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THESIS SUMMARY  

It is diagnosed approximately 10,000 strokes in Norway each year. Stroke is not only a 

frequent cause of death, but is also a dominant cause of severe disability, with major burdens 

for the patients, their families and the society.  

            Cryptogenic stroke and transient ischemic attack (TIA), defined as stroke of unknown 

cause according to the TOAST classification (i.e., a non-lacunar stroke without proximal 

arterial stenosis or known cardiac embolic source), account for approximately one-third of all 

ischemic strokes/TIAs. Despite comprehensive examination, the risk of recurrence in patients 

with cryptogenic stroke and TIA is higher than in other types of strokes. One of the most 

important risk factors is occult, or subclinical, atrial fibrillation (AF), which is highly 

prevalent in this patient group, but often difficult to diagnose due to few symptoms. AF is a 

well-established risk factor for thrombus formation in the heart, preferably in the left atrial 

appendage (LAA), and is associated with an increased risk of stroke and TIA. It has 

previously been shown that patients with AF who receive oral anticoagulation, reduce the 

absolute annual risk of stroke recurrence by up to 8.4% compared to those who receive 

antiplatelet treatment. It is therefore important to detect AF in patients with cryptogenic stroke 

early to be able to start treatment with oral anticoagulation in time. 

            Implantable cardiac monitors (ICM) with validated algorithms for AF detection have 

proven to be the best method for detecting subclinical AF. The follow-up of patients after 

cryptogenic stroke with ICM may therefore be an effective strategy for preventing stroke 

recurrence in selected patients, but available resources and costs are currently limiting the 

widespread use of this technology even in rich countries. The main aim of this study was 

therefore to optimize risk stratification of patients after cryptogenic stroke and TIA by 

establishing a reliable prediction score for underlying subclinical AF and thromboembolic risk 

using clinical, biochemical, electrocardiographic and echocardiographic methods. 

            In this prospective study, we have examined 236 patients after cryptogenic stroke and 

TIA with ECG, 24-hour Holter ECG, cardiac biomarkers, transthoracic (TTE) and 

transesophageal echocardiography (TEE). All patients were followed up with continuous 

ECG recording with ICM for at least one year after diagnosed cryptogenic stroke/TIA to 

detect subclinical AF. This made it possible to identify the electrocardiographic, biochemical 

and echocardiographic parameters associated with the highest risk of detecting subclinical 

AF, and to create a score for risk stratification. In addition, the study has shown that 

evaluation of LAA function by strain, which is a new and more sensitive echocardiographic 
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method to detect reduced cardiac function, can improve our ability to detect subclinical AF in 

these patients. We have also shown by using TEE, that patients with cryptogenic stroke and 

TIA have a high incidence of spontaneous echo contrast, sludge and thrombus in LAA, which 

we have defined as a thromboembolic risk condition. There are four morphological LAA 

types, but only one LAA type ("chicken wing") along with multilobed LAA were associated 

with thromboembolic risk, while LAA "chicken wing" and reduced LAA function by strain 

were associated with thrombus detection. Taken together, we therefore consider that the 

findings in this study can improve risk stratification and the follow-up strategy for patients 

who have undergone cryptogenic stroke and TIA, and thus can be an effective strategy for 

preventing stroke recurrence. 
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THESIS SUMMARY IN NORWEGIAN  

Det blir diagnostisert ca. 10.000 hjerneslag i Norge hvert år. Hjerneslag er ikke bare en 

hyppig dødsårsak, men er også en dominerende årsak til alvorlig funksjonshemning, med 

store belastninger for den som rammes, deres pårørende og samfunnet.  

 Kryptogent hjerneslag og transitorisk iskemisk anfall (TIA), definert som hjerneslag 

av ukjent årsak (dvs. et ikke-lakunært hjerneslag uten proksimal arteriestenose eller kjent 

kardial embolikilde), utgjør omtrent en tredjedel av alle iskemiske hjerneslag/TIA. Til tross 

for omfattende utredning, er risikoen for tilbakefall hos pasienter med kryptogent hjerneslag 

og TIA høyere enn ved andre typer hjerneslag. En av de viktigste risikofaktorene for denne 

typen av slag er skjult, eller subklinisk, atrieflimmer (AF), som forekommer relativt hyppig i 

denne pasientgruppen, og som er vanskelig å diagnostisere på grunn av lite symptomer. AF er 

en veletablert risikofaktor for trombedannelse i hjertet, fortrinnsvis i venstre atriums aurikkel 

(LAA), som er forbundet med økt risiko for hjerneslag og TIA. Det har tidligere vært påvist at 

pasienter med AF, som får oral antikoagulasjon, får redusert den absolutte årlige risikoen for 

slagresidiv med opptil 8,4% sammenlignet med de som får platehemmende behandling. Det er 

derfor viktig å oppdage AF hos pasienter med kryptogent hjerneslag tidlig for å kunne starte 

behandling med oral antikoagulasjon tidsnok. 

 Implanterbare hjertemonitorer (ICM) med validerte algoritmer for AF deteksjon har 

vist seg å være den beste metoden for å oppdage subklinisk AF. Oppfølgingen av pasienter 

etter kryptogent hjerneslag med ICM kan derfor være en effektiv strategi for å forebygge 

slagresidiv hos utvalgte pasienter, men bruken av de er ressurskrevende og har derfor vært 

begrenset selv i rike land. Hovedmålet med denne studien har derfor vært å optimalisere 

risikostratifisering av pasienter etter kryptogent hjerneslag og TIA ved å utarbeide en pålitelig 

prediksjonsskår for underliggende subklinisk AF og tromboembolisk risiko ved hjelp av 

kliniske, biokjemiske, elektrokardiografiske og ekkokardiografiske metoder. 

 I denne prospektive studien har vi undersøkt 236 pasienter etter kryptogent hjerneslag 

og TIA med EKG, 24-timers Holter EKG, hjertebiomarkører, transtorakal (TTE) og 

transøsofagal ekkokardiografi (TEE). Alle pasientene ble fulgt opp med kontinuerlig EKG-

registrering med ICM i minst ett år etter gjennomgått kryptogent slag/TIA for å avdekke 

subklinisk AF. Dette gjorde at det ble mulig å identifisere de elektrokardiografiske, 

biokjemiske og ekkokardiografiske parameterne som er forbundet med høyest risiko for å 

oppdage subklinisk AF, og til å lage en skår for risikostratifisering av subklinisk AF. I tillegg 

har studien vist at evaluering av LAA funksjonen med strain, som er en ny og mer sensitiv 
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ekkokardiografisk metode til å oppdage redusert hjertefunksjon, kan forbedre vår mulighet til 

å oppdage subklinisk AF hos disse pasientene. Vi har også vist, ved hjelp av TEE, at pasienter 

med kryptogent hjerneslag og TIA har stor forekomst av spontan ekkokontrast, sludge (mer 

kondensert enn ekkokontrast) og trombe, som vi har definert som en tromboembolisk 

risikotilstand. Det er fire morfologiske LAA typer, men det var bare en LAA morfologi type 

(«kyllingvinge») sammen med flerlappet LAA som var assosiert med tromboembolisk 

risikotilstand, mens LAA «kyllingvinge» og redusert LAA funksjon med strain var assosiert 

med påvisning av trombe. Til sammen mener vi derfor at funnene i denne studien kan 

forbedre risikostratifisering og oppfølgingsstrategien av pasienter som har gjennomgått 

kryptogent hjerneslag og TIA, og dermed redusere risiko for tilbakefall av slag. 
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INTRODUCTION 

Cryptogenic stroke and transient ischemic attack (TIA), defined as stroke of undetermined 

causes (i.e. a non-lacunar stroke without proximal arterial stenosis or known cardio-embolic 

source) according to TOAST classification (1), make up approximately one third of all 

ischemic strokes/TIA (2). Embolic stroke of undetermined source (ESUS), and cryptogenic 

stroke / TIA are not synonyms, as ESUS defines patients where a potential cardiac embolic 

source is excluded by imaging and was introduced later (in 2014) then cryptogenic stroke. A 

prerequisite for classifying the stroke as cryptogenic or ESUS are in both cases a non-lacunar 

infarct without known embolic source. In ESUS however, the examinations needed to 

conclude that the stroke is an ESUS, is clearly defined.  

            Despite comprehensive examination, the risk of recurrence in patients with 

cryptogenic stroke and TIA is higher than in other types of strokes / TIA (3). Optimal 

antithrombotic strategy for the secondary prevention in patients with cryptogenic stroke and 

ESUS is still unclear (4) due to multifactorial and often overlapping mechanisms leading to 

cerebral embolism, as mentioned by Sposato et al. (5) and by Ntaios G. in a recent review 

article (6), figure 1.  

 

 

 

 

Figure 1. Distribution of Potential Etiologies of ESUS in the Athens Stroke Registry 

Reprinted from Journal of the American College of Cardiology (JACC): George Ntaios, 

Embolic Stroke of Undetermined Source: JACC Review Topic of the Week, Volume 75, Issue 

3, 28 January 2020, Pages 333-340, Copyright (Sep 04, 2023), with permission from Elsevier 
(6). 
ESUS, embolic stroke of undetermined source. 
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 One of the main pathologies associated with ESUS is atrial cardiopathy, moderate 

systolic or diastolic dysfunction, non-sclerotic atherosclerotic plaque and occult, or 

subclinical, atrial fibrillation (AF) (6) (figure 1). Previously it has been estimated that by the 

administration of oral anticoagulation therapy (OAC) absolute annual stroke recurrence risk 

reduction is up to 8.4% compared with antiplatelet therapy in ischemic stroke patients with 

AF (7). However, several recent studies with oral anticoagulants in unselected cryptogenic 

stroke patients showed non-superiority to antiplatelet therapy in secondary prevention (8, 9), 

which is one of the main reasons why the World Stroke Organisation still recommends 

antiplatelet therapy as the first choice of treatment in the recent published global 

recommendations (10).  

According to Hart et al., there is strong evidence that most cryptogenic strokes are 

cardioembolic (11). Boeckh-Behrens et al. endorse this theory, as thrombi extracted from 

patients after cryptogenic strokes are more closely related to cardioembolic clots than non-

cardioembolic thrombi (12).  

Non-valvular AF is a well-established risk factor for intracardiac thrombus formation, 

particularly in the left atrial appendage (LAA). LAA thrombus is associated with an increased 

risk for cerebral embolism (13). Multiple studies during the last decade have demonstrated 

that approximately one third of cryptogenic stroke patients have episodes with subclinical AF 

during long-time follow-up (14-16). Patients with subclinical AF who present as ESUS or 

cryptogenic stroke are at high-risk for recurrent stroke (17, 18). It is therefore important to 

diagnose underlying AF in these patients early to initiate the most optimal secondary 

prevention. 

            Implantable cardiac monitors (ICM) with validated algorithms for AF detection (19) 

have demonstrated a superior ability to detect subclinical AF compared to other rhythm 

monitoring strategies (20). Tsivgoulis et al. demonstrated that extended duration of ICM 

monitoring and increasing age are factors that substantially increase AF detection in patients 

with initial negative AF screening (21). Furthermore, modern ICM have home-monitoring 

capabilities that enables timely initiation of oral anticoagulation after detection of subclinical 

AF. Triantafyllou et al. showed that this follow-up strategy is associated with significant 

reductions in stroke recurrence (22). On the other hand, recent meta-analysis of patients with 

recent stroke or TIA and at least one known cardiovascular risk factor, who underwent 

prolonged cardiac rhythm monitoring, demonstrated higher likelihood for AF detection and 

initiation of anticoagulant therapy, but the authors could not find significant association with 

this type follow-up and statistically significant reduction of stroke or TIA in randomized 
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clinical trials; it is though important to emphasize that this meta-analysis included studies with 

follow-up using both repeated, continuous several-days ECG monitoring and ICM (23). 

However, separate evaluation of the ICM studies demonstrated stroke reducing tendencies 

(23). Thus, ICM may represent an effective stroke prevention strategy in selected cryptogenic 

stroke patients, but available resources and costs are currently limiting the widespread use of 

this technology. It is therefore highly warranted to find out which cryptogenic stroke and TIA 

patients may benefit the follow-up with ICM. 

 

 

  



15 
 

AIMS OF THE THESIS 

General aims of the thesis 

The overall aim of this thesis was to optimize the risk stratification of patients after 

cryptogenic stroke and TIA by providing a reliable prediction score of the underlying 

subclinical AF and thromboembolic risk using clinical-, electrocardiographic- and 

echocardiographic examinations (Figure 2).  

Figure 2. Cardioembolic risk stratification in cryptogenic stroke and TIA patients by 

PROACTIA study. 

TIA, transient ischemic attack; AF, atrial fibrillation; TRC, thromboembolic risk condition; 

LAA, left atrial appendage  

 

Specific aims 

Paper 1. Risk score to predict underlying subclinical AF 

The main objective of this prospective cohort study was to measure a broad set of pre-

specified baseline variables and prospectively evaluate their ability to predict the risk of 

underlying subclinical AF in patients with cryptogenic stroke or TIA during long term follow-

up. We hypothesized that a scoring system can be built by using several baseline variables, 

which could enable a reliable prediction of the risk of underlying subclinical AF in patients 

with cryptogenic stroke/TIA.  
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Paper 2. Echocardiographic predictors of underlying subclinical AF 

In this prospective cohort study, we aimed to investigate if left atrial (LA) and LAA function 

by strain (LAA-Sr) and LAA mechanical dispersion (MD) may improve prediction of 

subclinical AF in patients with cryptogenic stroke and TIA, which also fulfil ESUS diagnosis 

at the time of inclusion.  

 

Paper 3. Echocardiographic predictors of thromboembolic risk condition 

and left atrial appendage thrombus 

In this retrospective cohort study, we aimed to investigate the impact of LAA morphology and 

LAA function by strain on the presence of LAA thrombus or thromboembolic risk condition 

(TRC), defined as a combination of spontaneous contrast echo, sludge and thrombus (either 

one, two or three) by multimodal (included 3D) transesophageal echocardiography in patients 

with cryptogenic stroke and TIA.  

 

  



17 
 

STUDY POPULATION 

Patients who were hospitalized with stroke or TIA at the department of neurology, Akershus 

University Hospital (AHUS), were screened for the study, that included registration of 

medical history, carotid Doppler ultrasound, 12-lead ECG, 24 h-Holter ECG registration and 

verification of ischemic stroke by cerebral computed tomography (CT), and/or magnetic 

resonance imaging (MRI) as a part of the routine examinations. Eligible patients with 

cryptogenic stroke, who also fulfilled the diagnosis of ESUS (11), were invited to participate 

in the study and were examined with transthoracic and transesophageal echocardiography. 

The patients were included in the study if stroke or TIA was verified as cryptogenic according 

to the TOAST (Trial of Org 10172 in Acute Stroke Treatment) criteria (1). All study 

participants got implanted an ICM (Reveal Linq; Medtronic, Inc., Minneapolis, MN, USA) 

prior to discharge from the hospital. Stroke recurrence during follow-up was defined as a new 

clinical event with a corresponding new area of brain infarct, and TIA as a clinical event of 

the transient focal neurological symptoms without new ischemic lesions on cerebral CT or 

MRI. Patients with known or newly detected AF, non-AF indications for OAC or 

contraindications for OAC, were excluded. Patients unable to sign the informed consent or 

with a life expectancy of <2 years, were also excluded. 

            The study was conducted according to the Declaration of Helsinki and was approved 

by the Regional Committees for Medical and Health Research Ethics with reference number 

2014/1260. All study participants provided written informed consent before study inclusion. 

The trial is registered at ClinicalTrials.gov (No. NCT02725944). 

 

Paper 1 

Flowchart describing the screening and enrollment process is shown in figure 3. During the 

inclusion period from May 2016 until Dec 2018, 1196 patients were screened by 12-lead 

ECG, blood sampling, cerebral CT or/and MRI and carotid Doppler ultrasound, leading to the 

exclusion of 762 patients diagnosed with non-cryptogenic etiology. After the further 

screening with 24 h Holter ECG, 434 cases were identified as possibly cryptogenic and were 

investigated with to-dimensional (2D) and three-dimensional (3D) transthoracic- (TTE) and   

transesophageal echocardiography (TEE) to exclude potential cardiac embolism sources (24, 

25). Finally, 251 patients were included in the study population. However, 14 patients were 
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later excluded and one withdrew consent during follow-up. Thus, the final study population 

consisted of 236 participants.  

 

 

 

Figure 3. Flowchart describing the screening and enrollment process. 

ECG – electrocardiography; CT – computer tomography; MRI – magnetic resonance 

imaging; TIA – transient ischemic attack 

 

Paper 2 

In this prospective cohort study, 185 ESUS patients from the PROACTIA study (26) with 

complete TTE and TEE examinations (Vivid E9 and E95, GE Vingmed, Horten, Norway) of 

appropriate quality to strain analysis and without upper age limit were included. LA strain 

(LA-Sr) and LAA-Sr measurements were performed after the ended follow-up, blinded to the 

clinical data and endpoints, i.e., detection of subclinical AF. 
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Paper 3 

This study was performed as retrospective analysis of 185 patients from the 

PROACTIA study (26) cohort with complete TTE and TEE examinations (Vivid E9 and E95, 

GE Vingmed, Horten, Norway) of appropriate quality to strain- and multimodal (2D and 3D) 

echocardiographic analyses of LAA thromboembolic risk condition (spontaneous echo 

contrast, sludge and thrombus) and LAA thrombus, and blinded to the detection of subclinical 

AF.  
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METHODS 

Clinical characteristics 

All study patients underwent clinical examination prior to the inclusion. The medical history, 

a comprehensive clinical examination and current medication of the participants were 

collected from the electronic patient journal system DIPS® Kernel AS (Bodø, Norway). 

Current medication was registered from the patient’s charts upon discharge. CHA2DS2-VASc 

score were calculated retrospectively after the inclusion.  

 

Cerebrovascular imaging 

All study patients underwent neurovascular imaging by CT, MRI, or both to verify a non-

lacunar stroke (i.e. excluding a small  < 15 mm deep infarct within the territory of a single 

perforating artery) in accordance with the TOAST and ESUS criteria (1, 11, 24), and carotid 

Doppler ultrasound to evaluate regarding eventual proximal arterial stenosis, as 

recommended.  

 

Electrophysiology 

ECG 

Twelve-lead resting ECG was recorded on paper at a speed of 50 mm/s during the first 

clinical evaluation on the admission of the patients at the emergency department. The P-wave 

duration and P-wave morphology were measured on 12-lead ECG retrospectively and 

manually after the inclusion. P-wave morphology was considered positive (defined as “1”) if 

the P-wave was biphasic in the inferior leads (27).  

Holter ECG monitoring 

The 24 h Holter ECG was registered using OxyHolter® Recorder (Maynard, MA, USA). 

Episodes of irregular ventricular rhythm without detectable sinus P-waves and lasting more 

than 30 s were considered as AF episodes. Patients where this was discovered, were treated 

with OAC and not included in the study. Supraventricular tachycardia (SVT) was defined as 

three or more consecutive premature atrial contractions (PAC) beats. Total number of SVTs 

and PACs was calculated automatically by OxyHolter® Recorder software and reviewed 
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manually to exclude artefacts prior the inclusion. The total numbers of SVTs and PACs were 

divided by monitoring time and given as SVT/24 h and PAC/24 h after the inclusion.  

Monitoring by implantable cardiac monitors (ICM) 

The ICM (Medtronic ® RevealLinqᵀᴹ, Minneapolis, USA) was implanted subcutaneously 

under local anesthesia according to the vendor´s recommendation. No prophylactic antibiotics 

were used. The monitor was programmed for AF only and atrial tachycardia with a 

tachycardia alert just above the estimated maximal heart rate level according to the formula, 

‘220 minus age’. AF was defined as an episode of irregular heart rhythm without detectable 

sinus P-waves and lasting 30 s or more, evaluated by two cardiologists. The home-monitoring 

analyses were performed once weekly by principal investigator.  

 

Cardiac imaging by echocardiography 

Transthoracic echocardiography 

Transthoracic echocardiographic images were performed using GE Vivid E9 (GE Healthcare, 

Horten, Norway), with M5S probe, and stored electronically for later off-line analysis with 

ComPACS® (v.10.6., MediMatic, Genova, Italy) and EchoPac® (GE Healthcare, Horten, 

Norway). All strain analyses were performed by EchoPac®. All standard echo analyses 

including LA volume was performed by the modified Simpson’s biplane model and indexed 

using body surface area, as recommended. The analyses were done according to current 

guidelines (28) and blinded to the clinical data of study participants. 

LA strain by LA reservoir strain (LA-Sr), LA conduit strain (LA-Scd), and LA 

contraction strain (LA-Sct) were assessed by LA-focused four-chamber view according to 

current EAVCI recommendations (29). LA strain curves provided two peaks consistent with 

LA-Sr and LA-Sct, and the difference between these was LA-Scd. Time to peak LA-Sr strain 

was defined as the time from onset of R on ECG to peak-positive LA-Sr strain. LA 

mechanical dispersion was defined as the standard deviation of time to peak global LA-Sr 

strain. 

 

Transesophageal echocardiography 

The majority of the patients underwent 2D TEE examination (Vivid E9, GE Vingmed, 

Horten, Norway) after index cryptogenic stroke/TIA prior the inclusion as recommended (24). 
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Patients who rejected TEE could still be included in the study as recommended by national 

medical ethics authorities. 3D echo data on interatrial septum and LAA were collected. All 

data were digitally stored for the retrospective off-line analysis (strain and 3D by EchoPac®, 

GE Vingmed, and conventional echocardiography by ComPACS, v.10.6. MediMatic, 

Genova, Italy).  

            Focused 2D monoplane and multiplane TOE and 3D LAA views with a narrow image 

sector to increase frame rate (40–60 frames/s) were achieved at mid-esophageal TOE views 

with imaging axis at 0–135 degrees of three consecutive, regular beats. Under 3D imaging 

guidance, the largest dimension of the LAA (depth and diameter) was acquired by 2D TEE, 

preferably at imaging axis planes of 45, 90 and 135 degrees (30). Evaluation of LAA structure 

and function by conventional imaging parameters in multiplane 2D view was performed, as 

well as occurrence of the LAA thromboembolic risk condition (spontaneous echo contrast, 

sludge and thrombus) and LAA thrombus. Formed echo-dense masses were categorized as 

LAA thrombi. Strain- and 3D analyses were performed after the ended follow-up and blinded 

for the detection of subclinical AF during the study period (Figure 4).   

 

Figure 4A. Examples of LAA six-segment strain model (A) and LAA multiplane and 3D 

imaging (B).  

The figure is designed by Jørg Saberniak. 

 

LA, left atrium; LAA, left atrial appendage; LV, left ventricle; LUPV, left upper pulmonic 

vein. 

 

Specific software for evaluating LAA strain by speckle tracking is not yet available. LAA 

strain was therefore analyzed using EchoPAC® software, developed for the LV by four-
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chamber view. All four LAA types, except cauliflower, have a dominant lobe (31). Thus, the 

strain measurements were performed on the main lobe by standardized acquisition of the body 

length of the main LAA lobe in the long-axis view. A six-segment LAA strain model was 

established by standardized acquisition of the whole length of the LAA in a long-axis view 

(29), as shown in figure 4. The onset of the QRS complex was used as a reference point. 

Endocardial LAA border was traced manually by a point-and-click technique. The region of 

interest (ROI) was adjusted with a default width of 3 mm taking into account the thin wall of 

the LAA; the imaging software then automatically identified the six LAA segments. 

Segmental and global LAA strain curves were generated automatically. All strain analyses 

were performed off-line from digitally stored cine-loops. The resulting LAA strain curves 

provided triphasic LAA strain curves and were characterized with three measurements: two 

peaks consistent with LAA reservoir strain (LAA-Sr) and LAA contraction strain (LAA-Sct), 

respectively. The third measurement was the difference between these two and was defined as 

LAA conduction strain (LAA-Scd) (Figure 5). LAA strain analyses by peak-positive LAA-Sr 

strain, peak-negative LAA-Scd, peak-negative LAA-Sct strain, and LAA mechanical 

dispersion were generated, measured, and reported.  

 

 

Figure 5 (A–D). LAA strain imaging, different image examples from one cardiac cycle (A). 

LAA triphasic strain curve; vertical white arrows on the dashed line (average of the six LAA 
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segments) indicate the amplitudes of LAA-Sr, LAA-Scd, and LAA-Sct. LAA-positive triphasic 

strain curves, vertical white arrow indicates peak global LAA-Sr strain (B). LAA mechanical 

dispersion, horizontal white arrows indicate time to peak LAA-Sr strain (C). The standard 

deviation of time to peak LAA-Sr was defined as LAA mechanical dispersion, reflecting 

contraction inhomogeneity. (D). LAA strain imaging of three different, independent cardiac 

cycles recorded in the same patient but briefly after each other. 

The figure is designed by Jørg Saberniak. 

 

LAA, left atrial appendage; LAA-Sr, left atrial appendage reservoir strain; LAA-Scd, left 

atrial appendage conduit strain; LAA-Sct, left atrial appendage contraction strain  

  

 LAA triphasic strain showed a strong bivariable correlation between LAA-Sr and 

LAA-Scd (R = 0.80, P < 0.001) and LAA-Sr and LAA-Sct (R = 0.77, P < 0.001), as shown in 

figure 6. Hence, and for the sake of simplicity, we defined LAA function by LAA-Sr.  

 

 

 

Figure 6. There is a strong bivariable correlation between LAA-Sr and LAA-Scd and LAA-Sr 

and LAA-Sct. 

The figure is made by Jørg Saberniak. 

 

LAA-Sr, left atrial appendage reservoir strain; LAA-Scd, left atrial appendage conduit strain; 

LAA-Sct, left atrial appendage contraction strain 

 

3D analysis was performed after ended follow-up and blinded for the detection of 

subclinical AF during the study period. 3D and multiplane 2D analyses were applied to 

evaluate LAA morphology (Figure 7), occurrence of the LAA thromboembolic risk condition 

and to verify the absence of LAA thrombus (Figure 8). LAA sludge was defined as a static 

gelatinous echo-density, present throughout the cardiac cycle and with an absence of color 
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flow within the LAA. Formed echo-dense masses were categorized as LAA thrombi (24, 25, 

32). 

Figure 7. Examples of the four morphological types of left atrial appendage from multimodal 

imaging.  

 LAA, left atrial appendage 

 

 

Figure 8. Left atrial appendage (LAA) showing spontaneous echo contrast (SEC), sludge and 

thrombus. 

SEC, spontaneous echo contrast; TEE, transoesophageal echocardiography; 2D, to-

dimensional echocardiography; 3D, three-dimensional echocardiography 

 



26 
 

Biomarkers 

Biomarkers D-dimer, high-sensitivity cardiac Troponin-T and NT-pro brain natriuretic 

peptide (NT-proBNP) were measured during the first five days of the admission. Additional 

blood samples were collected to the biobank for the later analysis after the inclusion.  

Statistics 

Continuous values were expressed as mean and standard deviation (SD), or median and 

interquartile range (IQR) if not normally distributed. Nominal variables were presented as 

counts and percentages. Non-detectable values for Troponin-T <0.05 and for D-dimer <0.3 

were given as 0.04 and 0.2, respectively. A two-sided t-test was used for comparison of 

normally distributed variables and the non-parametric Kruskal–Wallis test for not normally 

distributed values. Categorical data were analyzed using two-tailed χ2 statistics with Yates’s 

correction. To estimate the risk for subclinical AF, univariate- and multivariate regression 

analyses were performed. Data for PAC/24 h, SVT/24 h, Troponin-T, NT-proBNP were log-

transformed prior to regression analysis due to non-normal distribution. To avoid non-

computable values in patients with 0 PAC/24 h or 0 SVT/24 h, the following transformation 

was used: log (1 + PAC/24 h) and log (1 + SVT/24 h). Receiver operator characteristic (ROC) 

curves and area under the curve (AUC) were calculated to estimate the prognostic information 

on subclinical AF and LAA thrombus prediction. For calculation of the PROACTIA score, 

variable selection for the logistic regression model was based on AUC scores calculated using 

leave-one-out cross-validation. Leave-one-out cross-validation works by leaving one data 

point out of the data set at a time and estimating a separate model instance for each, which is 

used to score the left-out data point. This procedure is designed to eliminate the bias that 

follows from estimating and evaluating a model on the same data set. The variable selection 

procedure used backwards steps, starting with the full set of 10 variables and removing the 

one, that results in the highest AUC increase until no further improvement was possible (33). 

The professional statistician in medical statistics performed the leave-one-out cross-validation 

of the PROACTIA score. 

The incremental value of LAA strain and mechanical dispersion for prediction of subclinical 

AF was assessed in modelling steps using nested logistic regression models. Covariate 

selection for model entry was based on significant results from univariable logistic regression. 

The change in overall log-likelihood ratio Chi-square was used to estimate the incremental 

value after the addition of significant parameters from univariable logistic regression. Inter- 
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and intraobserver variability of echocardiographic measurements were performed for the 

observers in Paper 2 and 3 and was expressed by intraclass correlation coefficients.  

A significance level of 0.05 was adopted. Statistical analyses were performed using IBM 

SPSS Statistics, Version 26, and statistical analysis program R, version 3.6. 
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RESULTS 

Paper 1 

236 participants with diagnosed cryptogenic stroke/TIA were included in the main study.  

Thirty eight percent of all participants were female. 74% experienced stroke and 26% TIA. 

Participants with subclinical AF were older and had a higher CHA2DS2-VASc score, more 

often hypertension, longer P-wave, higher prevalence of bimodal P-wave morphology on 

ECG, higher number of SVTs and PACs during 24-h Holter ECG monitoring, larger left atrial 

volumes and higher levels of biomarkers as D-dimer, TnT, and NT-proBNP compared to 

those without subclinical AF. Eleven recurrent strokes (2.0/100 patient year) were observed: 

five occurred on antiplatelet therapy and six on ongoing OAC therapy. Six patients died 

(1.8%) during follow-up. None of the patients with recurrent stroke on antiplatelet therapy 

had episodes of subclinical AF detected after the stroke recurrence. Totally, five bleeding 

episodes were observed (0.9/100 patient year): two were intracerebral bleedings (both in 

patients on OAC treatment), and three were gastrointestinal bleedings (one in patient on OAC 

treatment, one on antiplatelet therapy and one on combined OAC and antiplatelet therapy). 

            All the pre-specified variables were significantly associated with subclinical AF 

detection in univariate analyses. Only PAC/24t, P-wave duration, P-wave morphology, and 

LAVI remained as significant predictors in the multivariate analysis of the pre-specified 

variables. The predictive power was not improved by adding other variables to the equation. 

The PROACTIA score was, therefore, based on the formula derived from the multivariate 

analysis: 0.05472×LAVImL/m2+0.95928×log(1+PAC/24 

h)+0.03615×Pdurms+1.05513×Pmorph. Receiver operator characteristic-curve 

characteristics of different prediction models with their respective AUC values and 

confidence intervals are presented in figure 9. 
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Figure 9. ROC-curves of different prediction models of subclinical atrial fibrillation with 

their respective AUC values and corresponding confidence intervals. 

PAC, premature atrial contraction; Pdur, P-wave duration; Pmorph, P-wave morphology 

(biphasic); LAVI, left atrial volume index; TnT, Troponin-T; NT-proBNP, N-terminal 

proBrain Naturetic Peptide 

   

 The subclinical AF prevalence in the highest quartile was 7.3 times higher than the 

subclinical AF prevalence observed in the lowest quartile (75% vs. 10%), and the AF burden 

within the lowest PROACTIA score quartile was significantly lower than the corresponding 

values observed in the higher quartiles, as shown in figure 10. 
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Figure 10. Subclinical AF by PROACTIA score quartiles in the study population. 

SCAF – subclinical atrial fibrillation 

 

Paper 2    

185 consecutive patients (mean age 68 ± 13years, 33% female) without upper age limit and 

who had TTE and TOE echocardiographic examination of quality eligible for the strain 

analyses (Vivid E9 and E95, GE Vingmed, Horten, Norway), were included. The median 

follow-up time was 849 days (IQR 663–1045 days).  

One hundred and thirty-three (71.9%) patients experienced stroke and 52 (28.1%) 

TIA. No significant differences were found in frequency of subclinical AF or in LA and LAA 

function by strain and mechanical dispersion in the patients with stroke compared to TIA. 

There were no differences in frequency of subclinical AF or in LA and LAA function by 

strain and mechanical dispersion in patients with thrombolysis (n = 24, 13%) compared to 

those without. Recurrent stroke or TIA occurred in 14 (7.6%) during follow-up (median 396 

days, IQR 152–649 days), and three patients (1.6%) died. 
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One hundred fifty-two (82%) and 180 (97%) of the study patients were eligible for LA 

and LAA strain analysis, respectively. Mean numbers of analyzed LA strain and LAA strain 

segments were 4.4 ± 0.7 and 4.4 ± 0.5, respectively. LA strain was impaired in ESUS patients 

compared to previously described normal and age-adjusted LA strain values (34).   

 60 (32.4%) patients developed subclinical AF after a median of 149 days (IQR 33–379 

days) during follow-up, with cumulative subclinical AF burden of < 6 min in 12 (20%), > 6 

min and < 6 h in 20 (33%), and > 6 h in 28 (47%) participants. Patients with subclinical AF 

were older, had more often hypertension, significantly higher NT pro-BNP and CHA2DS2-

VASc score by quartiles compared to patients with sinus rhythm. LAA-Sr remained 

significantly reduced in patients with subclinical AF, adjusted for blood pressure.  

 LAA-Sr showed the best AUC of 0.80 (95% CI 0.73–0.87) with a cut-off value of 

22.2%, sensitivity of 80% and specificity of 73% (P < 0.001), while LAA mechanical 

dispersion showed an AUC of 0.60 (95% CI 0.50–0.69) with a cut-off value of 20 ms, 

sensitivity of 66%, and specificity of 50% (P = 0.04), as shown in figure 11.  

 

 

Figure 11. By ROC analyses, LAA-Sr showed the best ability to predict subclinical AF. 
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The figure is made by Jørg Saberniak. 

 

LAA-Sr, left atrial appendage reservoir strain; LAA-Scd, left atrial appendage conduit strain; 

LAA-Sct, left atrial appendage contraction strain; LAA-MD, left atrial appendage mechanical 

dispersion; LAVI, left atrial volume index; AF, atrial fibrillation 

The figure is made by Jørg Saberniak. 

  

 By logistic multivariate regression analysis, LAA-Sr strain, LAA mechanical 

dispersion and LAVI were independent markers of subclinical AF, while LAA-Scd, LAA-Sct, 

and LA-Sr were not. 

 By incremental Chi-square statistics, LAA-Sr strain and mechanical dispersion, when 

added to the conventional parameters (CHA2DS2-VASc quartiles and LAVI) significantly 

improved prediction of subclinical AF (P < 0.0001 and P < 0.001, respectively), (Figure 12). 

 

 

 

Figure 12. Independent and incremental predictive value of left atrial appendage strain and 

mechanical dispersion. The initial model with CHA2DS2-VASc quartiles was significantly 

improved by the addition of LAVI, and further improved by adding LAA strain and LAA 

mechanical dispersion to predict subclinical AF in ESUS patients. 
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AF, atrial fibrillation; ESUS, embolic strokes of undetermined source; LAA, left atrial 

appendage; LAA-Sr, left atrial appendage reservoir strain; LAA-MD, left atrial appendage 

mechanical dispersion; LAVI, left atrial volume index 
          

Paper 3 

In this paper we have retrospectively investigated the prevalence of LAA thrombus and 

thromboembolic risk condition and their relationship to the LA and LAA function by strain, 

LAA morphology and subclinical AF during follow-up.  

 Number of participants and demographics were the same as described in paper 2. 133 

(71.9%) had cryptogenic stroke and 52 (28.1%) TIA with CHA2DS2-Vasc score of 4.2±1.4. 

Of the 185 included patients, 60 (32.4%) developed subclinical AF (median 149 days, IQR 

33-379 days) during follow up (median of 849, IQR 663 - 1045 days days), leading to switch 

of antiplatelet therapy to OAC, 4.5 (IQR 11) days after. Patients with subclinical AF were 

older, had higher NT pro-BNP, were more often hypertensive and had higher CHA2DS2-

VASc score. Cumulative subclinical AF burden >6 min. occurred in 80 % of all patients with 

subclinical AF, as described above in paper 2. Recurrent cryptogenic stroke/TIA occurred in 

14 (7.6%) and death in three (1.6%) patients during follow up with median of 396±286 days 

and 589±297 days after index event, respectively. 

 Of the 185 included patients, LAA type chicken wing was found in 79 (43%), type 

windsock in 64 (34%), type cactus in 35 (19%) and type cauliflower in 7 (4%). By 

retrospective multimodal 2D and 3D analyses, LAA spontaneous echo contrast was diagnosed 

in 74 (40%), sludge in 112 (61%) and LAA thrombus formation in 29 (16%) participants. 

 LAA type chicken wing and multilobate LAA were significantly more prevalent in 

patients with thromboembolic risk condition. LAA sludge and LAA spontaneous echo 

contrast were significantly more prevalent in patients with LAA thrombus compared to those 

without, 93% vs. 55%, p<0.001 and 62% vs. 36%, p<0.01, respectively. The frequency of 

LAA thrombus or LAA-thrombus/sludge/spontaneous echo contrast was not increased in 

patients with subclinical AF during follow-up compared to those without. 

Patent foramen ovale (PFO) was found in 102 (55%) patients. PFO was not more prevalent in 

patients with subclinical AF compared to those with sinus rhythm, LAA thromboembolic risk 

condition or LAA thrombus.  

            Occurrence of LAA thromboembolic risk condition or LAA thrombus in the study 

patients were not more prevalent in patients with subclinical AF. Interestingly, the recurrence 

of stroke/TIA in 14 (7.6%) of study participants 396 days (IQR 152 - 649 days) after the 
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index event was significantly associated with subclinical AF lasting >6 hours (OR 5.08 (CI 

1.61 – 16.03), p=0.006), even after the early initiation of OAC, but not with the occurrence of 

the LAA thrombus or thromboembolic risk condition diagnosed by multimodal 2D and 3D 

TEE few days after the index event. 

 LAA-Sr estimated LAA thrombus with an AUC 0.69 and cut-off value of 23.2%, with 

a sensitivity of 88% and a specificity of 53% (Figure 13). 

                   

 Figure 13. ROC analyses of LAA strain and LA strain to predict LAA thrombus. 

The figure is made by Jørg Saberniak. 

 

LAA-Sr, left atrial appendage reservoir strain; LA-Sr, left atrial reservoir strain. 
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METHODOLOGICAL CONSIDERATIONS  

Study design 

To test causality in medical studies, a blinded prospective randomized controlled trial should 

be performed. The PROACTIA study, however, is designed as a prospective observational 

cohort study. A limitation of this study design is therefore the lack of age-, sex- and 

comorbidity matched control group. Comparing the study findings with such a group may 

help to understand better the impact of the specific cardioembolic risk factors. On the other 

side, observational studies may also provide important and useful evidence (35). In paper 1, 

we used cross-sectional data to evaluate pre-specified risk factors for the detection of 

subclinical AF. The calculated PROACTIA score based on these parameters were 

significantly associated with subclinical AF in multivariate analysis. However, these findings 

need to be evaluated in a matched control cohort, which is already planned and will be carried 

out in PROACTIA II, where it will also be possible to evaluate the findings in paper 2 

regarding LA-Sr and LAA-Sr, as well as the impact of LAA morphology on thromboembolic 

risk condition and LAA thrombus, described in paper 3.  

 

Random errors 

Both random and systematic errors may occur during the conduction of the study (36). 

Random errors are less serious than systematic errors. Random errors have potentially most 

impact in studies with relatively small sample size (36). The PROACTIA study is one of the 

largest studies worldwide on cryptogenic stroke patients examined by ICM, but the sample 

size is still limited to 236 participants in paper 1 and 185 participants in paper 2 and 3. 

However, the pre-specified parameters in paper 1 have also been found significantly 

associated with AF in several previous studies (37-49), which we consider reduces the 

possibility of random errors in the PROACTIA (paper 1). Moreover, similar risk parameters 

in cryptogenic stroke patients have been associated with subclinical AF in several later studies 

(50-52), which support our findings. 

 It has previously been discussed if LA-Sr and especially LAA-Sr do really represent 

strain of LA- and LAA wall deformation or deformation of pericardium and even extracardial 

surrounding tissues, as the wall thickness in both LA and LAA is very small. However, by 

manually adjusting region of interest (ROI) as recommended (53), as was the case in this 
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study, we consider to have minimized the risk of inaccuracies in LA and LAA strain 

measurements.  

           In our study, we did not find as low LAA filling- or LAA emptying velocity, which has 

been described to be associated with LAA thrombus formation (24, 54). On the other hand, 

later studies have indicated that LAA thrombus may occur also in case of even higher LAA 

flow velocities (55). It has also been demonstrated that 3D echocardiography has higher 

accuracy to detect LAA thrombus then 2D echocardiography (56, 57). Anyway, as the 

anatomy of LAA may be complex and both pectinate muscles and other intracavital LAA 

structures may mimic thrombus, our findings should be verified by cardiac CT or MRI.   

 

Systematic errors and bias 

To evaluate the validity of factors that might distort the true association and /or influence, its 

interpretation needs to be carefully considered. This includes evaluation of systematic errors 

and incorrect results due to bias, which might alter the results in one direction (36). Bias can 

be divided into three general categories: 1) selection bias, 2) information bias and 3) 

confounding (58). If the association between exposure and outcome is different between 

participants included in the study and those who did not participate, it is called selection bias 

(59). In the PROACTIA study we have included all eligible patients admitted to the 

Neurological dep. at Akershus University Hospital during the inclusion period without any 

age limit and with few exclusion criteria, such as clinical contraindications for the use of oral 

anticoagulation due to bleeding risk and cognitive failure. Only a small proportion of eligible 

patients did not wish to participate, i.e. indicating that the PROACTIA study population 

represents real life data with minimized risk for selection bias. 

  Information bias, also called measurement bias, is the type of systematic error that can 

occur in epidemiologic studies, and means the distortion in the measure of association caused 

by a lack of accurate measurements of key study variables (60). Information bias arises when 

key study variables (exposure, health outcome, or confounders) are inaccurately measured or 

classified. By developing standardized protocols, using trained investigators and performing a 

pilot study before the inclusion, we consider to have minimized the possibility for the 

information bias.      

 A confounder is a variable that influence both the predictor and the outcome variable, 

and may augment the association between the predictor and outcome (58). Confounding 

factors may mask an actual association, or more commonly, falsely demonstrate an 
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association between the intervention and outcome when no real association between them 

exists (58). The existence of confounding variables in studies make it difficult to establish a 

clear causal link between intervention and outcome unless appropriate methods are used to 

adjust for the effect of the confounders. In order to ensure internal validity, the confounders 

should be identified and adjusted for in multivariable analyses (61). As there are several 

conditions associated and overlapping both cryptogenic stroke, atrial fibrillation and 

echocardiographic parameters as LA and LAA function by strain, and findings of 

thromboembolic risk condition and LAA thrombus, we have evaluated the possible 

confounders using step-by-step statistical analyses, including multivariable analyses adjusting 

for the possible confounders regarding the outcomes in all three study papers.   

 

Validity 

Internal validity refers to whether the results of a study are true for specific population that 

was examined, while the external validity represents whether the result of the study can be 

generalized to similar populations in other sites (62). To increase internal validity, good study 

design, protocols and data collection are important, in addition to collect and process reliable 

variables (including missing data). The inclusion process in the PROACTIA study was as 

described in study protocol and without any later changes. In this study we have collected 

data representing real life patients in a large clinical center and with few drop-outs both 

during inclusion period and follow-up. These factors strengths both the internal- and external 

validity of our results.  

 

Cardiac biomarkers 

In paper 1, blood samples were collected during the admission and were analyzed in the 

clinical setting in the large-center laboratory in a regular hospital (Central laboratory at 

Akershus University Hospital, AHUS), using standardized methods for the analyses of 

Troponin T, NT-pro brain natriuretic peptide (NT-proBNP) and D-dimer. In a few cases 

biomarker data were not analyzed at admission. In these cases, cardiac biomarkers were 

analyzed in blood samples collected during the inclusion day, i.e. three – five days after the 

admission, by the one dedicated research study nurse, and analyzed as described in the special 

chapter above. All analyses were performed following standardized procedures minimizing 

the risk of random errors.     
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Electrocardiography 

All ECG analyses were performed at the time of inclusion without knowledge of later 

subclinical AF detection status. The principal investigator (LSS) interpreted the ICM 

recordings without access to the clinical background data. The ICM-detected AF episodes 

were adjudicated by a second cardiologist (HK) blinded to the baseline data. In cases of 

disagreement, a third cardiologist, blinded to the results of the two other investigators, 

determined the result. Data analyses were performed according to the original plan. 

Measurements of P-wave duration were performed manually, which may lead to some 

inaccuracies, and should be tested in a control cohort.     

 

Echocardiography 

All echocardiographic analyses were performed at the time of inclusion without knowledge of 

later subclinical AF detection status to eliminate the risk of bias. The patients in this study 

were included without an age-adjusted control group to compare the LA and LAA strain and 

mechanical dispersion results in patients with detected subclinical AF an in these without. 

However, established normal LA strain values are available which enabled us to compare 

with previous results and not at least normal values (34). On the other hand, normal LAA 

strain and mechanical dispersion values are not reported in the literature yet. Therefore, we 

could only present values for LAA strain and mechanical dispersion in our cohort of ESUS 

patients without the possibility to compare with normal values.  

            Images of the LA were not always of sufficient quality, however, strain measurement 

was feasible in 82% of all patients. The higher feasibility of LAA strain is due to the 

improved proximity to LAA by TEE.  Variability in strain and mechanical dispersion 

measurements are vendor dependent. Only few dedicated atrial strain software packages are 

available, and there is no specific software for evaluating LAA strain. Finally, LAA strain 

which was feasible in 97%, may vary because of different LAA morphology types. Therefore, 

our study results on LAA strain and LAA mechanical dispersion need further validation.  

 A limitation of this study is that the diagnosis of thrombus by TEE has not been 

verified by CT or MRI (63, 64). A matched control group would also have given us important 

information. However, to perform TEE, which is an unpleasant examination with potential to 
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harm the patient, would not been ethical acceptable and thus not approved by the regional 

ethics committee in Norway.  

 The number of patients in this study was relatively low. The performed statistics have 

thus low power, and both type one and type two errors may have occurred. We should 

therefore be cautious in extending our findings to all patients with cryptogenic stroke/TIA. 

 

Statistical considerations 

Even though the PROACTIA study is one of the largest ICM-based studies, the number of 

detected subclinical AF event in paper 1 were limited to 8.4 events for each pre-specified 

predictor. However, the final model contains only four predictors, which gives more than 20 

events per predictor. The variable selection for the logistic regression model was applied in 

the model selection process to counteract any risk of bias, which can otherwise be a risk for 

datasets of limited size. The given AUC performance was also calculated using variable 

selection for the logistic regression model, which effectively eliminates the ‘double use of 

data problem’, that may occur when a model is estimated and evaluated on the same data set. 

However, the PROACTIA score results should be confirmed in an independent validation 

cohort. 

 

Missing data 

ECG data prior the inclusion were lost for two patients and were extracted from the ECG 

registered during the control visit after the twelve months follow-up. The NT-proBNP and D-

dimer analyses from the blood sampling during the first admission day were not available in 

10 and 27 patients, respectively and were substituted with values obtained from blood 

sampling (biobank) upon study inclusion. Control tests in additional patients did not reveal 

any systematic variance between admission and inclusion values. 

 Images of the LA were not of sufficient quality in all study participants. However, 

strain measurement was feasible in 82% of all patients, and is therefore supposed to be 

representative for this patient group. 
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Ethical considerations 

The PROACTIA study was registered on clinicaltrials.gov (registration number 

NCT02725944) prior to the inclusion of study participants, as required. The study was 

conducted according to the Declaration of Helsinki and approved by the Regional Ethic 

Committee, with reference number 2014/1260), and the data protection officer at Akershus 

University Hospital (reference number 2014_153). All participants have provided written 

informed consent before the inclusion, and data from one participant excluded due to device 

infection and withdrew of the consent. Findings in the study were presented in the national- 

and international meetings and congresses, as well as in popular media sources (65), and are 

available for the clinicians, study participants and for the general public as well.  
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DISCUSSION 

This study described clinical-, electrophysiological- and echocardiographic characteristics of 

patients after cryptogenic stroke and TIA, who prior to the inclusion had fulfilled ESUS 

criteria as well. All three included analyses have supplied clinically significant data on 

cardioembolic risk evaluation, which can help to stratify these complex patients in low-, 

intermediate- and high risk group. Thereby, the studies provide valuable information for 

clinicians when evaluating the need for comprehensive examination with multimodal 

echocardiography imaging and long-term follow-up with continuous ECG monitoring by ICM 

of cryptogenic stroke patients at risk.  

  

Paper 1 

In this PROACTIA study cohort, the incidence of subclinical AF was high (36%) and in line 

with previously described prevalence of subclinical AF in cryptogenic stoke and ESUS 

patients (14, 16, 21, 22, 66), which is significantly higher than the detection rates of AF using 

conventional and non-invasive tools as Holter ECG or other type of prolonged ECG 

monitoring (20, 67). It has previously been demonstrated that detection rates of subclinical AF 

are increasing with increased monitoring time (20, 67). The median time for the detection of 

subclinical AF in the PROACTIA study was 113 (25 – 336) days, and all patients were 

screened with 24-h Holter ECG prior to the inclusion. Participants with subclinical AF were 

older and had a higher CHA2DS2-VASc score as surrogate for comorbidity. Antiplatelet 

therapy was switched to OAC five (2–14) days after the detection of subclinical AF.  

 Brambatti et al. have demonstrated in the ASSERT study in patients without previous 

stroke diagnosis, that very few of the patients experienced subclinical AF before the 

thromboembolic event, but those with subclinical AF had an increased risk of systemic 

embolism (68). Previous studies have not demonstrated any temporal relationship between 

subclinical AF and cerebral embolic events, but found an increased risk with increasing 

burden of subclinical atrial tachyarrhythmia, defined as atrial high rate episodes, included 

subclinical AF (69-71). Healey et al. demonstrated that the risk of ischemic stroke or systemic 

embolism was associated with event short episodes (<6 min.) of subclinical atrial 

tachyarrhythmia, and was dependent on individual comorbidity, evaluated by CHA2DS2-

VASc >2 (17). These findings are in line with later analysis by Kaplan et al. (72). 

Interestingly, in recent NOAH-AFNET 6 randomized study authors did not find positive 
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effect of anticoagulation with edoxaban in reducing the incidence of a composite endpoint of 

cardiovascular death, stroke, or systemic embolism as compared with placebo in elderly 

patients with at least one risk factor for stroke and with short atrial high rate episodes 

(included AF), but it led to a higher incidence of a composite of death or major bleeding (73). 

It is here important to underscore that only 10% of the study population had previous history 

of stroke, and it was in general low prevalence of stroke in both anticoagulated- and not-

anticoagulated group (1%) (73). All patients who experienced stroke or TIA are in a high risk 

group, where detection of even short episodes of subclinical AF is of critical importance, as 

the recent meta-analysis by Tsivgoulis et al. demonstrated reduction of ischemic stroke 

occurrence in patients with continuous cardiac monitoring and early initiation of oral 

anticoagulation (23). 

 In the PROACTIA study, 11 recurrent stroke episodes (2.0/100 patient year) were 

observed, of which five occurred on antiplatelet therapy and six on ongoing OAC therapy. 

None of the patients with recurrent stroke on antiplatelet therapy had episodes of subclinical 

AF detected after their stroke recurrence. The prevalence of stroke recurrence in patients who 

experienced cerebral embolism varies, but in the present study, the stroke recurrence was 

lower than previously described (6, 11, 74), which indicates that detection of even short 

episodes of subclinical AF in this high risk population and early initiation of OAC may be of 

clinical importance.  

           Cumulative subclinical AF burden >6 min was observed in >80 % of the study patients 

with detected subclinical AF and median CHA2DS2-VASc score 4 (3-5). Thus, our study 

participants reflect high risk population for systemic thromboembolic complications despite a 

low burden of subclinical AF.  

          Participants with subclinical AF were older and had a higher CHA2DS2-VASc score, 

more hypertension, longer P-wave duration and higher prevalence of bimodal P-wave 

morphology on ECG, higher number of SVTs and PACs during 24-h Holter ECG monitoring, 

larger left atrial volumes and higher levels of D-dimer, TnT, and NT-proBNP as compared to 

those without subclinical AF. Thus, all the pre-specified AF predictors, based on findings in 

previous studies (CHA2DS2-VASc score (37, 38), the number of SVT/24 h and PAC/24 h in 

baseline 24 h Holter ECG (39-41), P-wave duration (42) and P-wave morphology (43) in 

baseline 12-lead ECG, LAVI in baseline echocardiography (44), and biomarkers: D-dimer 

(45), high-sensitivity cardiac Troponin-T (46), NT-proBNP (45, 47)) were significantly higher 

in patients with subclinical AF vs. in those without and with significant predictable power in 

univariate analyses. Interestingly, different studies in patients with cryptogenic stroke and 
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TIA or risk factors for stroke, published during inclusion period- and after the ended follow-

up in the PROACTIA, found similar risk factors for underlying subclinical AF (48-52, 66, 75-

77) as well. 

            Available resources and costs are currently limiting a widespread use of ICM in 

cryptogenic stroke and TIA patients. Despite high prevalence, it is still a minority of these 

patients have underlying AF, approximately 1/3 according to multiple studies (14-16).  

However, this is an important minority, as the rate of recurrent stroke among patients who 

develop AF during follow up is higher than in patients who did not (5, 18). A careful patient’s 

risk stratification for subclinical AF is therefore highly warranted.  

 As mentioned by Tsivgoulis et al. in a systematic review and meta-analysis of 

randomized-controlled clinical trials, several risk stratification scores (such as CHA2DS2-

VASc (78), Brown ESUS-AF (75), HAVOC (79) and C(2)HEST (80) scores) have been used 

in clinical practice for the selection of patients after cryptogenic stroke that may require 

additional investigation or more prolonged ECG monitoring after cerebral embolization (23). 

However, all studies mentioned above have monitored patients with cryptogenic stroke/TIA 

for different periods of time and with different monitoring methods. For example, only a part 

of the patients in the Brown ESUS-AF study (75) were followed-up with continuous ECG 

monitoring by ICM, consequently with significantly lower detection rate of subclinical AF. 

Ratajczak‑Tretel et al. has in a recent analysis (81) tested the utility of several AF predicting 

scores in stroke patients, with the best performance in AS5F (82), STAF (83) and the SURF 

(84) scores; It is here important to emphasize that all these studies are based on interrupted 

long-term ECG monitoring for up to two years and further diagnosis verification by 

telephonic questionnaire, which may be inaccurate regarding subclinical AF detection, as the 

vast majority of cryptogenic stroke patients with underlying subclinical AF are asymptomatic, 

which was recently demonstrated in the multicenter NOR-FIB study (85). All the pre-

specified risk factors in PROACTIA study (PAC/24t, P-wave duration, P-wave morphology 

and LAVIs) were found significant and with predictable power in the studies mentioned 

above (41-51). However, those risk factors that are present may contribute synergistically in a 

dose-dependent manner (48, 86). In the PROACTIA score the dose-response relationship of 

the risk factors is taken care of as the score sum is calculated based on the exact values of the 

individual parameters from each patient, instead of cut-offs. We therefore believe that the 

PROACTIA risk score model enables a more accurate and robust individual risk prediction of 

subclinical AF. The mathematical expression composing the PROACTIA model is complex. 
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However, with the aid of an app-based risk calculator, clinicians will easily be able to 

estimate individual risk in their daily practice. 

 

 

Paper 2 

In the present study, we demonstrated the impact of LAA function by strain and mechanical 

dispersion in risk stratification of ESUS patients by predicting subclinical AF. LAA function 

by strain and mechanical dispersion showed the ability to predict subclinical AF in this group 

of patients, while LA strain and mechanical dispersion did not. Importantly, LAA strain and 

mechanical dispersion predicted subclinical AF independently from CHA2DS2-VASc score 

quartiles and LAVI, and added independent and incremental value to conventional clinical 

and echocardiographic parameters to improve the risk stratification in ESUS patients.  

            The study patients had moderate to high increased CHA2DS2-VASc score of > 4, 

which is strongly associated with AF and stroke risk (72). Our results are in line with the 

study by Bahit MC et al. and indicate that disease burden increases the risk of subclinical AF 

(77). Thirty-two percent (n = 60) of all study patients developed subclinical AF, similar with 

previously published prevalence of subclinical AF in cryptogenic stroke and TIA patients 

detected by ICM (16, 85). In patients with intermediate CHA2DS2-Vasc scores of 3-4 and 

with AF > 6 minutes detected by ICM, stroke risk may shift above the threshold for 

recommended anticoagulation (72). Subclinical AF > 6 min occurred in > 80% of all study 

patients, which may increase stroke risk in ESUS population as mentioned before (17, 

72). The interaction between subclinical AF duration and patients clinical characteristics, 

evaluated by CHA2DS2-VASc score, can therefore further risk-stratify this patient group, and 

may be useful in guiding the anticoagulation therapy (87).   

 LAVI is an established marker of clinical AF and was increased in patients with 

subclinical AF compared to those without. Other conventional echocardiographic parameters, 

that were significantly different in patients with subclinical AF vs. patients with sinus rhythm, 

were LV end-diastolic diameter, LV mass index, LAA neck-diameter, LAA end-diastolic 

volume and LAA end systolic volume. In this study, we demonstrated the impact of the 

evaluation of LAA function by strain and LAA mechanical dispersion in ESUS patients: LAA 

function by strain was decreased, and LAA mechanical dispersion was increased in patients 

with subclinical AF compared to those without. However, in univariate regression analysis, 

only LAVI, LAA-Sr and LAA-MD remained significant associated with subclinical AF. By 
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ROC analyses, LAA strain and mechanical dispersion were significant predictors of 

subclinical AF (0.80 and 0.60, respectively).  

 In multivariate analysis, only LAVI, LAA-Sr and LAA-MD remained as significant 

markers for subclinical AF, independently of age, sex and comorbidities by CHA2DS2-

VASc. When added to LAVI, both LAA-SR and LAA-MD were independent and incremental 

markers in prediction of subclinical AF. Thus, LAA strain and mechanical dispersion seem to 

be more sensitive than LA strain and mechanical dispersion in prediction of subclinical AF in 

ESUS patients, which is in contrast to previous findings, as LA function by strain and 

mechanical dispersion have shown to predict clinical AF in patients at risk in several studies 

(25, 88, 89). It is here important to underscore that previous studies predicting clinical AF 

have been performed in patient populations using standard 12-channel ECG or intermittent 

rhythm monitoring (25, 88, 89). In the studies by Pathan et al. and Kawakami et al. with an 

older patient population with cryptogenic stroke and clinical AF, AF was detected in only 

11% of participants, with follow-up of 60 and 36 months, respectively (88, 90). The present 

prospective study presents a younger ESUS population with 30% subclinical AF detection 

rates and may therefore reflect a phenotypically different study population with lower disease 

burden compared to stroke patients with clinical AF (6). Worth to notify is that Sade and 

coworkers recently demonstrated impaired LA strain in ESUS patients compared to normal 

age-adjusted LA strain values, which is consistent with our findings (89). Hence, detection of 

changes in LAA function by strain and mechanical dispersion seems to be more sensitive in 

prediction of subclinical AF compared to LA strain in ESUS patients. However, additional 

studies are required to confirm our results. 
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 Both LA and LAA function by strain and mechanical dispersion may constitute a 

surrogate of the new concept of atrial cardiomyopathy, defined as a complex of structural, 

functional, or electrophysiological changes, and affecting the atria with the potential to 

produce clinically relevant manifestations (91). Atrial cardiomyopathy has previously shown 

to be closely associated with the risk of thromboembolic complications, AF and atrial 

remodeling, and may constitute one of the main mechanisms in ESUS (6, 24, 92). LA strain 

has also been shown to be inversely related to LA wall fibrosis, which is related to the AF 

burden (93). Furthermore, LAA fibrosis by MRI in patients with AF has shown to be an 

independent risk factor of LAA thrombus formation (94). Thus, LA and LAA fibrosis, as a 

part of the structural and functional changes due to atrial myopathy, may cause impaired atrial 

function and increased risk of thrombus formation and stroke (95, 96). The concept of 

underlying atrial cardiomyopathy as a main cause of subclinical AF, thromboembolic risk and 

consecutive ESUS, is therefore appealing in this context (97).  

 TEE is recommended in stroke and TIA with a possible cardiac embolic source as in 

ESUS and cryptogenic stroke (24) with the possibility to study LAA structure and function by 

novel risk markers, and to evaluate early development of atrial cardiomyopathy as a marker of 

increased thromboembolic risk. We suggest TEE without any upper age limit and as a routine 

examination in ESUS patients at risk. However, further studies regarding the options of OAC 

in ESUS patients with subclinical AF are needed to evaluate future treatment strategies. 

 

Paper 3 

The mechanism of cerebral embolism may occur due to different clinical conditions, where 

risk factors often overlap each other, as shown in figure 14. Embolism from the heart to the 

brain may results from one or several of these mechanisms: blood stasis and thrombus 

formation in an enlarged and depressed function of the left ventricle, left atrium and / or LAA, 

release of material from an abnormal valvular surface (e.g., calcific degeneration or 

endocarditis), and abnormal passage from the venous to the arterial circulation (paradoxical 

embolism) (6, 98), figure 14.  
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Figure 14. Possible sources of cerebral embolism. 

Reprinted from Journal of the American College of Cardiology (JACC): George Ntaios, 

Embolic Stroke of Undetermined Source: JACC Review Topic of the Week, Volume 75, Issue 

3, 28 January 2020, Pages 333-340, Copyright (Sep 04, 2023), with permission from Elsevier 

(6) 

 

 Cardiac embolus can be of any size, but those arising from the cardiac chambers are 

often large and hence especially likely to cause severe stroke, disability and death (74). A 

comprehensive evaluation and risk stratification of patients after cryptogenic stroke and TIA 

are therefore of critical clinical importance to prevent stroke recurrence. 

 This study evaluated and described the impact of LAA morphology, LAA function by 

strain and subclinical AF on thromboembolic risk condition and thrombus formation in LAA 

in patients with cryptogenic stroke and TIA. We have for the first time demonstrated a high 

prevalence of thrombosis, spontaneous echo contrast and sludge in LAA by advanced 2D and 

3D by retrospective analyses with transesophageal echo images in patients with cryptogenic 

stroke and TIA. The occurrence of thromboembolic risk condition was significantly 

associated with LAA chicken wing morphology and multilobate LAA, while LAA thrombus 

was significantly associated with both LAA chicken wing morphology and LAA function by 

strain, but not with the later detection of subclinical AF. Neither thromboembolic risk 

condition nor LAA thrombus were associated with recurrence of stroke/TIA during long-time 
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follow-up, but with the highest burden (>6 hours) of subclinical AF, even after the early 

initiation of OAC.  

          In clinical practice, the potential intracardiac thromboembolic condition is usually 

evaluated by monoplane 2D TEE short time after admission to the hospital, which was also 

the case in the present study. Since LAA has a complex morphology with four different 

morphological types, and usually more than one lobe, 3D acquisition allows to achieve more 

comprehensive evaluation of this structure, especially by applying volume rendering modality 

(32). By use of advanced ultrasound investigation techniques retrospectively, we have 

demonstrated that multimodal echo imaging may increase the accuracy of the diagnosis of 

intracardiac thromboembolic risk condition and LAA thrombus. There is, however, sparse 

experience using this technique in patients undergoing cryptogenic stroke or TIA, particularly 

in subjects with stroke/TIA above sixty years. Whether this technique will improve treatment 

in these patients remains therefore to be seen. It is, however, important to underscore that we 

could not show any association between thrombus, sludge and spontaneous echo contrast and 

novel strokes/TIA, even after delayed initiation of oral anticoagulation. However, our study 

was rather small with only 14 novel strokes or TIA recurrences during follow-up.  

          Chicken wing morphology showed increased risk for both thromboembolic risk 

condition and LAA thrombus in our study population, which may seem conflicting compared 

to other studies, showing mainly not-chicken wing morphology to be most associated with 

stroke/TIA (99-103). However, the majority of previous studies were mainly based on 

standard 2D transesophageal echo or CT examinations, and in patients with different clinical 

conditions and diagnoses (99). Abanador-Kamper et al. found in a recent study in a cohort of 

aortic stenosis patients that those with chicken wing morphology, clinical AF and LAA 

thrombus have a doubled risk for neuro-embolic events compared to patients with non-

chicken-wing appendage (103). Moreover, Adukauskaite et al. showed that windsock LAA 

type is associated with cerebral embolic stroke in patients with clinical AF; the authors 

assumed that this may appear due to relatively easy passage of thrombus true the anatomically 

“strait away” cavity of windsock LAA morphology (104). There is a marked variation 

between the studies in terms of frequency of the four different LAA morphological types (99). 

Thus, to decide which of these LAA types that have the greatest risk of generating and 

mobilizing of thrombus and subsequent stroke in patients with subclinical AF, a large 

randomized and prospective multicenter trial should be performed, including advanced TEE, 

CT or MRI.  
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 We did not find a significant difference in LA function by 2D strain in patients with 

subclinical AF vs. those with sinus rhythm, thromboembolic risk condition and LAA 

thrombus. Several previous studies found that impaired left atrial function by 2D strain 

predict clinical AF in patients at risk and is associated with increased risk of cardiac embolism 

(25, 88, 89). It is well known that impaired left atrial function by 2D strain is a marker of 

atrial fibrosis (105, 106), which is independently associated with LAA thrombus and 

spontaneous echo contrast in patients with clinical AF (94). In a multicenter study, Deccarett 

M et al. found that left atrial fibrosis in patients with clinical AF is independently associated 

with prior history of strokes (107). The present study, however, is about subclinical AF, and it 

is still unclear if there is a similar connection between subclinical AF, intracardiac thrombus 

formation and risk of cardio-embolic stroke, because, as mentioned above, previous studies 

have not demonstrated any temporal relationship between subclinical AF and cerebral 

embolic events (69-71). Possible explanations may be that atrial cardiomyopathy is a more 

important contributor to the increased risk for thromboembolic risk condition and thrombus 

formation (108) than subclinical AF, or that clinical AF and subclinical AF do not reflect the 

same risk condition for embolic stroke/TIA, i.e., the burden of AF is of clinical impact and 

may play a key-role in thrombus formation and mobilization from the LAA, as mentioned in 

recent overview by Sposato et al. (5). Findings in this study indicate that LAA morphology 

and function may impact both these conditions, as shown in figure 15. 

 

    

Figure 15. Intracardiac thrombus formation and the complex interactions between atrial 

cardiomyopathy, LAA morphology and function, and subclinical AF in cryptogenic stroke and 

TIA. The figure is made by Jørg Saberniak. 
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LAA, left atrial appendage; SEC, spontaneous echo contrast; TIA, transient ischemic attack; 

AF, atrial fibrillation 
 

 The prevalence of subclinical AF did not differ in patients with thromboembolic risk 

condition or in those with LAA thrombus, and we did not find significant association between 

subclinical AF and thromboembolic risk condition or LAA thrombus in this study. In 

multivariate analyses, however, it was a significant association between reduced LAA strain 

and LAA thrombus formation. Since LAA strain was reduced in those with thrombus by 

simple comparison and in addition also predicted LAA thrombus by multivariate analysis, it 

may indicate that impaired LAA function is more important contributor for thrombus 

formation in LAA than subclinical AF, which may at least partially explain previous findings 

of no temporal relationship between subclinical AF and cerebral embolic events (69, 70). 

Interestingly, patients with the highest burden of subclinical AF had an increased risk to 

experience recurrence of stroke and TIA, despite early initiation of oral anticoagulation after 

the detection of subclinical AF, which may suggest that low burden subclinical AF is a more 

possible risk marker of left atrial disease than risk factor for LAA thrombus formation. 
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CONCLUSIONS 

Paper 1 

The study results support the primary hypothesis that the PROACTIA score built on widely 

available baseline ECG, 24 h Holter ECG and echocardiographic left atrium parameters, can 

identify patients with cryptogenic stroke/TIA at risk of subsequent subclinical AF detection. 

As the prevalence of subclinical AF was 7.3 times higher in patients with the highest vs. the 

lowest quartile of PROACTIA score, the large difference in subclinical AF prevalence 

between groups may provide a basis for future tailored therapy in this large and resource-

demanding patient population. 

 

Paper 2 

LAA function by strain and LAA mechanical dispersion predict independently subclinical AF 

in ESUS patients and is superior and incremental to clinical and other established 

echocardiographic risk parameters, including left atrial function by strain, to predict the risk 

of subclinical AF. These novel echocardiographic markers, assessed by transesophageal 

echocardiography, may be useful in cryptogenic stroke and ESUS patients.  

 

Paper 3 

The present study has demonstrated a high prevalence of thrombosis, SEC and sludge in LAA 

in patients with cryptogenic stroke and TIA. LAA function by 2D strain and LAA chicken 

wing type morphology were significant predictors of LAA thrombus, while LAA chicken 

wing and multilobate LAA were predictors for thromboembolic risk condition. Patients with 

the highest burden of subclinical AF, but not with detected thromboembolic risk condition or 

LAA thrombosis, showed an increased risk of recurrence of stroke/TIA during follow-up.  
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CLINICAL IMPLICATIONS AND FUTURE PERSPECTIVES 

The management of patients with cryptogenic stroke and ESUS is multidisciplinary, involving 

various healthcare professionals and demanding integrated care of cerebrovascular- and heart 

disease. In order to optimize the management of stroke and associated heart disease, European 

Society of Cardiology Council on Stroke has recently proposed a consensus algorithm, which 

is quite comprehensive and resource demanding (Figure 16) (109). 

 

 

Figure 16. Proposed approach by European European Society of Cardiology Council on 

Stroke for screening for AF in post-stroke patients. 

Reprinted from European Heart Journal (EHJ): Gregory Y. H. Lip, Deirdre A. Lane et al., 

Integrated Care for optimizing the management of stroke and associated heart disease: a 

position paper of the European Society of Cardiology Council on Stroke, Volume 43, Issue 

26, 11 May 2022, Pages 2442-2460, Copyright (Sep 14, 2023), with permission of Oxford 

University Press (109). 

AF, atrial fibrillation; CAD, coronary artery disease; PM, pacemaker; ICD, implantable 

defibrillator-cardioverter; PAC, premature atrial complexes; LA, left atrium; TVR, tricuspid 

valve regurgitation; MVR, mitral valve regurgitation; NT-proBNP, N-terminal brain 

natriuretic peptide; HR, hazard ratio; ICM, implantable cardiac monitors; ESUS, embolic 

strokes of undetermined sources; C2HEST score (110), (the sum of the risk points 

representing CAD, chronic obstructive pulmonary disease, hypertension, systolic heart failure 

and thyroid disease) 
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 Kirchhof et al. in the resently published NOAH-AFNET 6 study has demonstrated that 

oral anticoagulation in patients with an increased stroke risk and detected atrial high rate 

episodes did not reduced the incidence of ischemic stroke, but lead to an increased the risk of 

major bleeding (111). On the other hand, authors of the ARTESIA study have shown that oral 

anticoagulation with apixaban in patients with increased stroke risk (mean CHA2DS2-VASc 

score 3.9 ± 1.1) and detected subclinical AF, lasting 6 minutes to 24 hours, resulted in a lower 

risk of stroke or systemic embolism than aspirin, even only minority of the study population 

had previously history of systemic embolism, TIA and stroke, but a higher risk of major 

bleeding (112). Carefully evaluation of atrial arrhythmia is therefore of critical importance in 

clinical setting. As demonstrated in figure 16, the score to evaluate the individual risk in AF 

screening algorithm is recommended by European Society of Cardiology Council on Stroke 

(109) may simplify the screening process. Until now, several risk scores have been proposed, 

with different accuracy to detect underlying subclinical AF in ESUS patients, featured in 

recent contemporary review, included the PROACTIA score (113). The strengths of the 

PROACTIA score enables the identification of cryptogenic stroke/TIA and ESUS patients 

with low, intermediate and a high risk of subsequent detection of subclinical AF, and may 

therefore allow highly needed follow-up in selected patient groups. After the validation in a 

separate matched cohort, this may provide the basis for a prospective multi-center study of 

tailored therapy according to the individual risk. 

 PROACTIA study has also demonstrated the importance of comprehensive 

multimodal 2D and 3D transthoracic and transesophageal echocardiographic examination and 

evaluation of patients with cryptogenic stroke and TIA. We therefore suggest no upper age 

limit to achieve more precise cardioembolic risk evaluation in this patient group. Both LAA 

function by strain, LAA morphology, evaluation of cardiac thromboembolic risk condition 

and subclinical AF may be of clinical importance to choose the most optimal strategy of the 

secondary prevention to achieve the reduce of the risk of recurrent stroke.  Further studies, 

however, are needed to investigate the exact mechanisms of intracardiac thrombus formation 

and risk factors contributing to cardio-cerebral embolization, in order to optimize the 

secondary prevention of cryptogenic stroke and ESUS.   
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Aims Studies with implantable cardiac monitors (ICMs) show that one-third of patients with cryptogenic stroke/transient is-
chaemic attack (TIA) have episodes of subclinical atrial fibrillation (SCAF) and benefit switching from antiplatelet- to anti-
coagulant therapy. However, ICMs are costly and resource demanding. We aimed to build a score based on participant’s 
baseline characteristics that could assess individual risk of SCAF.

Methods 
and results

In a prospective study, 236 eligible patients with a final diagnosis of cryptogenic stroke/TIA had an ICM implantated during 
the index hospitalization. Pre-specified evaluated variables were: CHA2DS2-VASc, P-wave duration, P-wave morphology, 
premature atrial beats (PAC)/24 h, supraventricular tachycardia/24 h, left atrial end-systolic volume index (LAVI), 
Troponin-T, NT-proBNP, and D-dimer. SCAF was detected in 84 patients (36%). All pre-specified variables were sig-
nificantly associated with SCAF detection in univariate analysis. P-wave duration, followed by PAC/24 h, NT-proBNP, 
and LAVI, had the largest ratio of SCAF prevalence between its upper and lower quartiles (3.3, vs. 3.2, vs. 3.1 vs. 2.8, 
respectively). However, in a multivariate analysis, only PAC/24t, P-wave duration, P-wave morphology, and LAVIs re-
mained significant predictors and were included in the PROACTIA score. Subclinical atrial fibrillation prevalence was 
75% in the highest vs. 10% in the lowest quartile of the PROACTIA score with a 10-fold higher number of patients 
with an atrial fibrillation burden .6 h in the highest vs. the lowest quartile.

Conclusion The PROACTIA score can identify patients with cryptogenic stroke/TIA at risk of subsequent SCAF detection. The large 
difference in SCAF prevalence between groups may provide a basis for future tailored therapy.

Clinical trial 
registration

Clinical Trial Registration: ClinicalTrials.gov; NCT02725944.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Embolic stroke of undetermined source • Subclinical atrial fibrillation • Implantable loop recorder • Implantable 

cardiac monitors • Secondary stroke prevention

Introduction
About one-third of all stroke cases are cryptogenic, i.e. strokes that 
remain without an identifiable cause even after a comprehensive 
evaluation.1 However, 20–34% of cryptogenic stroke cases have epi-
sodes of subclinical atrial fibrillation [SCAF—i.e. asymptomatic 

episodes of atrial fibrillation (AF) detected by monitoring devices] 
during extended monitoring and follow-up, with higher detection 
rates the longer the monitoring time.2 Implantable cardiac monitors 
(ICMs) with validated algorithms for AF detection3 have demon-
strated a superior ability to detect SCAF compared to other rhythm 
monitoring strategies.4 Furthermore, modern ICM have home- 
monitoring capabilities that enable timely initiation of oral 
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anticoagulation (OAC) after detection of SCAF. This strategy is asso-
ciated with significant reductions in stroke recurrence.5 However, 
available resources and costs are currently limiting the widespread 
use of this technology.

The main objective of this study was thus to measure a broad set 
of baseline variables and prospectively evaluate their ability to predict 
the risk of SCAF upon follow-up in patients with cryptogenic stroke 
or transient ischaemic attack (TIA). We hypothesized that from 
these baseline variables a scoring system could be built to enable a 
reliable prediction of the risk of underlying SCAF in patients with 
cryptogenic stroke/TIA that could later provide a basis for individua-
lized treatment and follow-up.

Methods
Study design and population
The PROACTIA study is an event-driven prospective single centre 
cohort study.

Patients hospitalized for first-time stroke or TIA, were screened for 
study inclusion with the registration of medical history, carotid 
Doppler ultrasound, 12-lead electrocardiogram (ECG), 24 h-Holter 
ECG registration and verification of ischaemic stroke by cerebral com-
puted tomography, and/or magnetic resonance imagingas a part of the 
routine examinations. Eligible patients with embolic stroke of undeter-
mined source (ESUS, i.e. a non-lacunar stroke without proximal arterial 
stenosis or known cardio-embolic source6) were invited to the study and 
were examined with echocardiography. After verifying the stroke or TIA 
as cryptogenic according to the TOAST (Trial of Org 10172 in Acute 
Stroke Treatment) criteria,7 the patients were enrolled in the study. 
All study participants had an ICM (Reveal Linq; Medtronic, Inc., 
Minneapolis, MN, USA) implanted prior to discharge. Stroke recurrence 
during follow-up was defined as a new clinical event with a corresponding 
new area of brain infarct. Patients with known or newly detected AF, 
non-AF indications for OAC or contraindications for OAC, were ex-
cluded. Those unable to sign the informed consent or with a life expect-
ancy of ,2 years were also excluded.

The study was conducted according to the Declaration of Helsinki and 
was approved by the Regional Committees for Medical and Health 

Research Ethics with reference number 2014/1260. All study participants 
provided written informed consent before study inclusion. The trial is re-
gistered at ClinicalTrials.gov (No. NCT02725944).

Data sources/measurement
The following variables were pre-specified to be evaluated as possible 
predictors of the individual risk for underlying SCAF: 

• CHA2DS2-VASc score,

• Number of supraventricular tachycardia (SVT)/24 h and premature 
atrial contractions (PAC)/24 h in baseline 24 h Holter ECG,

• P-wave duration and P-wave morphology in baseline 12-lead ECG,

• Left atrial systolic volume index (LAVIs) in baseline echocardiography,

• Biomarkers: D-dimer, high-sensitivity cardiac Troponin-T, 
NT-proBNP.

12-lead resting ECG was recorded on paper at a speed of 50 mm/s, 
and P-wave duration and P-wave morphology were measured manually. 
P-wave duration was measured as the longest P-wave on 12-lead ECG. 
P-wave morphology was considered positive if the P-wave was biphasic 
in the inferior leads.8

The 24 h Holter ECG was registered using OxyHolter® Recorder 
(Maynard, MA, USA). Episodes of irregular ventricular rhythm without 
detectable sinus P-waves lasting more than 30 s were considered as 
AF episodes, and the patients were treated with oral anticoagulants 
(OACs), primarily direct oral anticoagulants (DOACs), and not included 
in the study. Supraventricular tachycardia was defined as three or more 
consecutive PAC beats. The total number of SVTs and PACs were cal-
culated automatically by OxyHolter® Recorder software and reviewed 
manually to exclude artefacts. The total numbers were divided by mon-
itoring time and given as SVT/24 h and PAC/24 h.

Transthoracic echocardiographic images were obtained using GE Vivid 
E9 (GE Healthcare, Horten, Norway), with M5S probe, and stored elec-
tronically for later off-line analysis with ComPACS (v.10.6. MediMatic, 
Genova, Italy). Left atrial volume was determined by the modified 
Simpson’s biplane model and indexed using body surface area. The ana-
lyses were performed according to current guidelines.9

The ICM was implanted subcutaneously under local anaesthesia ac-
cording to the vendor´s recommendation. No prophylactic antibiotics 
were used. Of the 251 implanted monitors only one adverse event 
was observed (pocket infection within 1 week after the implantation). 
The monitor was programmed for AF only and atrial tachycardia with 
a tachycardia alert just above the estimated maximal heart rate level ac-
cording to the formula, ‘220 minus age’. Atrial fibrillation was defined as 
an episode of irregular heart rhythm, without detectable P-waves, lasting 
more than 30 s, and adjudicated by two cardiologists. Details of the AF 
detection algorithm have been reported previously.3 The home- 
monitoring analyses were performed once weekly. Current medication 
was registered from the patient’s charts upon discharge.

Antiplatelet therapy was switched to OAC (primarily DOACs) once 
AF was detected.

Missing data
Initial ECG data were lost for two patients and were, therefore, ex-
tracted from the ECG registered during the control visit after the 
1 year follow-up. The NT-proBNP and D-dimer analyses from the ad-
mission blood sampling were not available in 10 and 27 patients, respect-
ively. They were substituted with values obtained from blood sampling 
upon study inclusion. Testing in additional patients did not reveal any sys-
tematic variance between admission and inclusion values (data not 
shown).

What’s new?

• The most comprehensive prospective evaluation of predictors 
for device detected subclinical atrial fibrillation (SCAF) in patients 
with cryptogenic stroke or transient ischaemic attack (TIA).

• In univariate analysis CHA2DS2-VASc, P-wave duration, P-wave 
morphology, premature atrial beats/24 h, supraventricular tachy-
cardia/24 h, left atrial end-systolic volume index, Troponin-T, 
NT-proBNP, and D-dimer were significantly associated with 
SCAF.

• In multivariate analysis, only premature atrial contractions /24 h, 
P-wave duration, P-wave morphology, and LAVIs remained sig-
nificant predictors and were included in the PROACTIA score.

• The highest vs. the lowest quartile of PROACTIA score had a se-
ven times higher prevalence of SCAF and a 10-fold higher number 
of patients with an atrial fibrillation burden .6 h.

• The PROACTIA score based on easily available baseline variables 
can provide a basis for individually tailored therapy in patients 
with cryptogenic stroke or TIA.
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Bias
All ECG and echocardiographic analyses were performed at the time of 
inclusion without knowledge of later SCAF detection status to eliminate 
the risk of bias. Furthermore, the principal investigator (LSS) interpreted 
the ICM recordings without access to the clinical background data or re-
sults, and ICM-detected AF episodes were adjudicated by a second car-
diologist (HK) blinded to the baseline data. In cases of disagreement, a 
third blinded cardiologist determined the result. Data analyses were per-
formed according to the original plan.

Ethical approval
Ethical approval was obtained from the Regional Committees for Medical 
and Health Research Ethics with reference number 2014/1260.

Informed consent
All patients provided informed written consent.

Statistical methods
Continuous values are expressed as mean and standard deviation (SD), 
or median and interquartile range (IQR) when non-normally distributed. 
Nominal variables are presented as counts and percentages. 

Non-detectable values for Troponin-T ,0.05 and for D-dimer ,0.3 
were given as 0.04 and 0.2, respectively. A two-sided t-test was used 
for comparison of normally distributed variables and the non-parametric 
Kruskal–Wallis test for non-normally distributed values. Categorical data 
were analysed using two-tailed χ2 statistics with Yates’s correction. 
Univariate- and multivariate regression analyses were performed to es-
timate the risk for SCAF. To be considered for inclusion in a multivariate 
risk model, baseline variables were required to be recorded in ≥90% of 
patients and found to be significant (P≤ 0.05) in a univariate logistic re-
gression model. Data for PAC/24 h, SVT/24 h, Tnt, proBNP were log- 
transformed prior to regression analysis due to non-normal distribution. 
To avoid non-computable values in patients with 0 PAC/24 h or 0 SVT/ 
24 h the following transformation were used: log(1+ PAC/24 h) and 
log(1+ SVT/24 h). Receiver operator characteristic (ROC) curves and 
area under the curve (AUC) were calculated for the estimation of incre-
mental prognostic information on SCAF prediction. Variable selection 
for the logistic regression model was based on AUC scores calculated 
using leave-one-out cross-validation (LOOCV). The AUC score is the 
area under the ROC curve, or equivalently the probability that the model 
scores a random positive case higher than a random negative one. 
Leave-one-out cross-validation works by leaving one data point out of 
the data set at a time and estimating a separate model instance for 

Exclud ed dur ing  foll ow-u p

Non-cryptogenic etiology (n=762)

Isch emic stroke, all-causes (n=1196)
• Registration of medical history

• 12-lead ECG
• Blood sampling
• Cerebral CT/MRI

• Carotid Doppler Ultrasound

Susp ected  crypto genic st roke (n=434)
• Transthoracic echocardiography

• Transesophageal echocardiography

Refrained inclusion (n=183) 

Enrolled  (n=251)
• Blood sampling (Biobank)

• Implantation of ICM

24h Holte r ECG

Final st udy  pop ulation  (n=236)
• Cerebral infarction (n=175), TIA (n=61)
• Median follow-up 833 (633-1028) days

Non-cryptogenic etiology (n=14)
Infected ICM & withdrew consent (n=1)

Figure 1 Flowchart describing the screening and enrolment process. ICM, implantable cardiac monitor; TIA, transient ischaemic attack.
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each, which is used to score the left-out data point. This procedure is de-
signed to eliminate the bias that follows from estimating and evaluating a 
model on the same data set. The variable selection procedure used back-
wards steps, starting with the full set of 10 variables and removing the 
one, that results in the highest AUC increase until no further improve-
ment was possible.10

A significance level of 0.05 was adopted. Statistical analyses were per-
formed using IBM SPSS Statistics, Version 26, and statistical analysis pro-
gram R, version 3.6.

Results
The inclusion process is presented in Figure 1. The demographics and 
clinical characteristics of the 236 study participants are presented in 
Table 1.

Subclinical atrial fibrillation was detected in 84 patients (36%) after 
a median of 113 days (25–336). Antiplatelet therapy was switched to 
OAC five (2–14) days after SCAF detection. Cumulative SCAF bur-
den was ,6 min in 16 patients (19.5%) and longer than 6 h in 41 pa-
tients (50%). Participants with SCAF were older and had a higher 
CHA2DS2-VASc score, more hypertension, longer P-wave duration, 
higher prevalence of bimodal P-wave morphology on ECG, higher 
number of SVTs and PACs during 24-h Holter ECG monitoring, lar-
ger left atrial volumes and higher levels of D-dimer, TnT, and 
NT-proBNP as compared to those without SCAF. Eleven recurrent 
strokes (2.0/100 patient year) were observed, of which five occurred 
on antiplatelet therapy and six on ongoing OAC therapy. None of 
the patients with recurrent stroke on antiplatelet therapy had epi-
sodes of SCAF detected after their stroke recurrence. A total of 
five bleeding episodes were observed (0.9/100 patient year): two 
were intracerebral bleedings (both on DOAC treatment) and 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Demographics and clinical characteristics of study participants

Total n=236 Non-AF n=152 SCAF n=84 P-value

Female, n (%) 90 (38) 59 (39) 31 (37)
0.726

Male, n (%) 146 (62) 93 (61) 53 (63)

TIA, n (%) 61 (26) 44 (29) 17 (20)
0.151

Stroke, n (%) 175 (74) 109 (71) 67 (80)

Age, years, mean (SD) 68.6 (12.5) 66.7 (13.0) 72.1 (10.7) 0.001

BMI, kg/m2, mean (SD) 27.2 (4.5) 27.0 (4.3) 27.6 (4.8) 0.316

Current smoker, n (%) 28 (12) 18 (12) 10 (12) 0.854

CHA2DS2-VASc, median (IQR) 4 (3–5) 4 (3–5) 5 (4–6) 0.014

HT, n (%) 150 (64) 87 (57) 63 (75) 0.007

Vascular disease, n (%) 40 (17) 25 (16) 15 (18) 0.782

CHF, n (%) 8 (3) 3 (2) 5 (6) 0.106

DM, n (%) 30 (13) 17 (11) 13 (16) 0.343

DVT/PE, n (%) 6 (3) 2 (1) 4 (5) 0.105

P-duration, ms, mean (SD) 109.6 (18.7) 106.1 (16.7) 116 (20.5) 0.026

P-morphology bimodal, n (%) 122 (51.7) 67 (44) 56 (67) 0.002

PAC/24-h ECG, median (IQR) 90 (35–460) 66 (28–206) 347 (59–1917) ,0.001

SVT/24-h ECG, median (IQR) 1 (0–5) 1 (0–3) 3 (1–27) ,0.001

D-dimer, mg/L, median (IQR) 0.4 (0.2–0.7) 0.3 (0.2–0.6) 0.5 (0.3–0.9) ,0.001

TnT, ng/L, median (IQR) 11.5 (7–18) 10 (7–16) 14.5 (9.3–26.8) ,0.001

NT-proBNP, ng/L, median (IQR) 143 (59–387) 104.5 (51–283) 245 (102–774) ,0.001

LAVI, mL/m2, mean (SD) 37 (11) 35 (9) 42 (12) ,0.001

Beta-blockers, n (%) 61 (26) 34 (22) 27 (32) 0.095

ACEI/ARB, n (%) 104 (44) 59 (39) 45 (54) 0.026

Ca-channels blockers, n (%) 59 (25) 33 (22) 26 (31) 0.11

Diuretics, n (%) 39 (17) 23 (27) 16 (11) 0.001

Statins, n (%) 206 (87) 134 (88) 72 (86)
0.297

Ezetimib, n (%) 10 (4) 8 (5) 2 (2)

ASA, n (%) 27 (11) 16 (11) 11 (13) 0.541

Antiplatelet therapy other than ASA, n (%) 212 (90) 136 (90) 76 (91) 0.014

SCAF, subclinical atrial fibrillation; TIA, transient ischaemic attack; SD, standard deviation; IQR, interquartile range; 25th percentile and 75th percentile values; BMI, body mass index; 
HT, hypertension; CHF, congestive heart failure; DM, diabetes mellitus; DVT, deep venous embolism; PE, pulmonary embolism; ACEI, angiotensin-converting enzyme inhibitors; ARB, 
angiotensin receptor blockers (angiotensin subtypes I and II: AT1 and AT2); PAC, atrial premature beat; LAVI, left atrial volume index.
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three were gastrointestinal bleedings (one on DOAC treatment, 
one on antiplatelet therapy and one on DOAC and antiplatelet 
therapy due to diagnosed acute coronary syndrome during 
follow-up).

All the pre-specified variables were significantly associated with 
SCAF detection in univariate analyses. The univariate results are 
presented together with the prevalence of SCAF detection on 
follow-up for each quartile of the individual pre-specified variables 
in Table 2.

Of the pre-specified variables, only PAC/24t, P-wave duration, 
P-wave morphology, and LAVIs remained as significant predictors 
in the multivariate analysis, and the predictive power was not im-
proved by adding other variables to the equation. The PROACTIA 
score was, therefore, based on the formula derived from the multi-
variate analysis:

0.05472× LAVIs mL/m2 + 0.95928× log(1+ PAC/24 h)

+ 0.03615× Pdur ms+ 1.05513× Pmorph.

Receiver operator characteristic-curve characteristics of different 
prediction models with their respective AUC values and confidence 
intervals are presented in Figure 2.

Demographics and clinical characteristics of study participants di-
vided by quartiles of PROACTIA score are described in Table 3. The 
SCAF prevalence in the highest quartile was 7.3 times higher than the 
SCAF prevalence observed in the lowest quartile (75% vs. 10%) 
(Figure 3). Furthermore, the AF burden within the lowest 
PROACTIA score quartile was significantly lower than the corre-
sponding values observed in the higher quartiles (Figure 3).

Discussion
The PROACTIA study detected SCAF in 36% of patients which is in 
line with previous reports using ICM in cryptogenic stroke patients as 
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Figure 2 ROC-curves of different prediction models of subclinical atrial fibrillation with their respective AUC values and corresponding confi-
dence intervals. PAC, premature atrial contraction; Pdur, P-wave duration; Pmorph, P-wave morphology (biphasic); LAVI, left atrial volume index; 
TnT, Troponin-T; NT-proBNP, N-terminal proBrain Naturetic Peptide.
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Table 2 Predictive value and individual risk score 
components for subclinical atrial fibrillation, 
unadjusted effect estimates

Clinical risk factor OR (95% CI) % SCAF 
prevalence per 
quartile

1 2 3 4

Age 1.04 (1.01–1.06)** 24 31 39 49

CHA2DS2-VASc 1.30 (1.08–1.56)** 24 32 44 42

P-duration, ms 1.03 (1.02–1.05)*** 17 31 39 56

P-morphology, bimodal 2.41 (1.39–4.18)** 25 45

log(1+ PAC/24-h ECG) 2.50 (1.75–3.57)*** 20 27 31 64

log(1+ SVT/24-h ECG) 3.87 (2.26–6.63)*** 22 29 31 61

D-dimer, mg/L 1.57 (1.07–2.32)* 20 31 44 47

logTNT, ng/L 4.18 (1.86–9.45)** 24 31 34 54

logNT-proBNP, ng/L 2.49 (1.58–3.95)*** 19 29 37 58

LAVI, mL/m2 1.07 (1.04–1.10)*** 20 32 34 56

SD, standard deviation; IQR, interquartile range; 25th percentile and 75th percentile 
values; PAC, atrial premature beat; SVT, supraventricular tachycardia; LAVI, left 
atrial volume index; *P , 0.05, **P , 0.01, ***P , 0.001.
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summarized in a recent meta-analysis.11 All patients with detected 
SCAF were switched to OAC within days of detection. With this in-
dividualized strategy, we observed a very low rate of recurrent stroke 
(2/100 patient years) combined with a low bleeding incidence (0.9/ 
100 patient year). This is in line with the meta-analysis by Tsivgoulis 
et al.11 that demonstrated a decreased risk ratio of recurrent stroke 
of 0.45 (95% CI, 0.21–0.97) in cryptogenic stroke/ESUS patients who 
underwent prolonged rhythm monitoring with the initiation of OAC 
upon detection of SCAF episodes .30 s versus standard of care with-
out prolonged rhythm monitoring. In the 2021 Guideline for the pre-
vention of stroke in patients with stroke and TIA long-term rhythm 
monitoring is recommended for cryptogenic stroke patients with 
the initiation of OAC regardless of the time spent in AF because 
of the high risk of recurrent stroke in these patients even with brief 
subclinical episodes of AF.12 With the high prevalence of SCAF 
in cryptogenic stroke/TIA patients, the effect of DOAC treatment 
in unselected cryptogenic stroke/TIA patients was tested in 
NAVIGATE ESUS13 and RESPECT ESUS.14 Neither showed a benefit 
of DOAC treatment in unselected cryptogenic stroke/TIA patients. 
However, a subgroup analysis of the NAVIGATE-ESUS study, 

selecting patients with increased left atrium diameter (9% of the total 
study population), demonstrated a marked reduction in yearly stroke 
recurrence among those treated with rivaroxaban as compared to as-
pirin (1.7% vs. 6.7%).15 This result supports the notion that individu-
ally tailored therapy, based on baseline characteristics, may be feasible 
for cryptogenic stroke and TIA patients.

Patients in PROACTIA received individually tailored therapy dur-
ing follow-up by means of ICMs. However, as stated initially, available 
resources and costs are currently limiting the use of ICM technology 
in patients with cryptogenic stroke and TIA. Hence, there is an ur-
gent need for novel measures enabling reliable risk stratification 
based on baseline data in these patients. Therefore, we aimed to 
build such a risk stratifying model. We found SCAF to be associated 
with all the pre-specified risk factors in univariate analysis. However, 
in multivariate analysis only PAC/24t, P-wave duration, P-wave 
morphology, and LAVIs remained as significant predictors of SCAF, 
and they remained significant after cross-validation. No further pre-
dictive power was gained by adding any of the other variables to the 
model. We, therefore, composed the PROACTIA score from these 
variables.
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Table 3 Demographics and clinical characteristics of study participants (n=236) divided by quartiles of PROACTIA 
score

PROACTIA score quartiles

Quartile 1 n=59 Quartile 2 n=59 Quartile 3 n=59 Quartile 4 n=59 P-value

SCAF detected, n (%) 6 (10) 12 (20%) 22 (37%) 44 (75%) ,0.001

SCAF burden, ,6 min, n (%) 4 (7) 3 (5) 0 10 (17) ,0.001

SCAF burden, 6 min–6 h, n (%) 0 4 (7) 8 (13) 13 (22) ,0.001

SCAF burden, .6 h, n (%) 2 (3) 5 (8) 14 (24) 21 (36) ,0.001

Index stroke, n (%) 39 (66%) 42 (72%) 48 (81%) 46 (78%)
0.230

Index TIA, n (%) 20 (34%) 17 (28%) 11 (19%) 13 (22%)

Age, years, mean (SD) 62.5 (11.9) 67.4 (13) 69.6 (11.4) 75.1 (10.3) ,0.001

Women (%) 24 (41%) 24 (41%) 23 (39%) 19 (32%) 0.748

CHA2DS2-VASc, median (IQR) 3 (3–5) 4 (3–6) 5 (3–5) 5 (4–6) ,0.001

BMI kg/m2, mean (SD) 28 (4) 28 (5) 27 (5) 27 (5) 0.838

Hypertension, n (%) 25 (42%) 38 (64%) 40 (68%) 47 (80%) ,0.001

Vascular disease, n (%) 9 (15%) 10 (17%) 8 (14%) 14 (24%) 0.484

Heart failure, n (%) 1 (2%) 0 (0%) 1 (1%) 6 (10%) 0.01

Diabetes mellitus, n, (%) 7 (12%) 6 (10%) 8 (14%) 9 (15%) 0.858

PE/Venous thrombosis, n (%) 1 (2%) 1 (2%) 1 (2%) 3 (5%) 0.562

Pdur, ms, mean (SD) 100.8 (14) 104.7 (14.1) 110.7 (15.8) 122.5 (22.4) ,0.001

P-morphology bimodal, n, (%) 14 (24%) 27 (46%) 36 (61%) 45 (76%) ,0.001

PAC/24ECG, median (IQR) 35 (11–70) 61 (29–195) 186 (62–864) 738 (204–3546) ,0.001

SVT/24ECG, median (IQR) 0 (0–1) 1 (0–3) 2 (1–7) 4 (1–19) ,0.001

D-dimer, mg/L, median (IQR) 0.3 (0.2–0.5) 0.3 (0.2–0.6) 0.3 (0.2–0.7) 0.7 (0.4–1) 0.047

Troponin-T, ng/L, median (IQR) 8 (6–14) 10 (6–16) 11 (8–17) 18 (12–34) ,0.001

NT-proBNP, ng/L, median (IQR) 61 (30–141) 93 (51–293) 152 (76–470) 361 (177–812) 0.036

LAVI, mL/m2 (SD) 29 (6) 35 (9) 38 (7) 48 (12) ,0.001

SCAF, subclinical atrial fibrillation; TIA, transient ischaemic attack; SD, standard deviation; IQR, interquartile range; 25th percentile and 75th percentile values; BMI, body mass index; 
HT, hypertension; CHF, congestive heart failure; DM, diabetes mellitus; DVT, deep venous embolism; PE, pulmonary embolism; Pdur, P-wave duration of 12-leads ECG; PAC, atrial 
premature beat; SVT, supraventricular tachycardia; LAVI, left atrial volume index.
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Several studies have evaluated scoring systems to predict AF, but 
most have relied on non-invasive methods for AF detection with a 
lower AF detection rate than provided by modern ICM technology,4

or were not restricted to a cryptogenic stroke/TIA population thus 
complicating comparison with our study. We have, therefore, fo-
cused on studies that have utilized ICM for SCAF detection in pa-
tients with cryptogenic stroke or TIA. The largest reported study 
was by Xu et al., who retrospectively reviewed 389 patients followed 
with an ICM implanted after cryptogenic stroke with a SCAF detec-
tion rate of 26%. They found age and left atrial enlargement to be in-
dependently predictive of SCAF detection, while CHA2DS2-VASc 
and co-morbidities such as hypertension, diabetes, obstructive sleep 
apnoea, and coronary artery disease were not. However, no Holter 
ECG data, ECG measures, or biomarkers were reported. A history 
of SVT/PAC was twice as frequent in patients with SCAF, but was 
not statistically significant in their study.16

However, concordant to our findings, other ICM-based studies 
that did report Holter ECG data found significant associations be-
tween frequency of PAC on 24 h Holter and SCAF detection.17,18

Furthermore, ECG indices of atrial myopathy such as P-wave dur-
ation18 and morphology,19 have also been found associated with 
SCAF detection by ICM.

The CHA2DS2-VASc score has been a cornerstone in the evalu-
ation of AF patients with respect to the risk of stroke and the need 
for OAC. However, the association between CHA2DS2-VASc score 
and SCAF detection is not well documented and was not found in the 
meta-analysis from Tsivgoulis et al.2

In a substudy of CRYSTAL AF Zhao et al.20 evaluated both 
CHADS2 and the clinically based HAVOC score with points for 
age (≥75), obesity, congestive heart failure, hypertension, coronary 
artery disease, peripheral vascular disease, and valve disease, and 
found higher SCAF prevalence with increasing CHADS2 and 
HAVOC score with the best prediction achieved by the HAVOC 

score. However, SCAF prevalence in their high-risk group was only 
3 times higher than in their low-risk group (33% vs. 11%) as com-
pared to 7.3 with the PROACTIA score. Furthermore, of the individ-
ual HAVOC score components—age was the only significant 
univariate predictor of SCAF. Concordantly, in PROACTIA, age 
alone was a more powerful predictor than CHA2DS2-VASc, but nei-
ther age nor CHA2DS2-VASc or any of the other clinical variables 
measured in PROACTIA remained significant as independent predic-
tors in our final multivariate model, nor did they add predictive 
power to our risk score when LAVIs or PAC/24 h were included 
in the analysis. Similarly, even though the biomarkers were increased 
in patients with subsequent SCAF detection, they did not improve 
the predictive power conferred by the ECG markers and LAVIs.

Limitations of the study
Even though PROACTIA is one of the largest ICM-based studies, the 
number of events were limited to 8.4 events for each pre-specified pre-
dictor. However, the final model contains only four predictors, which 
gives more than 20 events per predictor. The LOOCV was applied in 
the model selection process in order to counteract any risk of bias, 
which can indeed otherwise be a risk for datasets of limited size. The gi-
ven AUC performance was also calculated using LOOCV, which effect-
ively eliminates the ‘double use of data problem’ that arises when a 
model is estimated and evaluated on the same data set. However, the 
results should be confirmed in an independent validation cohort.

Atrial fibrillation is associated with multiple risk factors on the 
population level. On the individual level, not all risk factors may be 
present. However, those risk factors that are present may contribute 
synergistically in a dose-dependent manner.15,17 In the PROACTIA 
score the dose–response relationship of the risk factors is respected, 
as the score sum is calculated based on the exact values of the indi-
vidual parameters from each patient, instead of cut-offs. We, 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

1 Quartile 2 Quartile 3 Quartile 4 Quartile

SCAF Prevalence by PROACTIA score

AF> 6 h AF 6 min-6h AF< 6 min Non-AF

Figure 3 SCAF by Proactia score quartiles in the study population.

Prediction of occult atrial fibrillation                                                                                                                                                        1887

D
ow

nloaded from
 https://academ

ic.oup.com
/europace/article/24/12/1881/6640211 by guest on 15 M

ay 2024



therefore, believe this enables a more robust and precise individual 
risk prediction of SCAF. The mathematical expression composing 
the PROACTIA is complex. However, with the aid of an app-based 
risk calculator, clinicians will easily be able to estimate individual risk 
in their daily practice.

Clinical implications
The PROACTIA score enables the identification of cryptogenic 
stroke/TIA patients with low, intermediate and a high risk of subse-
quent SCAF detection. This may provide the basis for a prospective 
multi-centre study of tailored therapy in which low-risk patients re-
ceive neither prolonged rhythm monitoring nor OAC, 
intermediate-risk patients receive prolonged rhythm monitoring, 
preferably by ICM, and high-risk patients receive OAC and not anti-
platelet medication as the primary treatment.

Conclusions
The study results support the primary hypothesis that the 
PROACTIA score built on easily available baseline ECG, 24 h 
Holter, and echocardiographic left atrium parameters, can identify 
patients with cryptogenic stroke/TIA at risk of subsequent SCAF de-
tection. The prevalence of SCAF was 7.3 times higher in patients with 
the highest vs. the lowest quartile of PROACTIA score. The large dif-
ference in SCAF prevalence between groups may provide a basis for 
future tailored therapy in this large and resource-demanding patient 
population.
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Aims Left atrial (LA) strain is promising in prediction of clinical atrial fibrillation (AF) in stroke patients. However, prediction of 
subclinical AF is critical in patients with embolic strokes of undetermined source (ESUS). The aim of this prospective study 
was to investigate novel LA and left atrial appendage (LAA) strain markers in prediction of subclinical AF in ESUS patients.

Methods 
and results

A total of 185 patients with ESUS, mean age 68 ± 13years, 33% female, without diagnosed AF, were included. LAA and LA 
function by conventional echocardiographic parameters and reservoir strain (Sr), conduit strain (Scd), contraction strain 
(Sct), and mechanical dispersion (MD) of Sr were assessed with transoesophageal and transthoracic echocardiography. 
Subclinical AF was detected by insertable cardiac monitors during follow-up. LAA strain was impaired in 60 (32%) patients 
with subclinical AF compared to those with sinus rhythm: LAA-Sr, 19.2 ± 4.5% vs. 25.6 ± 6.5% (P < 0.001); LAA-Scd, 
−11.0 ± 3.1% vs. −14.4 ± 4.5% (P < 0.001); and LAA-Sct, −7.9 ± 4.0% vs. −11.2 ± 4% (P < 0.001), respectively, while 
LAA-MD was increased, 34 ± 24 ms vs. 26 ± 20 ms (P = 0.02). However, there was no significant difference in phasic LA 
strain or LA-MD. By ROC analyses, LAA-Sr was highly significant in prediction of subclinical AF and showed the best 
AUC of 0.80 (95% CI 0.73–0.87) with a sensitivity of 80% and a specificity of 73% (P < 0.001). LAA-Sr and LAA-MD 
were both independent and incremental markers of subclinical AF in ESUS patients.

Conclusion LAA function by strain and mechanical dispersion predicted subclinical AF in ESUS patients. These novel echocardiographic 
markers may improve risk stratification in ESUS patients.
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† These authors contributed equally to this paper.
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Graphical Abstract

Keywords Embolic stroke of undetermined source • Subclinical atrial fibrillation • Cardiac embolism • Atrial strain

Introduction
High rates of recurrent stroke and mortality in cryptogenic cerebrovascu-
lar events support the need of proper diagnostic work-up and risk strati-
fication in this large group of patients.1 Identifying the underlying causes is 
crucial to reduce stroke disability and mortality. The lack of consensus for 
cryptogenic stroke and transient ischemic attack (TIA) has prompted pro-
posal of a new concept: ‘embolic strokes of undetermined source’ 
(ESUS),2 frequently associated with atrial cardiomyopathy.3 ESUS makes 
up to one-third of all ischemic strokes/TIA.4 Most cases of ESUS are 
thromboembolic,2 and subclinical atrial fibrillation (AF) occurs in approxi-
mately one-third of these patients, detected by insertable cardiac monitors 
(ICMs).5,6 Consequently, ESUS patients may be at higher risk for recurrent 
stroke due to subclinical AF.3,4,7 Without anticoagulation, these patients 
have a yearly stroke recurrence rate of 3–6%.2 It is therefore of uppermost 
importance to develop new diagnostic tools to identify ESUS patients at 
high risk to develop AF and consecutive recurrent stroke.

Left atrial (LA) function by strain is promising to predict clinical AF in pa-
tients at risk and after cerebral ischemia;8,9 however, knowledge of this novel 
approach is more limited in prediction of subclinical AF. Thus, we aimed to 
investigate if LA and left atrial appendage (LAA) function by strain and mech-
anical dispersion may improve prediction of subclinical AF in ESUS patients. 
As thrombus formation mostly occurs in the LAA, our hypothesis was that 
LAA function by these novel markers may be superior to LA function to pre-
dict subclinical AF in ESUS patients at risk of thromboembolic events.

Methods
Study design and population
In this prospective study, consecutive ESUS patients from the PROACTIA 
study10 were referred to the Department of Cardiology, Akershus 

University Hospital, from 2016 to 2018. Patients above 18 years of age, hos-
pitalized for the first time with non-disabling stroke or acute ischemic 
stroke syndrome (TIA), were screened according to the TOAST criteria11

and ESUS criteria2 by two neurologists and a cardiologist. Eligible ESUS pa-
tients with complete transthoracic (TTE) and transoesophageal echocar-
diographic (TOE) examinations (Vivid E9 and E95, GE Vingmed, Horten, 
Norway) and written informed consent were included, without upper 
age limit.

This prospective study was conducted according to the Declaration of 
Helsinki and was approved by the Regional Ethics Committee with refer-
ence number 2014/1260.

Clinical examination and detection of 
subclinical AF
All study patients underwent clinical examination and recording of medical 
history (Table 1) and were screened with 12-lead resting ECG for clinical AF 
>30 s, according to ESC AF guidelines 202012 and excluded if clinical AF was 
detected.

Furthermore, all patients were also screened for paroxysmal AF prior to 
inclusion by 24 h Holter ECG by OxyHolter® Recorder (Maynard, MA, 
USA). Only patients without detected paroxysmal AF were included, and 
ICMs (Reveal LINQ; Medtronic Inc., Minneapolis, MN, USA) were im-
planted to detect subclinical AF, defined as episodes of irregular heart 
rhythm with variable RR interval and without detectable P waves, lasting 
more than 30 s,12 adjudicated by two cardiologists (LSS, HK). Home mon-
itoring analyses were performed once weekly during the follow-up.

CT and MRI
All study patients underwent neurovascular imaging by CT, MRI, or both to 
verify ESUS according to the TOAST and ESUS criteria,3,11 as described 
previously.10
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Acquisition of transthoracic and 
transoesophageal echocardiography
All study patients underwent comprehensive transthoracic and transoe-
sophageal echocardiographic examination after index ESUS [median 4 
days (IQR 3–6 days)]. Data were digitally stored for off-line analysis 
(EchoPAC® software version 203, GE Healthcare). Echocardiographic 
analyses were performed blinded to clinical data by three operators 
(JS, EBO, LSS). We performed standard TTE and TOE echocardiography 
according to current recommendations.13,14 Focused 2D TOE mono-
plane and multiplane and 3D LAA views with a narrow image sector 
to increase frame rate (40–60 frames/s) were achieved at mid- 
oesophageal TOE views with imaging axis at 0–135 degrees of three 
consecutive, regular beats. Under 3D imaging guidance, the largest di-
mension of the LAA (depth and diameter) was acquired by 2D TOE, 
preferably at imaging axis planes of 45, 90, and 135 degrees.14

Evaluation of LAA structure and function by conventional imaging para-
meters was performed (Figure 1).

Left atrial speckle tracking strain 
echocardiography
Triphasic LA strain by LA reservoir strain (LA-Sr), LA conduit strain 
(LA-Scd), and LA contraction strain (LA-Sct) was assessed by LA-focused 
four-chamber view, according to EAVCI recommendations.15 The resulting 
LA strain curves provided two peaks consistent with LA-Sr and LA-Sct, and 
the difference between these was LA-Scd. LA-Sr was defined as LA strain to 
assess LA mechanical dispersion: peak-positive LA-Sr values from all avail-
able LA segments were averaged as global LA-Sr strain. Time to peak 
LA-Sr strain was defined as the time from onset of R on ECG to peak- 
positive LA-Sr strain. LA mechanical dispersion was defined as the standard 
deviation of time to peak global LA-Sr strain.

Left atrial appendage speckle tracking strain 
echocardiography
A comprehensive TOE evaluation of LAA function by speckle tracking strain 
analysis was performed. Specific software for evaluating LAA strain by 
speckle tracking is not yet available; therefore, we analysed LAA strain by 
EchoPAC® software, developed for the LV four-chamber view. All four 
LAA types, except cauliflower, have a dominant lobe.16 Thus, we have per-
formed our measurements on the main lobe by standardized acquisition of 
the whole length of the main LAA lobe in the long-axis view. A six-segment 
LAA strain model was established (Figure 1) by standardized acquisition of 
the whole length of the LAA (long-axis view), taking into account the mor-
phologic variability of the LAA.14

Similar to LA strain analysis, the onset of the QRS complex was used as a 
reference point (Figure 2A). Endocardial LAA border was traced manually by 
a point-and-click technique. The region of interest was adjusted with a de-
fault width of 3 mm, given the thin wall of the LAA, and the imaging software 
automatically identified the six LAA segments. Segmental and global LAA 
strain curves were then generated. All strain analyses were performed off- 
line from digitally stored cine-loops with manual adjustment of region of 
interest whenever necessary to optimize speckle tracking. The resulting 
LAA strain curves provided, similar to LA strain, triphasic LAA strain curves 
and were characterized with three measurements: two peaks consistent 
with LAA reservoir strain (LAA-Sr) and LAA contraction strain 
(LAA-Sct). The difference between these was defined as LAA conduction 
strain (LAA-Scd). LAA strain analyses by peak-positive LAA-Sr strain, 
peak-negative LAA-Scd, peak-negative LAA-Sct strain, and LAA mechanical 
dispersion were generated, measured, and reported.

Strain curves from all six LAA segments were averaged as global LAA-Sr 
strain (Figure 2B). LAA mechanical dispersion was defined as the standard 
deviation of time from mitral valve opening/R on ECG to peak-positive lon-
gitudinal LAA-Sr from all available LAA segments (Figure 2C).

Only LAA strain curves with > 75% positive concordance were included, 
according to the GE imaging software strain algorithm and to overcome 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Clinical characteristics in 185 study patients 
with embolic strokes of undetermined source (ESUS)

Clinical parameter

Age at diagnosis (years) 68 ± 13

Female gender (n/%) 61/33

Body mass index (kg/m2) 27.7 ± 4.3
Heart rate (bpm) 65 ± 11

Cryptogenic stroke (n/%) 133/72

Cryptogenic TIA/(n/%) 52/28
CHA2DS2-VASc score (n) 4.2 ± 1.5

Hypertension (n/%) 113/61

Heart failure (n/%) 7/4
Diabetes mellitus (n/%) 11/22

Smoking, including previous (n/%) 75/41

Current smoking (n/%) 20/11
Recurrent stroke/TIA (n/%) 14/8

Death (n/%) 3/2

Subclinical AF (n/%) 60/32

TIA, transient ischemic attack; AF, atrial fibrillation.

Figure 1 Examples of LAA six-segment strain model and LAA multiplane and 3D imaging. LA, left atrium; LAA, left atrial appendage; LV, left ventricle; 
LUPV, left upper pulmonic vein.
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LAA strain measurement failure caused by LV myocardial deformation pat-
tern close to LAA, as shown in Figure 2A–C.

Statistical analysis
Data were presented as mean ± SD or median with IQR, as appropriate. 
Differences between groups were assessed by Chi-square test and Fisher’s 
exact test for categorical variables and unpaired Student’s t-test, the analysis 
of variance (ANOVA), or Kruskal–Wallis test for continuous variables, as ap-
propriate (SPSS 26.0 Inc., Chicago, Illinois). We performed univariable logistic 
regression to access predictors of subclinical AF. Multivariable logistic models 
with significant covariates from univariable analyses were performed to as-
sess the primary endpoint. C-statistics were calculated by receiver operating 
characteristic (ROC) curves to assess the parameters’ ability to predict sub-
clinical AF. Two-sided P-values < 0.05 were considered significant.

The incremental value of LAA strain and mechanical dispersion for predic-
tion of subclinical AF was assessed in modelling steps using nested logistic re-
gression models. Covariate selection for model entry was based on significant 
results from univariable logistic regression. The change in overall log-likelihood 

ratio Chi-square was used to estimate the incremental value after the addition 
of significant parameters from univariable logistic regression.

Inter- and intraobserver variability was expressed by intraclass correl-
ation coefficients. Two-sided P-values < 0.05 were considered statistically 
significant.

Results
Baseline clinical characteristics and 
conventional echocardiography
Of 236 ESUS patients in the main study, 185 who were eligible for ana-
lysis (mean age 68 ± 13years, 33% female) with complete TTE and TOE 
examinations were included in the present study, with a median follow- 
up of 849 days (IQR 663–1045 days). Clinical characteristics of the 185 
study patients are shown in Table 1, while left atrial strain, left atrial ap-
pendage strain, and mechanical dispersion are outlined in Table 2.

Figure 2 (A–C ) LAA strain imaging, different image examples from one cardiac cycle. (A) LAA triphasic strain curve, vertical white arrows indicate the 
amplitudes of LAA-Sr, LAA-Scd, and LAA-Sct. (B) LAA-positive triphasic strain curves, vertical white arrow indicates peak global LAA-Sr strain. (C ) LAA 
mechanical dispersion, horizontal white arrows indicate time to peak LAA-Sr strain. The standard deviation of time to peak LAA-Sr ewas dfined as LAA 
mechanical dispersion, reflecting contraction inhomogeneity. LAA, left atrial appendage; LAA-Sr, left atrial appendage reservoir strain; LAA-Scd, left 
atrial appendage conduit strain; LAA-Sct, left atrial appendage contraction strain. (D) LAA strain imaging of three different, independent cardiac cycles 
recorded in the same patient but briefly after each other.
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One hundred thirty-three (71.9%) of all patients experienced stroke 
and 52 (28.1%) TIA. No significant differences were found in frequency 
of subclinical AF or in LA and LAA function by strain and mechanical 
dispersion in patients with stroke compared to TIA (all ns). 
Moreover, there were no differences in frequency of subclinical AF 
or in LA and LAA function by strain and mechanical dispersion in pa-
tients with thrombolysis (n = 24, 13%) compared to those without. 
Recurrent stroke or TIA occurred in 14 (7.6%) during follow-up (me-
dian 396 days, IQR 152–649 days), and three patients (2%) died.

Of the 185 included patients, 60 (32.4%) developed subclinical AF 
after median 149 days (IQR 33–379 days), detected by ICM during 
follow-up. Patients with subclinical AF were older and had more hyper-
tension and increased NT pro-BNP and CHA2DS2-VASc score by 
quartiles compared to patients with sinus rhythm (Table 3). All para-
meters which predicted subclinical AF in univariable analysis are shown 
in Table 4. Systolic blood pressure was significantly higher in patients 
with subclinical AF (146 ± 19 vs. 139 ± 20 mmHg, P = 0.034), but dia-
stolic blood pressure did not differ significantly (78 ± 19 vs. 77 ± 11, 
P = 0.5). However, in multivariable analysis, adjusted for blood pres-
sure, LAA-Sr remained significantly reduced in patients with subclinical 
AF (Table 5). Other clinical characteristics are shown in Table 3. 
Cumulative subclinical AF burden was < 6 min in 12 (20%),  > 6 min 
and < 6 h in 20 (33%), and > 6 h in 28 (47%) of study patients.

Transthoracic LA strain and 
transoesophageal LAA strain by speckle 
tracking
One hundred fifty-two (82%) and 180 (97%) of the study patients were 
eligible for LA and LAA strain analysis, respectively (Tables 2 and 3). 
Mean numbers of analysed LA strain and LAA strain segments were 
4.4 ± 0.7 and 4.4 ± 0.5, respectively. Transthoracic and transoesopha-
geal echocardiographic results from 60 patients with subclinical AF 
vs. 125 patients in sinus rhythm are described in Table 3.

LAA function by triphasic LAA strain was reduced, and LAA mech-
anical dispersion was increased in patients with subclinical AF compared 

to those with sinus rhythm (Table 3). However, LA function by triphasic 
strains and mechanical dispersion were not different in these two pa-
tient groups (Table 3). Furthermore, LA strain was impaired in ESUS pa-
tients compared to established normal and age-adjusted LA strain 
values17 (Table 2). LAA triphasic strain showed a strong bivariable cor-
relation between LAA-Sr and LAA-Scd (R = 0.80, P < 0.001) and 
LAA-Sr and LAA-Sct (R = 0.77, P < 0.001). Hence, we defined LAA 
function by LAA-Sr. By ROC analyses, LAA triphasic strain, LAA mech-
anical dispersion, and left atrial volume index (LAVI) were significant in 
prediction of subclinical AF detected during follow-up by ICM (Figure 3).

LAA-Sr showed the best AUC of 0.80 (95% CI 0.73–0.87) with a cut- 
off value of 22.2%, sensitivity of 80%, and specificity of 73% (P < 0.001), 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Left atrial and left atrial appendage strain and 
mechanical dispersion in 185 study patients with ESUS

Echocardiographic characteristics

Echocardiography in SR (n/%) 185/100
LAA strain echocardiography (n/%) 180/97

Mean LAA segments analysed (n) 4.7 ± 0.9

LA strain echocardiography (n/%) 152/82
Mean LA segments analysed (n) 4.4 ± 0.7

LAA-Sr (%) 23.5 ± 6.6

LAA-Scd (%) −13.3 ± 4.4
LAA-Sct (%) −10.1 ± 4.3

LAA-MD (ms) 29 ± 21

LA-Sr (%) 27.5 ± 7.2
LA-Scd (%) −12.0 ± 5.8

LA-Sct (%) −15.6 ± 5.0

LA-MD (ms) 47 ± 27

LAA, left atrial appendage; LA, left atrium; LAA-Sr, left atrial appendage reservoir strain; 
LAA-Scd, left atrial appendage conduit strain; LAA-Sct, left atrial appendage contraction 
strain; LAA-MD, left atrial appendage mechanical dispersion; LA-Sr, left atrial reservoir 
strain; LA-Scd, left atrial conduit strain; LA-Sct, left atrial contraction strain; LA-MD, left 
atrial mechanical dispersion.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Clinical and echocardiographic characteristics 
in 185 study patients with embolic strokes of 
undetermined source (ESUS), sinus rhythm vs. 
subclinical AF

Parameter SR (n 125) Subclinical AF 
(n 60)

P-value

Age at diagnosis (years) 67 ± 14 71 ± 11 0.02

Female gender (n/%) 42/34 18/30 0.55
Body mass index (kg/m2) 27.3 ± 4.2 28.6 ± 4.5 0.06

Heart rate (beats/minute) 65 ± 11 65 ± 10 0.70

CHA2DS2-VASc 
score (n)

4.1 ± 1.5 4.5 ± 1.4 0.05

CHA2DS2-Vasc score by 

quartiles (n)

2.1 ± 1.2 2.5 ± 1.1 <0.05

Hypertension (n/%) 16/27 44/73 0.02

Systolic BP (mmHg) 139 ± 20 146 ± 19 0.03

Diastolic BP (mmHg) 77 ± 11 78 ± 19 0.54
Diabetes mellitus (n/%) 14/11 8/13 0.68

NT-pro-BNP (ng/L) 280 ± 577 719 ± 1811 0.02

LAVI (mL/m2) 35 ± 9 42 ± 11 <0.001
LV end-diastolic diameter 

(mm)

52 ± 7 55 ± 7 0.02

LV mass index (g/m2) 94 ± 28 103 ± 26 0.03
LVEF (%) 63 ± 8 63 ± 8 0.97

LAA emptying velocity 

(cm/s)

81 ± 22 80 ± 23 0.71

LAA neck diameter (mm) 14.7 ± 3.2 16.2 ± 3.6 <0.01

LAA EDV 2D (ml) 4.0 ± 2.0 4.8 ± 2.2 0.02

LAA ESV 2D (ml) 1.1 ± 0.6 1.4 ± 0.8 <0.01
LAA-Sr (%) 25.6 ± 6.5 19.2 ± 4.5 <0.001

LAA-Scd (%) −14.4 ± 4.5 −11.0 ± 3.1 <0.001

LAA-Sct (%) −11.2 ± 4.1 −7.9 ± 4.0 <0.001
LAA-MD (ms) 26 ± 20 34 ± 24 0.02

LA-Sr (%) 27.4 ± 7.1 28.0 ± 8.3 0.50

LA-Scd (%) −11.9 ± 6.2 −12.2 ± 4.8 0.37
LA-Sct (%) −16.1 ± 5.6 −15.3 ± 5.3 0.60

LA-MD (ms) 46 ± 26 51 ± 27 0.26

BP, blood pressure; ESV, end-systolic volume; EDV, end-diastolic volume; LAVI, left 
atrial volume index; LVEF, left ventricle ejection fraction; LAA, left atrial appendage; 
LAA-Sr, left atrial appendage reservoir strain; LAA-Scd, left atrial appendage conduit 
strain; LAA-Sct, left atrial appendage contraction strain; LAA-MD, left atrial 
appendage mechanical dispersion; LA, left atrium; LA-Sr, left atrial reservoir strain; 
LA-Scd, left atrial conduit strain; LA-Sct, left atrial contraction strain; LA-MD, left 
atrial mechanical dispersion.

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjopen/article/3/3/oead039/7135703 by guest on 15 M

ay 2024



6                                                                                                                                                                                               J. Saberniak et al.

while LAA mechanical dispersion showed an AUC of 0.60 (95% CI 
0.50–0.69) with a cut-off value of 20 ms, sensitivity of 66%, and speci-
ficity of 50% (P = 0.04) (Figure 4). Importantly, by logistic multivariable 
regression analysis, LAA-Sr strain, LAA mechanical dispersion, and LAVI 
were independent markers of subclinical AF, while LAA-Scd, LAA-Sct, 
LA-Sr, and LA-MD were not (Table 6A and B).

Finally, by incremental Chi-square statistics, LAA-Sr strain and mech-
anical dispersion significantly improved prediction of subclinical AF 
when added to the conventional independent parameters 
CHA2DS2-VASc quartiles and LAVI, P < 0.0001 and P < 0.001, re-
spectively (Figure 4).

Reproducibility
Intra- and interobserver intraclass correlation for the same recorded 
cardiac cycle in 10 random patients for LAA-Sr, LAA-Scd, LAA-Sct 
strain, and LAA-MD was 0.99 (95% CI 0.97–0.99) and 0.91 (95% CI 
0.63–0.98), 0.97 (95% CI 0.88–0.99) and 0.92 (95% CI 0.66–0.98), 
0.97 (95% CI 0.88–0.99) and 0.93 (95% CI 0.71–0.98), and 0.95 
(95% CI 0.81–0.99) and 0.87 (95% CI 0.49–0.97), all respectively. 
Moreover, we performed reproducibility measurements by repeated 
semi-automated 2D strain measurements of different, independent 
cardiac cycles. These analyses confirm lower reproducibility of strain 
imaging in different, independent cardiac cycles recorded in the same 
patient but briefly after each other (Figure 2D). Intra- and interobser-
ver intraclass correlation of different, independent recorded cardiac 
cycles for LAA-Sr, LAA-Scd, LAA-Sct strain, and LAA-MD was 0.89 
and 0.90, 0.66 and 0.77, 0.99 and 0.97, and 0.65 and 0.69, all 
respectively.

Discussion
This prospective study for the first time presents a new approach to 
predict subclinical AF by LAA function by novel echocardiographic 
parameters in ESUS patients at risk. LAA function by strain and mech-
anical dispersion showed the ability to predict subclinical AF in ESUS pa-
tients, while LA strain and mechanical dispersion did not. Furthermore, 
LAA strain and mechanical dispersion predicted subclinical AF inde-
pendently from CHA2DS2-VASc score quartiles, a surrogate of co-
morbidity, and conventional LAVI and added independent and 
incremental value to conventional clinical and echocardiographic para-
meters to improve diagnostic work-up, risk stratification, and outcome 
in ESUS patients.

Clinical characteristics, prediction of 
subclinical AF, conventional 
echocardiography, and outcome
At baseline, patients had moderate to high increased CHA2DS2-VASc 
score of > 4, which is strongly associated with AF and stroke risk.18 Our 
results were compliant with the study by Bahit et al. and indicate that 
disease burden increases the risk of subclinical AF.19 Thirty-two per-
cent (n = 60) of all study patients developed subclinical AF in accord-
ance with the CRYSTAL AF study.5 Burden of subclinical AF > 6 min 
occurred in > 80% of all study patients with subclinical AF, which has 
shown to be associated with increased risk of recurrent stroke.18

Eight percent (n = 14) of our ESUS patients developed recurrent stroke 
and TIA, which is in accordance with Bahit et al.19

AF burden in general is supposed to predict risk of adverse outcome, 
including stroke, recurrent stroke, and death. In patients with inter-
mediate CHA2DS2-VASc scores of 3–4 and > 6 min of subclinical AF 
detected by ICM, stroke risk may shift above the threshold for recom-
mended anticoagulation.18 The interaction between subclinical AF 
duration and patients’ clinical characteristics, evaluated by 
CHA2DS2-VASc score, can further risk-stratify this patient group 
and may be useful in guiding anticoagulation therapy.12 Furthermore, 
conventional LA volume index (LAVI) is an established marker of clinical 
AF and was slightly increased in patients with subclinical AF compared 
to patients with sinus rhythm (Table 3). However, when added to LAVI, 
both LAA strain and LAA mechanical dispersion were independent and 
incremental markers in prediction of subclinical AF.

LA and LAA strain by speckle tracking 
imaging
In the present study, we demonstrated the impact of LAA function by 
strain and mechanical dispersion in risk stratification of ESUS patients. 
LAA function by strain was decreased, and LAA mechanical dispersion 
was increased in patients with subclinical AF compared to patients with 
sinus rhythm (Table 3). The present study extended the impact of strain 
and mechanical dispersion to LAA function in prediction of subclinical 
AF in ESUS patients.8,9 By ROC analyses, LAA strain and mechanical dis-
persion predicted subclinical AF (Figure 3). Furthermore, by logistic re-
gression, LAA strain and mechanical dispersion were markers of 
subclinical AF (Table 6A and B), independent of age, LAVI, body mass 
index, and CHA2DS2-VASc quartiles. Finally, by incremental 
Chi-square statistics, LAA strain and mechanical dispersion significantly 
improved prediction of subclinical AF, when added to independent 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4 Univariable analyses to predict subclinical AF 
in 185 ESUS patients

Risk factors for subclinical AF OR 95% CI P-value

Age 1.03 1.00–1.06 0.03
Hypertension 2.23 1.14–4.37 0.02

CHA2DS2-VASc by quartiles 1.32 1.00–1.73 0.048

LAVI (mL/m2) 1.07 1.04–1.11 <0.001
LAA-Sr (%, positive values) 0.80 0.74–0.87 <0.001

LAA-Scd (%, negative values) 1.29 1.16–1.43 <0.001

LAA-Sct (%, negative values) 1.24 1.13–1.37 <0.001
LAA-MD (ms) 1.02 1.00–1.03 0.03

LAVI, left atrial volume index; LAA-Sr, left atrial appendage reservoir strain; LAA-Scd, 
left atrial appendage conduit strain; LAA-Sct, left atrial appendage contraction strain; 
LAA-MD, left atrial appendage mechanical dispersion.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 5 Multivariable analysis of parameters to predict 
subclinical AF in 185 study patients with embolic strokes 
of undetermined source (ESUS), adjusted for blood 
pressure

Parameter Odds ratio 95% CI P-value

Age at diagnosis (years) 1.02 0.97–1.06 0.49
Female gender (1/0) 1.06 0.44–2.59 0.89

Systolic BP (mmHg) 1.00 0.97–1.03 0.96

Diastolic BP (mmHg) 1.01 0.96–1.06 0.81
LA-Sr (%) 1.03 0.98–1.09 0.26

LAA-Sr (%) 0.79 0.71–0.87 <0.001

BP, blood pressure; LA-Sr, left atrial reservoir strain; LAA-Sr, left atrial appendage 
reservoir strain.
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Figure 3 By ROC analyses, LAA-Sr showed the best ability to predict subclinical AF. LAA-Sr, left atrial appendage reservoir strain; LAA-Scd, left atrial 
appendage conduit strain; LAA-Sct, left atrial appendage contraction strain; LAA-MD, left atrial appendage mechanical dispersion; LAVI, left atrial vol-
ume index; AF, atrial fibrillation.

Figure 4 Independent and incremental predictive value of left atrial appendage strain and mechanical dispersion. The initial model with 
CHA2DS2-VASc quartiles was significantly improved by the addition of LAVI and further improved by adding LAA strain and LAA mechanical disper-
sion to predict subclinical AF in ESUS patients. AF, atrial fibrillation; ESUS, embolic strokes of undetermined source; LAA, left atrial appendage; LAA-Sr, 
left atrial appendage reservoir strain; LAA-MD, left atrial appendage mechanical dispersion; LAVI, left atrial volume index.
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conventional echocardiographic (LAVI) and clinical parameters 
(CHA2DS2-VASc quartiles) (Figure 4).

LA function by strain and mechanical dispersion have shown to pre-
dict clinical AF in patients at risk in several studies.8,20,21 However, in 
the present study, LAA function by strain and mechanical dispersion 
independently predicted subclinical AF in ESUS patients, while LA 
function by strain and mechanical dispersion did not, which may 
seem to be different from previous studies.8,9 In the present study, 
however, only strictly subclinical AF was detected by continuous 
rhythm monitoring by approximately 28 months of follow-up by 
ICM, similar to the CRYSTAL AF trial5 and according to ESC AF guide-
lines 2020.12 Previous studies predicting clinical AF have been 

performed in patient populations using standard 12-channel ECG or 
intermittent rhythm monitoring.8,20,21 In the studies by Pathan 
et al. and Kawakami et al. with an older patient population with 
cryptogenic stroke and clinical AF, both studies detected only 11% 
AF under follow-up of 60 and 36 months, respectively.8,9 The present 
prospective study presents younger ESUS patients with 30% subclin-
ical AF and reflects a phenotypically different study population with 
lower disease burden compared to stroke patients with clinical AF.6

Importantly, Sade and coworkers recently demonstrated impaired 
LA strain in ESUS patients compared to normal age-adjusted LA strain 
values, which is consistent with our results.21 Hence, detection of sub-
tle changes in LAA function by strain and mechanical dispersion may 
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Table 6 Multivariable analysis of parameters to predict subclinical AF in 185 study patients with embolic strokes of 
undetermined source (ESUS)

A
Parameter, multivariable analysis model 1 Odds ratio 95% CI P-value

LAA mechanical dispersion (ms) 1.02 1.00–1.04 0.02

Age at diagnosis (years) 1.02 0.98–1.06 0.25

LAVI (mL/m2) 1.07 1.03–1.11 <0.001
CHA2DS2-VASc quartiles 1.02 0.68–1.54 0.92

Parameter, multivariable analysis model 2 Odds ratio 95% CI P-value

LAA-Sr 0.84 0.75–0.93 0.001
Age at diagnosis (years) 1.01 0.97–1.06 0.64

LAA-Scd (%) 1.06 0.91–1.23 0.50

LAVI (mL/m2) 1.05 1.01–1.09 0.008
CHA2DS2-VASc quartiles 0.89 0.56–1.42 0.64

Parameter, multivariable analysis model 3 Odds ratio 95% CI P-value

LAA-Sr 0.83 0.75–0.92 <0.001

Age at diagnosis (years) 1.00 0.98–1.04 0.68
LAA-Sct (%) 0.97 0.86–1.10 0.68

LAVI (mL/m2) 1.05 1.01–1.09 < 0.01

B
Parameter, multivariable analysis model 1 Odds ratio 95% CI P-value

Age at diagnosis (years) 1.01 0.96–1.07 0.65

Female gender (1/0) 0.83 0.30–2.32 0.72
CHA2DS2-VASc score by quartiles (n) 1.11 0.62–1.98 0.72

BMI (n) 1.13 1.02–1.25 0.02

LA-Sr (%) 1.05 0.99–1.11 0.14
LAA-Sr (%) 0.78 0.71–0.87 <0.001

Parameter, multivariable analysis model 2 Odds ratio 95% CI P-value

Age at diagnosis (years) 1.04 0.99–1.09 0.13
Female gender (1/0) 0.63 0.24–1.62 0.34

CHA2DS2-VASc score by quartiles (n) 1.34 0.80–2.25 0.27

BMI (n) 1.11 1.01–1.22 0.03
LA-Sr (%) 1.05 0.99–1.11 0.11

LAA-MD (ms) 1.02 1.00–1.04 0.04

LAA, left atrial appendage; LV, left ventricle; LAVI, left atrial volume index; LAA-Sr, left atrial appendage reservoir strain; LAA-Scd, left atrial appendage conduit strain; LAA-Sct, left atrial 
appendage contraction strain; BMI, body mass index; LA-Sr, left atrial reservoir strain; LA-MD, left atrial mechanical dispersion; LAA-Sr, left atrial appendage reservoir strain; LAA-MD, left 
atrial appendage mechanical dispersion.
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be more sensitive in prediction of subclinical AF compared to LA 
strain in ESUS patients. However, additional studies are required to 
confirm our results.

Both LA and LAA function by strain and mechanical dispersion may 
constitute a surrogate of the new concept of atrial cardiomyopathy, de-
fined as a complex of structural, functional, or electrophysiological 
changes, affecting the atria with the potential to produce clinically rele-
vant manifestations.22 Atrial cardiomyopathy has shown to be closely 
associated with ischemic stroke related to thromboembolism, AF, 
and atrial remodelling and may constitute one of the main mechanisms 
in ESUS.3,6,23

TOE is recommended in ESUS/stroke patients3 with the opportun-
ity to study LAA structure and function by novel risk markers and to 
evaluate early development of atrial cardiomyopathy as a marker of 
increased thromboembolic risk. We suggest TOE without any upper 
age limit as a routine examination in ESUS patients at risk. Further 
studies with regard to anticoagulant medication in ESUS patients 
with subclinical AF are needed to evaluate future treatment 
strategies.

Limitations
There are several limitations in this study. First, only ESUS patients were 
included without an age-adjusted control group to compare the LA 
strain and mechanical dispersion results. However, established normal 
LA strain values are available.17 Second, normal LAA strain and mechan-
ical dispersion values are not reported in the literature yet, and we could 
only present values in ESUS patients. Third, images of the LA were not 
always optimized; however, strain measurement was feasible in 82% of 
all patients. Fourth, variability in strain and mechanical dispersion 
measurements is vendor dependent, only few dedicated atrial strain 
software packages are available, and there is no specific software 
for evaluating LAA strain. Finally, LAA strain may be variable because 
of different LAA morphologies. Therefore, our study results need valid-
ation in further studies using different echocardiographic software 
packages.

Conclusions
Left atrial appendage function by strain and mechanical dispersion pre-
dict independently subclinical AF in ESUS patients and is superior and 
incremental to clinical and established echocardiographic risk para-
meters, including left atrial function by strain and mechanical dispersion. 
These novel echocardiographic markers, assessed by transoesophageal 
echocardiography, may be useful in ESUS patients at risk.
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