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ABSTRACT
Introduction Despite workup for the aetiology of 
ischaemic stroke, about 25% of cases remain unexplained. 
Paroxysmal atrial fibrillation is typically suspected but 
often not detected. Even if atrial fibrillation (AF) is detected, 
the quantitative threshold of clinically relevant AF remains 
unclear. Emerging evidence suggests that left atrial (LA) 
functional and structural abnormalities may convey a risk 
of ischaemic stroke in which AF is only one of several 
features. These abnormalities have been termed ‘atrial 
cardiomyopathy’. This study uses cardiac magnetic 
resonance (CMR) to evaluate atrial cardiomyopathy among 
patients with stroke of undetermined aetiology compared 
with those with an attributable mechanism and controls 
without established cardiovascular disease.
Methods and analysis This cross- sectional and 
prospective cohort study included 100 patients with recent 
ischaemic stroke and 50 controls with no established 
cardiovascular disease. The study will assess LA structural 
and functional abnormalities with CMR. Inclusion began in 
March 2019, and follow- up is planned to be complete in 
January 2023. There are two scheduled follow- ups: (1) 18 
months after individual inclusion, counting from the index 
diagnostic MRI of the brain, (2) end of study follow- up at 
18 months after inclusion of the last patient, assessing 
the incidence of recurrent ischaemic stroke, AF and 
cardiovascular death. The primary endpoint is the extent 
of CMR- assessed atrial fibrosis in the LA at baseline. The 
study is powered to detect a difference of 6% fibrosis 
between stroke of undetermined aetiology and stroke of 
known mechanism with a SD of 9%, a significance level of 
0.05, and power of 80%.
Ethics and dissemination This study has been approved 
by the Danish National Committee on Health Research 
Ethics (H- 18055313). All participants in the study signed 
informed consent. Results from the study will be published 
in peer- reviewed journals regardless of the outcome.
Trial registration number NCT03830983.

INTRODUCTION
Stroke is the second leading cause of death and 
a leading cause of disability worldwide.1 Iden-
tifying the underlying cause of an ischaemic 

stroke allows for secondary prevention aimed 
at the specific underlying pathology. Yet, 
about 20%–30% of cases remain without a 
specifically identified cause.2–4 Paroxysmal 
atrial fibrillation (PAF) is often suspected in 
these cases. However, fewer than one- third 
of patients with cryptogenic stroke develop 
manifest atrial fibrillation (AF) in any form 
after 3 years of continuous heart rhythm 
recording.5 Furthermore, in patients with 
PAF and pacemaker, only 15% had runs of AF 
within the month before an incident stroke.6 
Thus, the link between AF and ischaemic 
stroke is not straightforward.

Left atrial (LA) pathology associated with 
AF includes fibrosis, dilatation and reduced 
atrial emptying fractions that lead to abnor-
malities in structure and flow. In combina-
tion with vascular risk factors, these factors 
may plausibly promote thrombus forma-
tion.7 However, abnormalities of the LA that 
correlate with ischaemic stroke risk are not 
confined to AF.8–15 We have shown that exces-
sive atrial ectopy is associated with stroke 
independently of incident AF.14 A study inves-
tigating the association of ischaemic stroke 
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cardiomyopathy in patients with stroke of undeter-
mined aetiology, patients with known stroke mech-
anism and healthy matched controls.

 ⇒ Uses advanced cardiac MRI with late gadolinium 
enhancement to quantify atrial fibrosis.

 ⇒ Sample size calculation with consecutively included 
ischaemic stroke patients powered to assess base-
line difference of ischaemic stroke groups.
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follow- up outcomes.
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and LA volume (LAV) and function by cardiac magnetic 
resonance (CMR) from the multiethnic study of athero-
sclerosis population showed decreasing LA function was 
associated with stroke after adjusting for interim AF. 
Similar findings have been summarised in metanalyses 
and systematic reviews.16–18 These findings indicate that 
disease of the left atrium in an interaction or beyond 
AF may explain some strokes currently perceived as 
unexplained. LA pathologies including atrial fibrosis, 
atrial enlargement, reduced LA emptying fraction 
(LAEF) and excessive atrial ectopy have been suggested 
collected under the term ‘Atrial cardiomyopathy’.19–23 
This entity can coexist with AF or be a possible precursor. 
According to this theory, atrial cardiomyopathy can be a 
primary disease or a consequence of long- term strain on 
the atrium, as in hypertension, AF or valvular diseases. 
Atrial fibrosis is considered as a hallmark feature of atrial 
cardiomyopathy. While imaging fibrotic and infarcted 
tissue in the ventricles with late gadolinium enhance-
ment (LGE) CMR is a standard method, the imaging 
technique to reveal and quantify LA fibrosis is relatively 
new. The method was developed in the USA,24 has been 
described in the literature25–27 and is increasingly utilised 
in different areas of cardiac research. To support the 
reliability of this method, areas of LA fibrosis shown by 
CMR correlate with the arrhythmogenic substrate.28 The 
extent of LA fibrosis is also a determinant for the success 
of rhythm control in AF.29

If atrial cardiomyopathy could be specified, it may 
be easier to identify patients who are prone to embolic 
episodes and in whom anticoagulant therapy might be 
beneficial, even in the absence of detected AF. Patients 
with acute ischaemic stroke comprise a suitable group to 
investigate as the aetiology of many ischaemic strokes is 
still unclear, and the risk of recurrent stroke is high.

Objectives
The primary objective is to compare structural abnormal-
ities, defined as CMR- detected LA LGE as a surrogate of 
LA fibrosis, in patients with ischaemic stroke of undeter-
mined aetiology, patients with known stroke mechanisms 
and healthy controls. The co- primary objective is to assess 
functional abnormalities defined as LAEF in the same 
groups.

We hypothesised that patients with ischaemic stroke 
of undetermined aetiology have significantly more LA 
fibrosis and a worse LAEF than patients with known 
stroke mechanisms and healthy controls.

METHODS AND ANALYSIS
Sample selection
The COAST study is a single- centre study that included 
patients admitted with acute ischaemic stroke at Bispeb-
jerg University Hospital. Bispebjerg Hospital is a tertiary 
stroke care facility that serves a population of approx-
imately 1 800 000 citizens. The standard workup in 
patients with stroke in this centre includes a clinical 

evaluation with National Institute of Health Stroke Scale 
score, neuroimaging with CT of the brain including an 
angiography, stroke MRI of the brain, 12- lead ECG, blood 
samples and inpatient continuous ECG- monitoring. After 
discharge, all patients undergo 72- hours of continuous 
ECG recording. Participation in the study added, within 
12 weeks of the index stroke event, a contrast- enhanced 
CMR, transthoracic echocardiography, further labora-
tory examination of blood biomarkers and an 18- month 
follow- up MRI of the brain from the index stroke. After 
two- third of the planned stroke patients were included, 
healthy controls were invited by mail from the Copen-
hagen City Heart Study (CCHS). The CCHS has been 
described in detail previously.30 The CCHS is a longitu-
dinal cohort study in the general population that exam-
ines cardiovascular risk factors and outcomes. Persons 
from this cohort were invited to ensure that controls had 
no established cardiovascular disease. We ascertained 
this from the Danish National Patient Registry using the 
following International Classification of Disease (ICD- 10) 
codes: I2x, I48x, I50x, I64x, G45x and N289 and again 
at a preinclusion interview. Controls were matched on 
sex and age with group 1, and other cardiovascular risk 
factors were random. Controls had the following assess-
ments after inclusion: contrast- enhanced CMR, stroke 
MRI of the brain, transthoracic echocardiography, blood 
sampling and 48- hours of continuous ECG- recording.

Study design and adjudication of groups
The study is a cross- sectional and prospective cohort study 
with three different groups comprising 150 participants. 
After informed consent, patients with ischaemic stroke 
without known or newly diagnosed atrial fibrillation or any 
high- risk cardioembolic source of stroke were included 
consecutively from the acute stroke unit. The study inclu-
sion period was planned from March 2019 until March 
2021, but the coronavirus pandemic slowed enrolment. 
The first person was enrolled on 12 March 2019, and the 
last person on 6 September 2021. The follow- up and end 
of the study are expected to be complete in January 2023, 
18 months after the last person was enrolled. Screening 
of patients was carried out by the attending neurologist 
who contacted the project group if a person was admitted 
with ischaemic stroke. Due to the coronavirus pandemic 
and logistical reasons, screening has not been carried out 
every day in the period of inclusion. A screening log has 
been made of all screened patients, including the reason 
for screen failure.

Groups are adjudicated according to the Trial of Org 
10 172 in Acute Stroke Treatment (TOAST) criteria with 
modifications and requirements to the clinical workup 
described below.31 Two board- certified neurologists (LMC 
and HC) will adjudicate based on all investigations from the 
clinical workup, brain imaging analysis, transthoracic echo-
cardiography and 72- hours of continuous ECG recording. 
The aetiological categories of TOAST are used,31 but the 
findings from the imaging analysis based on contempo-
rary neuroimaging (CT- angiography and stroke MRI) are 
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included in the adjudication process to comply with the 
definitions and inclusion criteria of groups 1 and 2. Adjudi-
cation is thus conditioned on the neuroimaging evaluation 
and requires both a stroke MRI and a CT- angiography from 
the aortic arch to the vertex. If more than one aetiology is 
present, the adjudication focuses on the acute ischaemic 
event defined by the diffusion- weighted imaging (DWI) 
lesion and the CT- angiography. Hence, small cortical or 
subcortical lesions are not assumed to represent small vessel 
disease if no signs of small vessel disease are found on brain 
imaging analysis and are thus recognised as either large 
vessel disease or embolism. If acute ischaemia is observed 
in one vascular territory supplied by a vessel with signifi-
cant atherosclerotic changes, the aetiology is assumed to 
be large vessel disease. The mechanism is assumed embolic 
if ischaemia occurs in one or more vascular territories 
supplied by vessels with insignificant atherosclerosis. This 
method of adjudication leaves the group with undeter-
mined aetiology mostly suggestive of an embolic origin, 
since cases with two or more possible aetiologies, which are 
classified as undetermined in the TOAST criteria, are now 
classified according to the most likely aetiology based on 
the results of the brain imaging. In case of disagreement 
between the two neurological observers, adjudication will 
be repeated and settled by agreement. The three groups 
are thus defined as follows:

 ► Group 1: Ischaemic stroke of undetermined aetiology 
(suggestive of an embolic origin).

 ► Group 2: Ischaemic stroke from large- artery athero-
sclerosis or small- vessel disease.

 ► Group 3: Controls, sex and age- matched with group 
1 with no established cardiovascular disease from the 
CCHS.

Inclusion criteria (patients)
 ► Group 1: Ischaemic stroke of undetermined aetiology 

(suggestive of an embolic origin).
 – An acute lesion in at least one territory on MRI and 

absence of significant large vessel disease defined 
as stenosis of cerebral or precerebral vessels>50% 
in arteries supplying the ischaemic area(s) and 
absence of severe small vessel disease including 
micro- bleeds on MRI.

 – Patients with central retinal artery occlusion doc-
umented by perimeter and absence of significant 
large vessel disease defined as stenosis of cerebral 
or precerebral vessels>50% in arteries supplying 
the ischaemic area(s) and absence of severe small 
vessel disease including microbleeds on MRI are in-
cluded independent of acute MRI findings.

 ► Group 2: Ischaemic stroke from large- artery athero-
sclerosis or small- vessel disease.
 – Large- artery atherosclerosis: acute lesions in one 

vascular territory on MRI, significant large vessel 
disease defined as stenosis of cerebral or precere-
bral vessels>50% leading to the infarcted territory 
and absence of severe small vessel disease includ-
ing microbleeds on MRI.

 – Small- vessel disease is defined according to the 
STRIVE criteria.32 MRI documenting lacunar in-
farction, absence of significant large vessel dis-
ease defined as stenosis of cerebral or precerebral 
vessels>50% in arteries supplying the ischaemic 
area(s), and presence of severe small vessel disease 
possibly including microbleeds.

 ► Inclusion within 30 days of stroke onset.
 ► No cardioembolic risk sources according to the 

TOAST criteria.31

 – Patients with the following medium risk sources: 
patent foramen ovale, atrial septal aneurysm or 
congestive heart failure will be included if the cri-
teria of either group 1 or group 2 are also fulfilled.

 ► Age≥18 years.
 ► Life expectancy of at least 1 year from inclusion.
 ► Signed informed consent.

Exclusion criteria (patients)
 ► Less than 6 hours of continuous electrocardiographic 

monitoring during hospitalisation.
 ► History of AF, atrial flutter, or AF>30 s during 

hospitalisation.
 ► Stroke of other determined aetiology according to the 

TOAST criteria.31

 ► Contraindications to CMR (including eGFR<30 or 
contraindications to the contrast agent).

 ► Assumed unable to participate in the study by the 
investigator (including but not restricted to: unable 
to provide informed consent, psychiatric conditions 
and dementia).

Inclusion criteria (controls)
 ► Group 3: controls recruited from the CCHS, age and 

sex- matched with group 1.
 ► Signed informed consent.

Exclusion criteria (controls)
 ► No established cardiovascular disease ascertained 

from the national patient registry.
 ► Contraindications to MRI (same as above).
 ► Assumed unable to participate in the study by the 

investigator (same as above).

Endpoints
Primary endpoints cross-sectional study
1. The extent of CMR assessed LGE in the LA in percent-

age as a proxy for atrial fibrosis.
2. The LAEF assessed by CMR.

Secondary endpoints cross-sectional study
Secondary endpoints are exploratory and used for base-
line characteristics of the groups. We will assess possible 
correlations of more feasible biomarkers with the degree 
of LA fibrosis as assessed by cardiac MRI.

Cardiac-MRI
 ► LAV.
 ► LA passive emptying fraction (LA- PEF)
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 ► LA active emptying fraction (LA- AEF).
 ► LA strain assessment.
 ► Left ventricular (LV) extracellular volume

Echocardiography
 ► LAV.
 ► Speckle tracking of LA
 ► Diastolic LV function

Continuous ECG-recording
 ► Assessment of atrial rhythm abnormalities: number 

and length of runs of premature atrial contractions 
(PACs) per 24 hours.

 ► Heart rate variability: SD of NN intervals (SDNN); the 
mean of the SD of all the NN intervals for each 5 min 
segment of a 24 hours recording (SDNN index); the 
SD of sequential 5 minute N–N interval means; the 
percentage of successive RR intervals that differ by 
more than 50 ms (pNN50); the root mean square of 
successive RR interval difference differences.

Biomarkers
 ► Assessment of cardiac- specific biomarkers: midre-

gional proatrial natriuretic peptide, N- terminal 
probrain natriuretic peptide, high sensitive troponins.

 ► Assessment of inflammatory markers; C- reactive 
protein, interleukins (IL): IL1, IL1b, IL6 and IL18

 ► Fibrosis- related markers: collagen types I and III.

Secondary endpoints prospective study
1. Eighteen months after the index stroke (only in pa-

tients): Stroke MRI assessing the incidence of silent 
brain infarctions. Expected to be completed in January 
2023.

2. Eighteen months after the last patient was included: 
combined endpoint of incidence of ischaemic stroke, 
atrial fibrillation and cardiovascular mortality since 
baseline by follow- up in patient records. Expected to 
be completed in January 2023.

Study procedures
Brain imaging and analysis
Stroke MRI is performed after standard clinical proto-
cols, including diffusion and susceptibility weighted 
imaging and T2- FLAIR on clinical 1.5T or 3T scanners. 
CT angiography is performed after standard clinical 
protocols. It includes a non- contrast CT of the brain 
and a CT angiography from the aortic arch to the 
vertex performed in the arterial phase with submilli-
metre source images and maximum intensity projec-
tion reconstructions in three orthogonal planes. All 
images are retrieved from the PACS. Imaging analysis 
is performed after preformed reading forms for CT 
and MRI. The radiologist knows the PACS radiology 
referral and is blinded to all other clinical information. 
The radiologist describes DWI lesion number, size and 
distribution in one or more vascular territories.33 DWI 
lesion age are described with the presence or absence 
of ADC hypointensity and T2- FLAIR hyperintensity. The 

radiologist assesses for old infarcts and their locations, 
white matter lesion burden and number and distri-
bution of microbleeds.34 Central and cortical atrophy 
are graded as none, moderate or severe.35 Small vessel 
disease signs are described after STRIVE criteria and 
derive the small vessel disease score and brain frailty 
score.32 36 37 On CT angiography, arterial occlusions 
are noted, stenoses are graded according to NASCET 
and WASID criteria and intracranial calcifications are 
described.38–40 Based on the imaging findings, the 
radiologist divides the most likely stroke aetiology into 
small vessel, large vessel or cardioembolic according to 
vascular territory lesion involvement.

Adjudication of stroke aetiology
As many different stroke classification systems exist, we 
have chosen an approach using a well- established clas-
sification system and integrating requirements for the 
clinical workup and contemporary use of neuroimaging. 
However, we will classify patients according to other clas-
sifications in a sensitivity analysis.

 ► According to embolic stroke of undetermined source 
(ESUS) criteria.41

 ► According to the original TOAST criteria.31

Cardiac MRI protocol
Cardiac MRI was acquired using a 1.5T MRI scanner 
(Magnetom Aera, Siemens Healthcare, Germany) with an 
18- channel body coil. The imaging protocol includes the 
following sequences: steady- state free precession (SSFP) 
8 mm; no gap- 2 mm gap; 25 phases; field of view (320–
360)×360 mm adjusted for each patient; matrix size (182–
224)×138–224 voxels), obtained at 10–15 s end- expiratory 
breath- holds. SSSP long- axis cine images (two- chamber, 
three- chamber and four- chamber). SSFP short- axis cine 
images covering the LV. SSFP anatomical axial cine stack 
from the aortic arch to the cardiac base. T1- mapping in 
two- chamber and three short- axis images of the LV with a 
modified look locker inversion recovery sequence before 
and 10 min after contrast administration 0.2 mmol/kg 
Gadobutrol (Gadovist, Bayer, Berlin, Germany) up to a 
maximum of 15 mmol. LA- LGE is acquired 20 min after 
contrast agent injection. The LA- LGE sequence consists of 
a 3D inversion- recovery prepared, respiration- navigated, 
ECG- triggered, gradient echo pulse sequence with fat 
saturation covering the LA in axial orientation with 44–54 
slices. Typical scan parameters are TR/TE 4.67/1.94, flip 
angle 20°, sampling bandwidth 300 Hz/pixel, voxel size 
1.4×1.4×2.5 mm3 with interpolation reconstructed to 
0.7×0.7×1.5 mm3. No parallel imaging was used. To mini-
mise motion of the LA, images are acquired during the 
end- diastolic phase of the LA according to four chamber 
cine images with typical onset around 300 msec post- 
R- wave and end at 450 msec. The inversion time (TI) is 
identified using a TI- scout scan and set to null the myocar-
dium (typically 270–320 ms). The typical scan time of the 
whole protocol is 45 min.
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Cardiac MRI image analysis
All CMR scans will be anonymised and analysed blinded 
from the cause of stroke, date performed and patient 
data. All volumetric and functional measurements are 
performed with CVI42 (v. 5.13.5, Circle Cardiovascular 
Imaging, Calgary, Canada). Two separate investigators 
will analyse a subset of 10% randomly selected CMR 
scans to assess interobserver reproducibility. LAV are 
measured with a semiautomatic tracing of the LA wall 
visually inspected and adjusted manually in two and four- 
chamber images. To determine the phasic function of the 
LA, LAV are measured at different time points: LAVmax 
just before the opening of the mitral valve, LAVpreA just 
before atrial contraction and LAVmin at the closure of the 
mitral valve. The following LA volumetric functions are 
calculated:

Total emptying fraction: LA TEF = (LAVmax–LAVmin)/
LAVmax

Passive emptying fraction: LA PEF = (LAVmax–LAVpreA)/
LAVmax

Active emptying fraction: LA AEF = (LAVpreA–LAVmin)/
LAVpreA

Atrial deformation analysis is performed with manual 
delineation of the LA wall in 2- chamber, 3- chamber and 
4- chamber views and averaging longitudinal strain and 
strain rate. The following parameters are obtained: LA 
global maximum strain (LApeakstrain), preatrial contraction 
strain (LApreA- strain), strain rates during LV systole (SRs), LV 
early diastole (SRd) and at atrial contraction (SRa).

We will assess LV volume and myocardial mass with a 
semiautomatic tracing of the endocardial and epicardial 
borders in end- diastole and end- systole from short- axis 
cine images covering the whole LV. Papillary muscles are 
considered part of the myocardial mass.

We will assess T1 relaxation times from a modified look 
locker inversion recovery sequence in the upper septum 
of the LV. Both precontrast and postcontrast values of 
myocardium and blood will be used for extracellular 
volume calculations.

LA fibrosis is analysed with ADAS image post- processing 
software (Galgo Medical SL, Barcelona, Spain). The atrial 
wall will be manually drawn in the axial plane from the 
3D sequence (typically 44–54 images). The blood pool 
is automatically calculated, and a 3D shell of the LA is 
constructed. The precision of the 3D model based on 
the LA wall tracing is then manually adjusted. Atrial 
myocardial wall voxel intensities are automatically calcu-
lated by the software and then normalised to the mean 
blood pool intensity. Atrial wall voxels with image inten-
sity ratio (IIR)>1.2 are considered fibrotic following prior 
studies.25 42 For fibrosis analysis, the pulmonary veins, the 
mitral valve and the LA appendage are excluded. We have 
previously used this method and showed good intraob-
server and interobserver reproducibility.43

Transthoracic echocardiography
Transthoracic echocardiography was performed by three 
experienced cardiologists (AS, MA and NH) using a GE 

Healthcare Vivid E95 cardiovascular ultrasound system 
(GE Healthcare, Horten, Norway). All participants had 
the following assessment: parasternal long- axis and short- 
axis views, apical four- chamber, two- chamber, long- axis 
views and apical view of the right ventricle. Triplane loops 
with TDI, 3D loops stitched over six beats and guided 
by five slice multiplane during recording. The following 
Doppler indices will be recorded: Continuous wave (CW) 
and pulsed wave (PW) Doppler of trans- mitral flow. 
PW TDI in septal and lateral mitral annulus. CW/PW 
from the left ventricular outflow tract and CW from the 
tricuspid valve.

Echocardiography analysis
All scans will be anonymised and analysed, blinded from 
the cause of stroke, date performed and patient data. We 
will analyse the images with ViewPoint V.6.11.2 with the 
Echopac suite.

Statistical analysis
Sample size calculation
Only a few studies have examined the amount of atrial 
fibrosis in patients with stroke of undetermined aetiology. 
There is no accepted threshold of how much fibrosis 
is clinically significant in patients with recent stroke or 
other diseases. Thus, the focus of this study is to examine 
whether a difference exists between our defined groups. 
A study with 10 patients with ESUS reported 16.8% 
fibrosis (SD±5.7%).41 44 Another study reported 18% 
fibrosis (IQR 16) in patients with undetermined cause 
according to the TOAST criteria.45 In patients with stroke 
of other specific causes, 10.5% fibrosis (IQR 16) has 
been reported.45 In healthy young individuals aged 22, 
one study reported fibrosis of 2.46% (range 1.52–4.21).25 
Another study reported in healthy volunteers with an 
average age of 43 a fibrosis amount of 8.9% (SD±6%).46 
Based on these studies, we assume that patients with 
an undetermined aetiology have 17% atrial fibrosis, 
patients with stroke of known mechanism 11% fibrosis 
and controls 5%. Because of uncertainty with different 
methods used in acquiring the fibrosis images, we assume 
a wide SD of 9% in all groups. With these assumptions, 
36 patients in each arm, a total of 108 patients would 
be enough to detect between- group differences with a 
significance level of 0.05 and power of 80%. The LAEF in 
normal healthy subjects is estimated to be (58%±6%).47 
In patients with stroke of undetermined aetiology, values 
are hypothesised (44%±10%).15 Mild reduction in other 
stroke patients of about 7% below normal (51%±10%) is 
assumed. Thus, 32 patients in each group will be enough 
to demonstrate a significant difference with a significance 
level of 0.05 and power of 80%.

Considering that the stroke aetiology cannot be estab-
lished at inclusion, possible drop- out rate and the possi-
bility of insufficient image quality of the LGE sequence of 
the LA, we estimated we needed 25% extra subjects: (1/ 
(1–0.25)×108=144 subjects. We chose a final sample size 
of 150 subjects aiming at 50 subjects in each group.
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Data handling
Study data were collected by trained study staff and 
managed using Research Electronic Data Capture 
(REDCap) hosted at Region Hovedstaden.48 REDCap is 
a secure, web- based application designed to support data 
capture for research studies. After inclusion, baseline 
data from the hospitalisation were collected. AS, HC and 
BSL will have access to the final data set.

Data analysis plan
Only subjects with a sufficient quality of the LA- LGE 
sequence, deemed by two separate investigators blinded 
from all patient data, will be included in the primary 
analysis. Primary outcomes of the extent of fibrosis in the 
LA and LAEF will be analysed with Student’s t- tests if the 
sample is approximately normally distributed as defined 
by visual judgement with a QQ- plot, a histogram and the 
Shapiro- Wilk test. If not normally distributed, the Mann- 
Whitney U test is used. In secondary outcome analyses, 
we will estimate the association between possible surro-
gate markers of atrial fibrosis with linear regression and 
logistic regression. Linear and logistic regression will be 
adjusted for age, hypertension and sex. The prospective 
part of the study assesses the incidence of silent brain 
infarctions at follow- up according to the defined stroke 
groups and tertiles of the overall amount of fibrosis. We 
will use the cox proportional hazard model to evaluate 
the combined endpoint of stroke, atrial fibrillation and 
cardiovascular mortality, according to the defined stroke 
groups and according to tertiles of the overall amount of 
fibrosis. As the sample size is small, the corresponding 
number of events during follow- up is expected to be 
small. Thus, in the multivariable model, we will adjust for 
the most relevant risk factors in a backward elimination 
fashion with a threshold of p<0.2 with the following vari-
ables: age, sex, hypertension, diabetes, heart failure and 
smoking. We will use the Kaplan- Meier method to visu-
alise the occurrence of the pre- defined endpoint.

Data availability
Deidentified data will be made available to other research 
groups on reasonable request.

Patient and public involvement
Patients and the public were not involved in the planning 
of the study design. However, the results will be relevant 
for patients, and the results will be attempted to be made 
public through patient organisations and public media. 
The study findings will be sent directly to the study 
participants.

ETHICS AND DISSEMINATION
Ethical considerations
The study is conducted following rules established by the 
second Helsinki Declaration. The study has been approved 
by the Danish National Committee on Health Research 
Ethics (H- 18055313) and the Danish Data Protection 

Agency (P- 2020- 60). All participants are informed orally 
by a medical doctor in the project group and in writing 
in accordance with the decree of the Danish Ministry of 
Research. Participants will only be included after signing 
an approved standardised informed consent form. 
Patients are informed that they may at any time withdraw 
from the investigation and that further treatment and 
follow- up are entirely independent of the withdrawal.

Safety
The study procedures added to the investigations already 
performed when admitted for an ischaemic stroke at 
this institution. They thus posed no safety issue to the 
usual diagnostic pathway. If any incidental findings were 
made during the added procedures, the participants 
were informed and referred to the appropriate instance 
if further management was needed. If any individual 
harm is caused by the study procedures, it is possible to 
complain and get compensation under the rules of law 
on complaints and compensation within the healthcare 
system in Denmark.

Publication
The study results will be published in peer- reviewed jour-
nals independently of the outcome of the investigation.

Author affiliations
1Department of Cardiology, Copenhagen University Hospital—Bispebjerg and 
Frederiksberg, Bispebjerg Hospital, Copenhagen, Denmark
2Department of Neurology, Copenhagen University Hospital—Bispebjerg and 
Frederiksberg, Bispebjerg Hospital, Copenhagen, Denmark
3Department of Radiology, Copenhagen University Hospital—Bispebjerg and 
Frederiksberg, Bispebjerg Hospital, Copenhagen, Denmark
4Copenhagen City Heart Study, Bispebjerg and Frederiksberg Hospital, Copenhagen 
University Hospital, Copenhagen, Denmark
5Department of Cardiology, Copenhagen University Hospital, Rigshospitalet, 
Copenhagen, Denmark

Twitter Bjørn Strøier Larsen @stroeier

Contributors AS and HC designed and initiated the study. BSL obtained funding. 
AS, HC, IH and BSL wrote the manuscript. MA, NH, HD, LMC, EP, GBJ, NV and LB 
revised and approved the final version of the manuscript.

Funding This work was supported with an unrestricted grant by the Lundbeck 
Foundation grant number: R286- 2018- 1420, Kai Houmann Nielsen Fond and a 
grant from Bispebjerg hospital.

Competing interests HC national Lead and steering committee member for 
Bayer (PACIFIC- STROKE and OCEANIC- STROKE) and Alexion (ANNEXA- i) Speaker 
honoraria: Bayer. Daiichi- Sankyo, BMS and Boehringer.

Patient and public involvement Patients and/or the public were not involved in 
the design, or conduct, or reporting or dissemination plans of this research.

Patient consent for publication Not required.

Provenance and peer review Not commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Bjørn Strøier Larsen http://orcid.org/0000-0001-9750-7227
Hanne Christensen http://orcid.org/0000-0002-7472-3194
Louisa Marguerite Christensen http://orcid.org/0000-0003-1448-5646

https://twitter.com/stroeier
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-9750-7227
http://orcid.org/0000-0002-7472-3194
http://orcid.org/0000-0003-1448-5646


7Larsen BS, et al. BMJ Open 2022;12:e061018. doi:10.1136/bmjopen-2022-061018

Open access

REFERENCES
 1 Feigin VL, Stark BA, Johnson CO, et al. Global, regional, and national 

burden of stroke and its risk factors, 1990–2019: a systematic 
analysis for the global burden of disease study 2019. Lancet Neurol 
2021;20:795–820.

 2 Guercini F, Acciarresi M, Agnelli G, et al. Cryptogenic stroke: time to 
determine aetiology. J Thromb Haemost 2008;6:549–54.

 3 Kamel H, Okin PM, Elkind MSV, et al. Atrial fibrillation 
and mechanisms of stroke: time for a new model. Stroke 
2016;47:895–900.

 4 Yaghi S, Bernstein RA, Passman R, et al. Cryptogenic stroke: 
research and practice. Circ Res 2017;120:527–40.

 5 Sanna T, Diener H- C, Passman RS, et al. Cryptogenic stroke and 
underlying atrial fibrillation. N Engl J Med 2014;370:2478–86.

 6 Brambatti M, Connolly SJ, Gold MR, et al. Temporal relationship 
between subclinical atrial fibrillation and embolic events. Circulation 
2014;129:2094–9.

 7 Jahangir A, Lee V, Friedman PA, et al. Long- Term progression and 
outcomes with aging in patients with lone atrial fibrillation: a 30- year 
follow- up study. Circulation 2007;115:3050–6.

 8 Benjamin EJ, D'Agostino RB, Belanger AJ, et al. Left atrial size and 
the risk of stroke and death. The Framingham heart study. Circulation 
1995;92:835–41.

 9 Di Tullio MR, Sacco RL, Sciacca RR, et al. Left atrial size and the 
risk of ischemic stroke in an ethnically mixed population. Stroke 
1999;30:2019–24.

 10 Kohsaka S, Sciacca RR, Sugioka K, et al. Electrocardiographic 
left atrial abnormalities and risk of ischemic stroke. Stroke 
2005;36:2481–3.

 11 Kamel H, Soliman EZ, Heckbert SR, et al. P- wave morphology 
and the risk of incident ischemic stroke in the multi- ethnic study of 
atherosclerosis. Stroke 2014;45:2786–8.

 12 Kamel H, Hunter M, Moon YP, et al. Electrocardiographic left atrial 
abnormality and risk of stroke: Northern Manhattan study. Stroke 
2015;46:3208–12.

 13 Binici Z, Intzilakis T, Nielsen OW, et al. Excessive supraventricular 
ectopic activity and increased risk of atrial fibrillation and stroke. 
Circulation 2010;121:1904–11.

 14 Larsen BS, Kumarathurai P, Falkenberg J, et al. Excessive Atrial 
Ectopy and Short Atrial Runs Increase the Risk of Stroke Beyond 
Incident Atrial Fibrillation. J Am Coll Cardiol 2015;66:232–41.

 15 Habibi M, Zareian M, Ambale Venkatesh B, et al. Left atrial 
mechanical function and incident ischemic cerebrovascular events 
independent of AF: insights from the MESA study. JACC Cardiovasc 
Imaging 2019;12:2417–27.

 16 Himmelreich JCL, Lucassen WAM, Heugen M, et al. Frequent 
premature atrial contractions are associated with atrial fibrillation, 
brain ischaemia, and mortality: a systematic review and meta- 
analysis. Europace 2019;21:698–707.

 17 Meng L, Tsiaousis G, He J, et al. Excessive supraventricular ectopic 
activity and adverse cardiovascular outcomes: a systematic review 
and meta- analysis. Curr Atheroscler Rep 2020;22:1–9.

 18 Overvad TF, Nielsen PB, Larsen TB, et al. Left atrial size and risk 
of stroke in patients in sinus rhythm. A systematic review. Thromb 
Haemost 2016;116:206–19.

 19 Kottkamp H. Fibrotic atrial cardiomyopathy: a specific disease/
syndrome supplying substrates for atrial fibrillation, atrial tachycardia, 
sinus node disease, AV node disease, and thromboembolic 
complications. J Cardiovasc Electrophysiol 2012;23:797–9.

 20 Smietana J, Plitt A, Halperin JL. Thromboembolism in the absence of 
atrial fibrillation. Am J Cardiol 2019;124:303–11.

 21 Yaghi S, Kamel H, Elkind MSV. Atrial cardiopathy: a mechanism of 
cryptogenic stroke. Expert Rev Cardiovasc Ther 2017;15:591–9.

 22 Shen MJ, Arora R, Jalife J. Atrial myopathy. JACC Basic Transl Sci 
2019;4:640–54.

 23 Goette A, Kalman JM, Aguinaga L, et al. EHRA/HRS/APHRS/
SOLAECE expert consensus on atrial cardiomyopathies: definition, 
characterization, and clinical implication. Europace 2016;18:1455–90.

 24 Oakes RS, Badger TJ, Kholmovski EG, et al. Detection and 
quantification of left atrial structural remodeling with delayed- 
enhancement magnetic resonance imaging in patients with atrial 
fibrillation. Circulation 2009;119:1758–67.

 25 Benito EM, Carlosena- Remirez A, Guasch E, et al. Left atrial fibrosis 
quantification by late gadolinium- enhanced magnetic resonance: 
a new method to standardize the thresholds for reproducibility. 
Europace 2017;19:1272–9.

 26 Pontecorboli G, Figueras I Ventura RM, Carlosena A, et al. Use of 
delayed- enhancement magnetic resonance imaging for fibrosis 
detection in the atria: a review. Europace 2017;19:180–9.

 27 Siebermair J, Kholmovski EG, Marrouche N. Assessment of 
Left Atrial Fibrosis by Late Gadolinium Enhancement Magnetic 
Resonance Imaging: Methodology and Clinical Implications. JACC 
Clin Electrophysiol 2017;3:791–802.

 28 Caixal G, Alarcón F, Althoff TF, et al. Accuracy of left atrial fibrosis 
detection with cardiac magnetic resonance: correlation of late 
gadolinium enhancement with endocardial voltage and conduction 
velocity. Europace 2021;23:380–8.

 29 Daccarett M, Badger TJ, Akoum N, et al. Association of left atrial 
fibrosis detected by delayed- enhancement magnetic resonance 
imaging and the risk of stroke in patients with atrial fibrillation. J Am 
Coll Cardiol 2011;57:831–8.

 30 Appleyard M, Hansen A, Schnohr P. The Copenhagen City heart 
study: Osterbroundersøgelsen: a book of tables with data from the 
first examination (1976–78) and a five year follow- up (1981–83). 
Scand J Soc Med 1989;170:1–160.

 31 Adams HP, Bendixen BH, Kappelle LJ, et al. Classification of subtype 
of acute ischemic stroke. definitions for use in a multicenter clinical 
trial. TOAST. trial of ORG 10172 in acute stroke treatment. Stroke 
1993;24:35–41.

 32 Wardlaw JM, Smith EE, Biessels GJ, et al. Neuroimaging standards 
for research into small vessel disease and its contribution to ageing 
and neurodegeneration. Lancet Neurol 2013;12:822–38.

 33 Smithuis R. Vascular territories, 2008. Available: https:// 
radiologyassistant.nl/https://radiologyassistant.nl/neuroradiology/ 
brain-ischemia/vascular-territories [Accessed 1 Mar 2019].

 34 van Swieten JC, Hijdra A, Koudstaal PJ, et al. Grading white 
matter lesions on CT and MRI: a simple scale. J Neurol Neurosurg 
Psychiatry 1990;53:1080–3.

 35 Farrell C, Chappell F, Armitage PA, et al. Development and initial 
testing of normal reference Mr images for the brain at ages 65- 70 
and 75- 80 years. Eur Radiol 2009;19:177–83.

 36 IST- 3 collaborative group. Association between brain imaging signs, 
early and late outcomes, and response to intravenous alteplase after 
acute ischaemic stroke in the third International stroke trial (IST- 3): 
secondary analysis of a randomised controlled trial. Lancet Neurol 
2015;14:485–96.

 37 Arba F, Inzitari D, Ali M, et al. Small vessel disease and 
clinical outcomes after IV rt- PA treatment. Acta Neurol Scand 
2017;136:72–7.

 38 Ovesen C, Abild A, Christensen AF, et al. Prevalence and long- term 
clinical significance of intracranial atherosclerosis after ischaemic 
stroke or transient ischaemic attack: a cohort study. BMJ Open 
2013;3:e003724–8.

 39 Samuels OB, Joseph GJ, Lynn MJ, et al. A standardized method 
for measuring intracranial arterial stenosis. AJNR Am J Neuroradiol 
2000;21:643–6.

 40 North American Symptomatic Carotid Endarterectomy Trial 
Collaborators, Barnett HJM, Taylor DW, et al. Beneficial effect of 
carotid endarterectomy in symptomatic patients with high- grade 
carotid stenosis. N Engl J Med 1991;325:445–53.

 41 Hart RG, Diener H- C, Coutts SB, et al. Embolic strokes of 
undetermined source: the case for a new clinical construct. Lancet 
Neurol 2014;13:429–38.

 42 Bertelsen L, Alarcón F, Andreasen L, et al. Verification of threshold 
for image intensity ratio analyses of late gadolinium enhancement 
magnetic resonance imaging of left atrial fibrosis in 1.5T scans. Int J 
Cardiovasc Imaging : 2020;36:513- 520.

 43 Bertelsen L, Diederichsen SZ, Haugan KJ, et al. Left atrial late 
gadolinium enhancement is associated with incident atrial fibrillation 
as detected by continuous monitoring with implantable loop 
recorders. JACC Cardiovasc Imaging 2020;13:1690–700.

 44 Tandon K, Tirschwell D, Longstreth WT, et al. Embolic stroke of 
undetermined source correlates to atrial fibrosis without atrial 
fibrillation. Neurology 2019;93:e381–7.

 45 Fonseca AC, Alves P, Inácio N, et al. Patients with undetermined 
stroke have increased atrial fibrosis: a cardiac magnetic resonance 
imaging study. Stroke 2018;49:734–7.

 46 Habibi M, Lima JAC, Khurram IM, et al. Association of left atrial 
function and left atrial enhancement in patients with atrial fibrillation: 
cardiac magnetic resonance study. Circ Cardiovasc Imaging 
2015;8:1–10.

 47 Maceira AM, Cosin- Sales J, Prasad SK, et al. Characterization of 
left and right atrial function in healthy volunteers by cardiovascular 
magnetic resonance. J Cardiovasc Magn Reson 2016;18:1–16.

 48 Harris PA, Taylor R, Thielke R, et al. Research electronic data capture 
(REDCap)--a metadata- driven methodology and workflow process 
for providing translational research informatics support. J Biomed 
Inform 2009;42:377–81.

http://dx.doi.org/10.1016/S1474-4422(21)00252-0
http://dx.doi.org/10.1111/j.1538-7836.2008.02903.x
http://dx.doi.org/10.1161/STROKEAHA.115.012004
http://dx.doi.org/10.1161/CIRCRESAHA.116.308447
http://dx.doi.org/10.1056/NEJMoa1313600
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.007825
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.644484
http://dx.doi.org/10.1161/01.cir.92.4.835
http://dx.doi.org/10.1161/01.STR.30.10.2019
http://dx.doi.org/10.1161/01.STR.0000185682.09981.26
http://dx.doi.org/10.1161/STROKEAHA.114.006364
http://dx.doi.org/10.1161/STROKEAHA.115.009989
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.874982
http://dx.doi.org/10.1016/j.jacc.2015.05.018
http://dx.doi.org/10.1016/j.jcmg.2019.02.021
http://dx.doi.org/10.1016/j.jcmg.2019.02.021
http://dx.doi.org/10.1093/europace/euy276
http://dx.doi.org/10.1007/s11883-020-0832-4
http://dx.doi.org/10.1160/TH15-12-0923
http://dx.doi.org/10.1160/TH15-12-0923
http://dx.doi.org/10.1111/j.1540-8167.2012.02341.x
http://dx.doi.org/10.1016/j.amjcard.2019.04.027
http://dx.doi.org/10.1080/14779072.2017.1355238
http://dx.doi.org/10.1016/j.jacbts.2019.05.005
http://dx.doi.org/10.1093/europace/euw161
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.811877
http://dx.doi.org/10.1093/europace/euw219
http://dx.doi.org/10.1093/europace/euw053
http://dx.doi.org/10.1016/j.jacep.2017.07.004
http://dx.doi.org/10.1016/j.jacep.2017.07.004
http://dx.doi.org/10.1093/europace/euaa313
http://dx.doi.org/10.1016/j.jacc.2010.09.049
http://dx.doi.org/10.1016/j.jacc.2010.09.049
http://dx.doi.org/10.1161/01.STR.24.1.35
http://dx.doi.org/10.1016/S1474-4422(13)70124-8
https://radiologyassistant.nl/
https://radiologyassistant.nl/
https://radiologyassistant.nl/neuroradiology/brain-ischemia/vascular-territories
https://radiologyassistant.nl/neuroradiology/brain-ischemia/vascular-territories
http://dx.doi.org/10.1136/jnnp.53.12.1080
http://dx.doi.org/10.1136/jnnp.53.12.1080
http://dx.doi.org/10.1007/s00330-008-1119-2
http://dx.doi.org/10.1016/S1474-4422(15)00012-5
http://dx.doi.org/10.1111/ane.12745
http://dx.doi.org/10.1136/bmjopen-2013-003724
http://www.ncbi.nlm.nih.gov/pubmed/10782772
http://dx.doi.org/10.1056/NEJM199108153250701
http://dx.doi.org/10.1016/S1474-4422(13)70310-7
http://dx.doi.org/10.1016/S1474-4422(13)70310-7
http://dx.doi.org/10.1007/s10554-019-01728-0
http://dx.doi.org/10.1007/s10554-019-01728-0
http://dx.doi.org/10.1016/j.jcmg.2020.03.024
http://dx.doi.org/10.1212/WNL.0000000000007827
http://dx.doi.org/10.1161/STROKEAHA.117.019641
http://dx.doi.org/10.1161/CIRCIMAGING.114.002769
http://dx.doi.org/10.1186/s12968-016-0284-8
http://dx.doi.org/10.1016/j.jbi.2008.08.010
http://dx.doi.org/10.1016/j.jbi.2008.08.010

	Atrial cardiomyopathy in patients with ischaemic stroke: a cross-sectional and prospective cohort study—the COAST study
	Abstract
	Introduction
	Objectives

	Methods and analysis
	Sample selection
	Study design and adjudication of groups
	Inclusion criteria (patients)
	Exclusion criteria (patients)
	Inclusion criteria (controls)
	Exclusion criteria (controls)

	Endpoints
	Primary endpoints cross-sectional study
	Secondary endpoints cross-sectional study
	Cardiac-MRI
	Echocardiography
	Continuous ECG-recording
	Biomarkers
	Secondary endpoints prospective study

	Study procedures
	Brain imaging and analysis
	Adjudication of stroke aetiology
	Cardiac MRI protocol
	Cardiac MRI image analysis
	Transthoracic echocardiography
	Echocardiography analysis

	Statistical analysis
	Sample size calculation
	Data handling
	Data analysis plan
	Data availability

	Patient and public involvement

	Ethics and dissemination
	Ethical considerations
	Safety
	Publication

	References


