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Abstract
Paroxysmal atrial fibrillation (PAF) may be the cause of a substantial part of cryptogenic strokes (CS). Echocardiography could 
assist risk stratification for PAF to select patients in need of prolonged rhythm monitoring. We aimed to assess the value of left 
atrial (LA) strain and a revised diastolic dysfunction (DDF) model with LA strain for predicting PAF. This was a prospective 
study of 56 CS patients who had a cardiac monitor implanted for 3 year monitoring for PAF, and an echocardiogram performed 
prior to monitoring. Conventional echocardiography, global longitudinal strain (GLS) and LA strain were performed. LA speckle 
tracking provided the LA reservoir strain (LAs). Patients were stratified into high versus low LAs by ROC curves (28.2%), 
and this cut-off was used to refine DDF grading. During follow-up of median 20 months, 13 (23%) patients were diagnosed 
with PAF. No conventional echocardiographic parameters differed between patients who developed PAF and those without 
PAF. However, LAs was significantly impaired in PAF patients (LAs: 30 vs. 27% for non-PAF and PAF, p = 0.046). Low LAs 
significantly predicted PAF independent of LA volume and GLS [OR 5.88 (1.30; 26.55), p = 0.021]. Revised DDF grading 
significantly predicted PAF, even when adjusted for the  CHADS2 risk-score (OR 1.88 [1.01;3.50], per increase in DDF grade, p 
for trend = 0.047), which was not the case for conventional DDF grading. In conclusion, LAs associates with PAF independent 
of GLS and LA size, and may be used to improve the performance of DDF grading for identifying PAF in CS patients.

Keywords Atrial fibrillation · Cryptogenic stroke · Echocardiography · Atrial strain

Introduction

Stroke is the second leading cause of death globally and often 
associated with great morbidity [1]. The majority of strokes 
are ischemic, and ischemic strokes can be further subdivided 
based on etiology according to the TOAST classification: 

lacunar infarcts, large-artery atherosclerosis, cardioembolic 
strokes, stroke of other determined etiology and strokes of 
undetermined etiology [2]. However, in about 25–30% of 
cases no underlying cause is found during basic work up 
and the event is designated a cryptogenic stroke (CS) [3]. 
It has long been hypothesized that subclinical paroxysms of 
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atrial fibrillation (AF) may be the cause. This has prompted 
several studies to investigate the utility of prolonged cardiac 
rhythm monitoring [4, 5], and several studies now support 
the application of insertable cardiac monitors (ICM) for AF 
diagnostics after stroke [6–8]. The most recent guidelines 
from the European Society of Cardiology on the management 
of AF have set forth a Class IIa, level B, indication for the 
use of ICMs after ischemic strokes and states that long-term 
monitoring should be considered in the search for silent AF 
[9]. This warrants a more strict risk stratification for AF in 
patients after stroke in order to optimize cost–benefit and to 
avoid unnecessary use of long term monitoring in patients 
with low risk of AF. Risk stratification could be facilitated by 
the use of echocardiography, which provides direct visualiza-
tion of the left atrium (LA) and allows detailed quantification 
of LA structural and functional properties.

In echocardiography the maximal LA volume (max 
LAV) and diastolic dysfunction (DDF) are well-estab-
lished predictors of AF [10, 11]. Recently, LA reservoir 
strain (LAs) has been proposed as a novel measure of LA 
dysfunction and may be used to optimize characteriza-
tion of DDF [12]. However, it was suggested that LAs 
does not provide clinically relevant information beyond 
left ventricular (LV) strain and max LAV [13, 14]. Fur-
thermore, whether LAs or revised DDF could be useful 
in patients with CS for predicting device-detected AF is 
unclear. Hence, the purpose of this study of CS patients 
with continuous rhythm monitoring was: (1) to investigate 
the prognostic potential of LA strain, (2) to investigate if 
the prognostic value of LA strain is mediated by max LAV 
and LV strain and (3) to investigate if LA strain can refine 
DDF grading and how this relates to AF outcome.

Methods

This was an echocardiographic substudy of the SURPRISE 
study (Stroke Prior to Diagnosis of Atrial Fibrillation 
Using Long Term Observation with Implantable Cardiac 
Monitoring Apparatus Reveal®), which was undertaken 
at Bispebjerg Hospital, Copenhagen, Denmark from May 
2010 to August 2012. The study population has previ-
ously been described in detail [4] and information on the 
echocardiographic substudy has also been published [15]. 
Overall, 87 patients with CS were included in the SUR-
PRISE study, and 58 of these underwent an echocardio-
graphic examination as part of the investigative work-up 
of their stroke to identify a potential underlying cardiac 
etiology. Of these, two patients were excluded because LV 
and/or LA speckle tracking was infeasible, leaving 56 for 
final inclusion. Inclusion criteria for the main study were 
patients with: (1) a verified ischemic stroke by cerebral 

computed tomography (CT) or cerebral magnetic reso-
nance imaging (MRI), (2) age above 18 years, (3) no his-
tory of AF, (4) no AF detected during the admission based 
on 12-lead ECG and 12–24 h of telemetry, (5) modified 
ranking scale (mRS) ≤ 2 equalling independent in ADL-
functions. Finally, patients were only designated crypto-
genic if the work-up did not reveal occlusive carotid dis-
ease, cardiac embolic source, obvious signs of small vessel 
disease or thrombophilia.

Reveal apparatus and AF diagnosis

The Reveal  XT® ICM provides continuous cardiac rhythm 
monitoring for up to 3 years (Fig. 1). The device is implanted 
subcutaneously and continuously monitors beat-to-beat vari-
ability in 2 min loops. When R–R intervals are irregular, 
data is stored and via the patient uploaded to a protected 
server with access for clinicians. All included patients, 
except two, had an ICM implanted as soon as possible after 
their stroke. The two patients who did not have an ICM 
implanted were diagnosed with PAF before the scheduled 
implantation date, which rendered implantation futile.

Patients actively transmitted data every fourth night. If a 
significant AF event was detected, patients were switched 
from antiplatelet treatment to anticoagulation treatment.

The AF episode had to last 120 s or longer to be classified 
as a significant AF event. Two cardiologists adjudicated all 
events.

Echocardiography

All patients were examined with conventional two-dimen-
sional transthoracic echocardiography (using Philips iE 33, 
Netherlands) and analyzed off-line. All off-line analyses 
were done with commercially available software (Xcelera 

Fig. 1  Reveal  XT® ICM. The figure depicts the device used for long-
term rhythm monitoring in the study with a dedicated atrial fibrilla-
tion algorithm. Reprinted with the permission of Medtronic
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quantification software) with the investigator blinded to the 
results of all other investigations.

Conventional echocardiography

LV dimensions (interventricular septum wall thickness, LV 
internal dimension and LV posterior wall thickness) were 
obtained at end-diastole from the parasternal long-axis view 
at the level of the mitral valve leaflet tips. LV mass index was 
calculated as the anatomic mass by Deveraux’ formula and 
divided with body surface area (BSA). Pulsed wave Doppler 
in the apical four-chamber view was used to record mitral 
valve inflow patterns between the tips of the mitral leaflets. 
Peak velocity of early (E) and late (A) diastolic filling and 
deceleration time of the E-wave (DT) were measured and 
the E/A-ratio was calculated. Pulsed-wave tissue Doppler 
imaging (TDI) tracings were obtained with the range gate 
placed at the septal and/or lateral mitral annular segment 
in the apical 4-chamber view. The peak longitudinal early 
diastolic myocardial velocity (e′) was measured and used 
to obtain the E/e′. Diastolic function grading was assessed 
by max LAV, E/A-ratio, e′ and E/e′ according to a recently 
proposed DDF model [16] and in a revised form including 
LAs (Fig. 2). Fifty of the 56 patients had all DDF measures 
performed, and so 6 patients were not included in the DDF 
grading. The LV ejection fraction (LVEF) was measured 
using the modified Simpson’s biplane method. LA volumes 
were estimated by the biplane area-length method. The max 
LAV was measured at LV end-systole and minimal LA vol-
ume (min LAV) at LV end-diastole.

Speckle tracking echocardiography

Speckle tracking was performed as off-line analysis 
using commercially available software, Epsilon Imaging 
 (EchoInsight® software revision 2.2.0.x), by an investigator 
blinded to outcome and baseline data. LV speckle tracking 
was performed in accordance with published guidelines [17]. 
Analysis was performed in all three apical views (4-chamber, 
2-chamber and apical longitudinal long-axis view) by manual 
delineation of the LV endocardium. The region of interest was 
adjusted to include the endocardium, midmyocardium, and 
the epicardium. Segments could be excluded at the discretion 
of the investigator. If more than two segments were excluded 
in a projection, the investigation was deemed unsatisfactory. 
LA speckle tracking was performed as biplane analysis from 
the apical 4-chamber and 2-chamber view. Manual delinea-
tion of the endocardium was also performed in the LA and 
regional region of interest was adjusted as deemed appropriate 
by the investigator. The roof of the atrium was systematically 
excluded due to influence of pulmonary venous structures 
and non-longitudinal fiber orientation in this part of the LA 
[18, 19]. LV speckle tracking provided the global longitudinal 
strain (GLS), systolic strain rate (SRs), early diastolic strain 
rate (SRe) and late diastolic strain rate (SRa).

LA speckle tracking provided the LAs, the plateau phase 
strain at the p-wave, and also systolic strain rate (LA-SRs), 
early diastolic strain rate (LA-SRe) and late diastolic strain 
rate (LA-SRa). The plateau strain was subtracted from LAs 
to provide the conduit strain (Fig. 3). LAs was indexed to 
the max LAV (LAs/LAV) as proposed by other studies [20].

Fig. 2  Revised diastolic dys-
function grading. Building on 
a recently suggested diastolic 
dysfunction grading model, 
we added the LAs split by into 
high versus low LAs based on 
receiver operating character-
istics curves. Entry level for 
diastolic dysfunction was an 
impaired relaxation velocity 
(e′) and number of impaired 
E/e′, E/A ratio, max LAV and 
LAs redistributed patients into 
different degrees of diastolic 
dysfunction. e′ early myocardial 
relaxation velocity, E/e′ ratio of 
transmitral early inflow velocity 
to early myocardial relaxation 
velocity, max LAV Maximal left 
atrial volume, LAs left atrial 
strain
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Statistical analysis

STATA Statistics/Data analysis, SE 13.0 (StataCorp, Texas, 
USA) was used for statistical analysis. Patients were com-
pared according to outcome of significant AF event (Tables 1, 
2). Furthermore, patients were stratified into a high and low 
LAs group according to a cutoff value derived from receiver 
operating characteristics curves showing the highest area 
under the curve (cutoff = 28.2% with an area under the curve 
of 0.69) and these groups were compared in Tables 3 and 4.

In baseline Tables 1, 2, 3 and 4 proportions were com-
pared using χ2-test, continuous Gaussian distributed vari-
ables with Student’s t test, and Wilcoxon-Mann–Whitney 
test if the variables were non-Gaussian distributed. All con-
tinuous variables are expressed as mean values ± standard 
deviation, continuous non-Gaussian distributed variables are 
presented by the median and IQR.

Univariable logistic regressions models were performed 
to correlate echocardiographic measures to the endpoint of 
significant AF event. Multivariable logistic regression mod-
els were performed to investigate whether low LAs was a 
predictor of AF independent of GLS and max LAV, and 
whether DDF grading predicted AF independent of clinical 
risk score  (CHADS2). Spline curves were constructed from 
a univariable logistic regression spline model to assess the 
probability of AF according to LAs (Fig. 4a), and from a 
multivariable logistic regression spline model to assess the 

Fig. 3  Left atrial speckle tracking. Left atrial speckle tracking per-
formed in the apical 4-chamber view, which is shown on the left. 
Overall strain measures from the analysis are presented as the curves 
placed in the upper section on the right side. Measures of left atrial 

strain by different phases are highlighted in text. In the section below 
are curves which show the strain rates of the different phases in this 
analysis. LA-SRs left atrial systolic strain rate, LA-SRe left atrial early 
diastolic strain rate, LA-SRa left atrial late diastolic strain rate

Table 1  Baseline clinical characteristics

Continuous Gaussian distributed variables are represented by the 
mean and standard deviation. Continuous non-Gaussian distributed 
variables are represented by the median and interquartile range. Cat-
egorical variables are represented by proportions

Variable All
n = 56

Free of AF
n = 43

AF
n = 13

p value

Clinical
 Age (years) 54 ± 13 50 ± 12 65 ± 8 < 0.001
 Body mass index (kg/

m2)
26.4 ± 5.6 26.5 ± 5.9 26.3 ± 4.7 0.89

 Male gender (%) 57 60 46 0.36
 Hypertension (%) 36 31 54 0.13
 Diabetes (%) 7 7 8 0.95

CHADS2 (%)
 Mean 2.5 ± 0.8 2.4 ± 0.6 2.9 ± 1.1 0.029
 2 62 69 38
 3 29 23 46
 4 7 7 8
 6 2 0 8

CHA2DS2-VASc (%)
 Mean 3.2 ± 1.3 3.0 ± 1.1 3.7 ± 1.2 0.07
 2 31 36 15
 3 36 38 31
 4 20 17 31
 5 7 5 15
 6 5 5 8
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Table 2  Baseline echocardiographic characteristics

Continuous Gaussian distributed variables are represented by the mean ± standard deviation. Continuous non-Gaussian distributed variables are 
represented by the median (interquartile range). Categorical variables are represented by proportions
IVSd interventricular septal wall thickness at end-diastole, LVIDd left ventricular internal diameter at end-diastole, LVPWd left ventricular poste-
rior wall diameter at end-diastole, LVMI left ventricular mass index, LVEF left ventricular ejection fraction, TAPSE tricuspid annular plane sys-
tolic excursion, E peak transmitral early diastolic inflow velocity, A peak transmitral late diastolic inflow velocity, DT deceleration time of early 
diastolic inflow velocity, e′ peak early diastolic longitudinal mitral annular velocity, PFO patent foramen ovale, BSA body surface area, LAV left 
atrial volume, LAs/LAV ratio of left atrial strain to maximal left atrial volume/BSA, LAs peak atrial reservoir strain

Variable All
n = 56

Free of AF
n = 43

AF
n = 13

p value

Conventional echo
 IVSd (cm) 1.0 ± 0.17 1.0 ± 0.17 0.9 ± 0.13 0.11
 LVIDd (cm) 4.7 ± 0.58 4.7 ± 0.61 4.6 ± 0.46 0.81
 LVPWd (cm) 1.0 ± 0.20 1.0 ± 0.21 1.0 ± 0.18 0.64
 LVMI (g/m2) 85 (70;96) 86 (71;98) 75 (70;91) 0.43
 LVEF (%) 51 ± 8 51 ± 8 51 ± 8 0.88
 TAPSE (mm) 24 ± 6 24 ± 5 25 ± 9 0.60
 E (cm/s) 79 ± 20 79 ± 18 78 ± 25 0.86
 A (cm/s) 67 ± 18 67 ± 19 69 ± 17 0.64
 E/A 1.27 ± 0.54 1.30 ± 0.55 1.19 ± 0.53 0.55
 DT (ms) 206 ± 38 208 ± 34 202 ± 52 0.61
 e′ (cm/s) 11.1 ± 3.9 11.6 ± 4.1 9.3 ± 2.7 0.08
 E/e′ 7.6 ± 2.2 7.3 ± 2.2 8.5 ± 2.3 0.12
 PFO (%) 13 14 8 0.70
 Diastolic dysfunction grading (%) 0.22
 Normal 52 58 33
 Diastolic dysfunction grade 1 16 16 17
 Diastolic dysfunction grade 2 26 24 33
 Diastolic dysfunction grade 3 6 3 17
 Revised diastolic dysfunction grading (%) 0.011
 Normal 52 58 33
 Diastolic dysfunction grade 1 2 3 0
 Diastolic dysfunction grade 2 28 32 17
 Diastolic dysfunction grade 3 18 8 50

Left atrial measures
 Max LAV (mL) 58 ± 21 58 ± 22 58 ± 21 0.96
 Max LAV/BSA (mL/m2) 30 ± 12 30 ± 12 32 ± 13 0.69
 Min LAV, mL 32 ± 14 31 ± 13 36 ± 16 0.20
 Min LAV/BSA (mL/m2) 17 ± 8 16 ± 7 20 ± 9 0.14
 LA strain/max LAV (%/mL/m2) 0.96 (0.80;1.25) 1.02 (0.83;1.31) 0.93 (0.77;1.08) 0.13

Speckle tracking echocardiography
 LV global longitudinal strain (%) 18 ± 3 18 ± 3 18 ± 4 0.77
 LV systolic strain rate  (s−1) 0.83 ± 0.13 0.84 ± 0.13 0.79 ± 0.11 0.24
 LV early diastolic strain rate  (s−1) 0.91 ± 0.25 0.94 ± 0.26 0.84 ± 0.22 0.23
 LV late diastolic strain rate  (s−1) 0.71 ± 0.19 0.71 ± 0.17 0.72 ± 0.26 0.90
 LAs (%) 29 ± 6 30 ± 6 27 ± 7 0.046
 LA conduit strain (%) 15 ± 5 16 ± 5 13 ± 4 0.052
 LA plateau phase strain (%) 14 ± 5 15 ± 5 14 ± 5 0.56
 LA systolic strain rate  (s−1) 1.43 ± 0.35 1.47 ± 0.35 1.31 ± 0.35 0.14
 LA early diastolic strain rate  (s−1) 1.37 ± 0.51 1.45 ± 0.49 1.12 ± 0.50 0.040
 LA late diastolic strain rate  (s−1) 1.39 ± 0.37 1.41 ± 0.38 1.33 ± 0.33 0.51
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probability of AF according to LAs after adjusting for max 
LAV and GLS (Fig. 4b). Spline curves were created with 
two-tied knots, which provided the lowest Akaike informa-
tion criterion (AIC) score.

Ethics

The study was approved by the Ethics committee of the 
Capital Region of Denmark (H3-2010-083) and registered 
at clinicaltrials.gov (NCT01498146). All patients provided 
informed written consent.

Results

Of the 56 patients included in this study, 13 (23%) were 
diagnosed with PAF during a median follow-up period of 
20 months (interquartile range (IQR) 11–29 months). There 
was a complete (100%) follow-up. Implantation was per-
formed within a median 65 days (IQR 41–123 days) after the 
index stroke. PAF was diagnosed a median of 59 days (IQR 
14–108 days) after ICM implantation. All significant AF 
events were asymptomatic and prompted conversion from 
antiplatelet to anticoagulant therapy.

The echocardiograms were performed at a median of 
50 days (IQR 18–146 days) after the stroke event as part of 
the routine clinical work-up.

Clinical baseline

Clinical baseline characteristics for the entire population and 
based on outcome of AF are outlined in Table 1. Patients 
who developed AF were significantly older than patients 
who remained free of AF (65 vs. 50 years, p < 0.001). They 
also exhibited a higher risk of stroke by the  CHADS2-score 
(2.9 vs. 2.4, p = 0.029). There was also a trend toward a 
higher  CHA2DS2-VASc-score among AF patients (3.7 vs. 
3.0, p = 0.07). Aside from this, the two groups did not differ 
clinically.

Left atrial measures

Echocardiographic baseline characteristics for the entire 
population and based on outcome are shown in Table 2. 
The patients did not differ by any conventional echocar-
diographic measures including LA volumes (min LAV and 
max LAV). However, the two groups did differ with respect 
to LAs, with the AF outcome group showing significant 
impairment in LAs: 27 versus 30%, p = 0.046. The LAs/LAV 
did not differ between outcome groups.

When patient characteristics were stratified based on the 
cutoff for LAs (28.2%), it became evident that only age and 
diabetes was higher and more prevalent, respectively, with 
worsening LAs, but beside this no other clinical feature dif-
fered between those with high versus low LAs (Table 3). 
For echocardiographic measures, the e′ was lower and E/e′ 
higher in patients with low LAs. For LA measures, no con-
ventional LA measures differed between the high or low LAs 
groups, however, absolute GLS and all LA speckle tracking 
measures were significantly lower in the low LAs group, 
except for the late diastolic strain rate (Table 4).

No conventional echocardiographic parameters were 
univariable predictors of AF. Nor were the max LAV or 
min LAV predictors of AF, regardless of whether they were 
indexed to body surface area or not. A dilated LA (defined 
as max LAV ≥ 34 mL/m2) was present in 16 patients and 
was not associated with AF [OR 1.76 (0.47;6.54), p = 0.40] 
in univariable logistic regression. Patients with low LAs 
as determined by a value below 28.2% had an approxi-
mately five times greater risk of having occult AF [OR 5.01 
(1.22;21.25), p = 0.025]. Even after adjusting for max LAV 
and GLS, those with low LAs had a significantly increased 
risk of AF compared to those with high LAs [OR 5.88 
(1.30;26.55), p = 0.021]. Logistic spline curves illustrate 
the increased risk of AF with decreasing percentage of 
LAs in an unadjusted model (Fig. 4a) and when adjusted 
for GLS and max LAV (Fig. 4b), p value 0.039 and 0.029, 
respectively.

Table 3  Clinical characteristics stratified into high and low atrial 
strain in the population

Variable LAs ≥ 28.2%
n = 29

LAs < 28.2%
n = 27

p value

Clinical
 Age (years) 50 ± 11 58 ± 14 0.034
 Body mass index (kg/m2) 25.4 ± 5.3 27.5 ± 5.8 0.17
 Male gender (%) 55 59 0.76
 Hypertension (%) 32 41 0.51
 Diabetes (%) 0 15 0.034

CHADS2 (%)
 Mean 2.3 ± 0.5 2.7 ± 1.0 0.07
 2 68 56
 3 32 26
 4 0 15
 6 0 4

CHA2DS2-VASc (%)
 Mean 3.0 ± 0.8 3.4 ± 1.3 0.12
 2 32 30
 3 43 30
 4 21 19
 5 4 11
 6 0 11
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Table 4  Echocardiographic 
characteristics stratified into 
high and low atrial strain in the 
population

Continuous Gaussian distributed variables are represented by the mean ± standard deviation. Continuous 
non-Gaussian distributed variables are represented by the median (interquartile range). Categorical vari-
ables are represented by proportions
IVSd interventricular septal wall thickness at end-diastole, LVIDd left ventricular internal diameter at end-
diastole, LVPWd left ventricular posterior wall diameter at end-diastole, LVMI left ventricular mass index, 
LVEF left ventricular ejection fraction, TAPSE tricuspid annular plane systolic excursion, E peak transmi-
tral early diastolic inflow velocity, A peak transmitral late diastolic inflow velocity, DT deceleration time of 
early diastolic inflow velocity, e′ peak early diastolic longitudinal mitral annular velocity, PFO patent fora-
men ovale, BSA body surface area, LAV left atrial volume, LAs/LAV ratio of left atrial strain to maximal 
left atrial volume/BSA, LAs peak atrial reservoir strain

Variable LAs ≥ 28.2%
n = 29

LAs < 28.2%
n = 27

p value

Conventional echo
 IVSd (cm) 0.97 ± 0.18 1.03 ± 0.15 0.15
 LVIDd (cm) 4.8 ± 0.58 4.5 ± 0.56 0.11
 LVPWd (cm) 0.97 ± 0.17 1.05 ± 0.23 0.14
 LVMI (g/m2) 81 (68;97) 85 (71;96) 0.58
 LVEF (%) 51 ± 7 51 ± 8 0.89
 TAPSE (mm) 26 ± 4 23 ± 8 0.14
 E (cm/s) 80 ± 16 78 ± 23 0.83
 A (cm/s) 66 ± 19 68 ± 17 0.65
 E/A 1.29 ± 0.44 1.25 ± 0.64 0.81
 DT (ms) 209 ± 40 203 ± 36 0.56
 e′ (cm/s) 12.2 ± 3.7 9.7 ± 3.8 0.03
 E/e′ 7.0 ± 2.1 8.4 ± 2.2 0.03
 PFO (%) 17 7 0.33
 Diastolic dysfunction grading (%) 0.06
 Normal 65 38
 Diastolic dysfunction grade 1 4 29
 Diastolic dysfunction grade 2 27 25
 Diastolic dysfunction grade 3 4 8
 Revised diastolic dysfunction grading,  % 0.031
 Normal 65 38
 Diastolic dysfunction grade 1 4 0
 Diastolic dysfunction grade 2 27 29
 Diastolic dysfunction grade 3 4 33

Left atrial measures
 Max LAV (mL) 58 ± 22 59 ± 21 0.88
 Max LAV/BSA (mL/m2) 29 ± 11 31 ± 13 0.51
 Min LAV (mL) 31 ± 12 33 ± 15 0.65
 Min LAV/BSA (mL/m2) 16 ± 6 18 ± 9 0.40

Speckle tracking echocardiography
 LV global longitudinal strain (%) 19 ± 2 17 ± 3 0.042
 LV systolic strain rate  (s−1) 0.87 ± 0.14 0.78 ± 0.10 0.006
 LV early diastolic strain rate  (s−1) 0.96 ± 0.23 0.86 ± 0.27 0.13
 LV late diastolic strain rate  (s−1) 0.72 ± 0.18 0.70 ± 20 0.78
 LA conduit strain (%) 18 ± 4 12 ± 4 < 0.001
 LA plateau phase strain (%) 17 ± 4 12 ± 4 < 0.001
 LA systolic strain rate  (s−1) 1.65 ± 0.33 1.20 ± 0.20 < 0.001
 LA early diastolic strain rate  (s−1) 1.57 ± 0.51 1.17 ± 0.43 0.002
 LA late diastolic strain rate  (s−1) 1.48 ± 0.32 1.29 ± 0.40 0.06
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Diastolic dysfunction grading

Conventional DDF grading showed a trend towards being 
a predictor of AF: OR 1.83 [0.95;3.50], p for trend = 0.069, 
per worsening DDF grade, but was not a predictor when 
adjusted for the  CHADS2-score [OR 1.87 (0.92;3.81), p for 
trend = 0.09, per worsening DDF grade]. In the revised DDF 
model, 7 patients were reclassified from having DDF grade 1 
to 2, and 5 more were reclassified from grade 2 to 3 (Table 1). 
The revised DDF model was a stronger predictor than conven-
tional DDF grading [OR 1.90 (1.07; 3.35), p for trend = 0.028, 
per worsening DDF grade] and remained a strong predictor 
even after adjusting for the  CHADS2-score [OR 1.88 (1.01; 
3.50), p for trend = 0.047, per worsening DDF grade].

Discussion

This is to our knowledge the first study to evaluate the appli-
cability of speckle tracking echocardiography for the pre-
diction of device-detected AF in patients with cryptogenic 
stroke. Continuous monitoring for up to 3 years by an ICM 
with a dedicated AF detection algorithm is considered the 
gold standard for AF detection since this method will also 
detect asymptomatic episodes. Our findings suggest LAs 
to be a valuable tool for prediction of AF, whereas LA vol-
umes and speckle tracking of the LV was of no predictive 
value in this study. Interestingly, the predictive value of LAs 
did not appear to be mediated by GLS and max LAV, as pre-
viously suggested. Furthermore, diastolic dysfunction clas-
sification may be improved by including LAs and a revised 
version of diastolic dysfunction grading may indicate an 
increased risk of subclinical AF in cryptogenic stroke.

LA strain and AF

Findings from the Utah group have revealed an inverse linear 
relation between amount of fibrosis and LA reservoir strain 
[21], suggesting LA reservoir strain to be a sensitive marker of 
LA fibrosis, and thereby a marker of AF risk [22, 23]. This is 
in accordance with the results presented in the present report 
where LAs was found to be of value in identifying patients 
with subclinical AF following a CS. Recently, similar find-
ings were published by Choi et al. [24], who found low LAs 
could predict subclinical AF in patients with cardiac implant-
able devices such as pacemakers or implantable cardioverter 
defibrillators. Pagola et al. [20] performed a prospective pilot 
study of 90 CS patients and found that both decreased LA 
reservoir strain and low ratio of LA reservoir strain to max 
LAV (LAs/LAV) were valuable parameters for predicting 
AF detected by 72 h Holter monitoring. Although our study 
showed predictive value of LA reservoir strain, the LAs/LAV-
ratio did not prove of value in our population. The relation-
ship between LA reservoir strain and incident AF was also 
recognized in a large-scale retrospective case–control study by 
Leong et al. [25], who compared 371 CS patients to 371 con-
trols and revealed the LA reservoir function to be significantly 
impaired in the CS-group as a marker of LA dysfunction in 
these patients.

LA reservoir function and LA volumes

The max LAV is the current applied measure for determining 
LA dysfunction, however, failed to predict AF in this study. 
The explanation may be given by an invasive study investi-
gating the relationship of echocardiographic measures to LV 
end-diastolic pressure (LVEDP), which showed that LAs was 

Fig. 4  a Spline curve illustrating the probability of AF with decreas-
ing LAs. Black line shows unadjusted probability of device-detected 
AF with 95% confidence intervals (dotted lines) per decreasing per-
centages of LAs in patients with cryptogenic ischemic stroke. AF 
atrial fibrillation, LAs left atrial reservoir strain. b Black line shows 

probability of device-detected AF with 95% confidence intervals (dot-
ted lines) per decreasing percentages of LAs in patients with crypto-
genic ischemic stroke when adjusted for GLS and max LAV. AF atrial 
fibrillation, LAs left atrial reservoir strain, GLS global longitudinal 
strain; max LAV maximal left atrial volume
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the parameter that most closely related to LVEDP [26]. Cameli 
et al. proposed that the reason for this was that LVEDP served 
as a measure of LA afterload, inducing stress on the LA which 
is detected by LAs prior to LA volumes. Indeed, LA strain 
has been hailed as a promising marker of LV filling pressure 
by experts in the field of diastolic function [27]. This is in 
line with several studies which have found that LAs becomes 
impaired before LA enlargement becomes evident, and even 
predict outcome in patients with non-enlarged LA. This was 
not possible to assess in this study due to a small sample size. 
Additionally, the max LAV is clinically meaningful when it 
indicates a dilated LA (≥ 34 mL/m2) and since the majority 
of patients did not exhibit a dilated LA in this study, this may 
explain why the max LAV failed to predict AF. However, even 
a dilated LA was not associated with device-detected AF in 
this study, and the fact that LAs can predict AF in a population 
with so few patients exhibiting a dilated LA only emphasized 
its potential value. Furthermore, LA dysfunction by atrial 
volumes poses another challenge as these are often indexed 
to BSA to compensate for body size, however, recent studies 
have found that such isometric standardization to BSA may 
not accurately reflect LA size. Instead it has been proposed 
that allometric standardization or standardization to other 
measures of body size may more accurately reflect pathologic 
enlargement of LA size [28]. This hypothesis is still under 
investigation, but may also explain why atrial volumes were 
not of value in our study, and thereby also explain why the 
LAs/LAV-ratio was not a predictor of AF in our study as this 
measure suffers from the same bias.

Global longitudinal strain as a marker of LA 
reservoir function

It is particularly interesting to note that LA reservoir func-
tion by LA speckle tracking seemed promising, whereas LA 
reservoir function by LV analysis (i.e., GLS) seemed unaf-
fected in AF patients in our study. GLS has otherwise shown 
to predict AF [29], also in device-detected AF after transient 
ischemic attack [30], and since it indirectly reflects LA res-
ervoir function it has been questioned whether LAs actually 
provide valuable information beyond GLS and max LAV. 
Ersbøll et al. showed that the predictive value of LAs was 
mediated by GLS and max LAV [13]. This notion is, how-
ever, challenged by our findings showing predictive value of 
LAs independent of GLS and max LAV.

Diastolic dysfunction grading

Guidelines for classifying diastolic dysfunction exist, how-
ever, a recurrent problem is that patients quite often cannot 
be placed into the established categories due to conflicting 
measures. Hence, diastolic assessment is quite complex. 
To resolve this issue Johansen et al. [16] tried to create a 

new method of classifying diastolic dysfunction from the 
Copenhagen City Heart study suggesting the e′ as an entry 
parameter for having diastolic dysfunction since impaired 
LV relaxation often is the first step in the process of devel-
oping diastolic dysfunction. By this method, a substantial 
proportion of patients could be classified into different 
degrees of diastolic dysfunction, and this classification also 
proved to relate to clinical outcomes better than the con-
ventional DDF grading. Although LAs seems of predictive 
value in our study, measures of diastolic function should 
not stand alone in an echocardiographic investigation. By 
extension, recent studies have suggested that LAs could be 
of use in DDF grading [12], and showed that LAs progres-
sively worsens with increasing DDF [31]. Although Singh 
et al. [12] suggested different cut-offs for different degrees 
of DDF, implementing a strategy of three different cutoffs in 
the already complex assessment of DDF classification seems 
clinically challenging. We rather propose a single cutoff 
for this purpose as is already the clinical way for the other 
diastolic measures. Although a cutoff of 28.2% seems to be 
efficient for prediction of AF, further studies are needed to 
investigate if this modified DDF grading can also be applied 
for prediction of other clinical outcomes.

Other measures of impaired LA function

Although impaired reservoir function seems to play a role in 
the pathology of AF, another important marker of AF risk 
is the LAEF. We have previously reported the prognostic 
value of LAEF in the same cohort and a similar cohort [15, 
32]. This measure reflects both passive and active proper-
ties of the LA, but whether the dysfunction lies in the LA 
conduit function or LA contraction, cannot be determined 
by the LAEF. Even though our study indicates a decreased 
LA conduit function to be present in the AF patients, it could 
just as well be a reduced atrial contraction that mediates the 
predictive value of LAEF as has been suggested in related 
studies [33, 34].

Clinical translation and limitations of LA strain

Although LAs shows promise, the technique is still some-
what flawed. As we have previously outlined, several techni-
cal obstacles need to be clarified [18]. There is no consensus 
on how to perform LA speckle tracking. Furthermore, LA 
speckle tracking is performed with software designed for LV 
speckle tracking as there is no dedicated speckle tracking 
algorithm designed for LA analysis specifically. A previous 
study from Singh et al. reported a high intra-class correla-
tion of 0.89 but with an inter-reader variability of 13% [35]. 
Keeping this in mind and the fact that the difference in LAs 
between outcome groups in this study was 3%, the high vari-
ability does not favor clinical application of the software and 
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emphasizes the need for a dedicated LA speckle tracking 
software. Our findings should therefore be seen as an exten-
sion of similar hypothesis generating studies to also include 
patients with cryptogenic stroke and device-detected AF.

These issues may, however, be resolved in the near future 
since several initiatives from international imaging societies 
have been developed. The MASCOT-HIT study will inves-
tigate the technical aspects on how to optimize LA speckle 
tracking, an expert panel has been convened to standardize 
LA imaging [19], and the EACVI Echo Afib registry [36] 
has been developed to investigate how cardiac imaging can 
be used to guide prevention of ischemic stroke. All initia-
tives stress the importance of the subject and the dedication 
towards implementing LAs in clinical practice.

Limitations

Identifying echocardiographic predictors of PAF was not 
the primary focus of the SURPRISE study and only two-
thirds of the study population underwent an echocardio-
graphic examination as part of the diagnostic work-up. No 
(rare) structural cardio-embolic sources were diagnosed in 
these standardized echocardiographic examinations, which 
emphasizes the potential information about atrial pathophys-
iology and potential presence of PAF which can be acquired 
from the routine echocardiogram.

These results are from a somewhat small sample size, 
and results cannot be extrapolated to the entire cohort of 
CS patients.

Some medication may have potential protective effects 
for the development of AF such as beta blockers, unfortu-
nately we did not have information on such medication use 
and we can therefore not exclude the possibility of residual 
confounding.

An important aspect to consider is that even though stud-
ies have revealed a high AF detection rate with increased 
rhythm monitoring, there is currently no evidence to sup-
port that initiation of anticoagulation treatment based on 
opportunistic screening for PAF also translates into a better 
outcome in these patients. This needs to be clarified before 
ICM implantation is considered routinely implemented in 
the clinic, and this also influences the need for echocardio-
graphic selection of patients in need of prolonged rhythm 
monitoring.

Conclusion

Low LAs predicts device-detected subclinical AF in cryp-
togenic stroke patients, whereas left ventricular speckle 
tracking does not predict AF. LA reservoir strain provides 

prognostic value independent of LA size and GLS. Further-
more, LA reservoir strain may be used to revise diastolic 
dysfunction grading, which may translate into an increased 
risk of AF independent of clinical risk score.
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