagiannidis E, Kartas A, Gavriilaki 
M, Sofidis G et al (2022) Prevalence of markers of atrial cardio-
myopathy in embolic stroke of undetermined source: a systematic 
review. Eur J Intern Med 99:38–44

 33. Truong VT, Palmer C, Wolking S, Sheets B, Young M, Ngo TNM 
et al (2020) Normal left atrial strain and strain rate using cardiac 
magnetic resonance feature tracking in healthy volunteers. Eur 
Heart J Cardiovasc Imaging 21:446–453

 34. Sitia S, Tomasoni L, Turiel M (2010) Speckle tracking echocardi-
ography: a new approach to myocardial function. World J Cardiol 
2:1

 35. Johansen MC, de Vasconcellos HD, Nazarian S, Lima JAC, 
Gottesman RF (2021) The investigation of left atrial structure and 
stroke etiology: the I-LASER study. J Am Heart Assoc 10:18766

 36. Arauz A, Arteaga C, Zapata-Gómez C, Ramos-Ventura C, 
Méndez B, Otiniano-Sifuentes R et al (2019) Embolic stroke 
of undetermined source: beyond atrial fibrillation. Neurologia 
S0213–4853:30056–30058

 37. Elkind MSV (2018) Atrial cardiopathy and stroke prevention. Curr 
Cardiol Rep 20:1–14

 38. Taina M, Vanninen R, Hedman M, Jäkälä P, Kärkkäinen S, 
Tapiola T et al (2013) Left atrial appendage volume increased in 
more than half of patients with cryptogenic stroke. PLoS ONE 
8(11):e79519

 39. Adukauskaite A, Barbieri F, Senoner T, Plank F, Beyer C, Kno-
flach M et al (2019) Left atrial appendage morphology is asso-
ciated with cryptogenic stroke: a CTA study. JACC Cardiovasc 
Imaging 12:2079–2081

 40. Gwak DS, Choi WC, Kim YW, Kim YS, Hwang YH (2021) 
Impact of left atrial appendage morphology on recurrence in 
embolic stroke of undetermined source and atrial cardiopathy. 
Front Neurol 12:679320

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1161/JAHA.119.014578

	Atrial cardiopathy in young adults with embolic stroke of undetermined source: a myocardial deformation imaging analysis
	Abstract
	Background 
	Aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study population
	Atrial cardiopathy
	Echocardiogram methods
	Cardiac magnetic resonance methods
	Statistical analysis
	Ethical considerations

	Results
	First visit
	Second visit

	Discussion
	Limitations

	Anchor 21
	References




