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Left Atrial Mechanics Assessed Early during
Hospitalization for Cryptogenic Stroke Are
Associated with Occult Atrial Fibrillation: A
Speckle-Tracking Strain Echocardiography

Study
S�ebastien Deferm, MD, Philippe B. Bertrand, MD, PhD, Timothy W. Churchill, MD, Richa Sharma, MD, MPH,
Pieter M. Vandervoort, MD, Lee H. Schwamm, MD, and Danita M. Yoerger Sanborn, MD, MMSc, Genk and

Diepenbeek, Belgium; Boston, Massachusetts; and New Haven, Connecticut

Background:Occult atrial fibrillation (AF) is an important contributor to cryptogenic stroke, yet remains difficult
to unmask at presentation. This study investigated the predictive value of left atrial (LA) mechanics by strain
echocardiography during stroke hospitalization for the presence of AF as detected on early 30-day monitoring
and routine clinical follow-up.
Methods: Left atrial mechanics were studied by strain echocardiography in a retrospective cohort of 191
patients with cryptogenic stroke and 30-day mobile cardiac outpatient telemetry poststroke to diagnose
AF. After this, AF was diagnosed via routine clinical follow-up. The independent and incremental value of
measures of LA size and mechanics (i.e., strain and strain rate in the reservoir, conduit, and booster pump
phase) to predict AF on top of clinical characteristics was assessed.
Results:Of 191 patients, 15% (n = 28) developed AF, of which 10 were observed during 30-daymobile cardiac
outpatient telemetry and 18 were observed at a median follow-up of 25 (interquartile range, 10-43) months.
Median time from embolic stroke to strain echocardiography was 1 day (interquartile range, 1-2 days). Left
atrial mechanics were significantly worse in AF (P < .05 for all), despite largely similar baseline cardiovascular
risk profile. Booster pump strain rate was the strongest predictor for AF, independent of age, LA volume index,
E/e0, and reservoir strain (odds ratio = 2.88 per SD increase; 95% confidence interval, 1.29-6.41; P = .010).
Adding LA strain reservoir strain and booster pump function significantly enhanced a multivariate model to
predict AF. Freedom from AF was significantly lower in subjects with a booster pump strain rate (at stroke
presentation) worse than –0.67 sec�1, as derived from receiver operator curve analysis (P < .001).
Conclusions: Left atrial mechanics and particularly the LA booster pump function assessed early during
hospitalization for cryptogenic stroke can identify patients at greater likelihood of future diagnosis of AF. These
findings could in part relate to LA mechanical stunning after spontaneous cardioversion, which—when iden-
tified by early strain echocardiography—can inform further risk stratification and decision-making. (J Am Soc
Echocardiogr 2020;-:---.)
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Abbreviations

2D = Two-dimensional

AF = Atrial fibrillation

LA = Left atrium, atrial

LAVI = Left atrial volume

index

PALS = Peak atrial

longitudinal reservoir strain

ROC = Receiver operating

curve

TOAST = A trial of ORG

10172 in acute stroke
treatment
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Ischemic brain infarction ac-
counts for 87% of all strokes,
with an estimated global preva-
lence of 67.6 million.1 In approx-
imately 15%–30% of ischemic
strokes,2,3 neurological imaging
is consistent with embolism,
although the source of embolism
remains undetermined after
diagnostic workup. These cases
are referred to as cryptogenic
stroke4 and they represent an
etiologically heterogeneous
group with an annual stroke
recurrence rate of up to 5%.5

Left atrial (LA) myopathy and/
or occult atrial fibrillation (AF),
two growing epidemics,6 are considered important contributors to
thromboembolism in at least 30% of cryptogenic strokes.7 Hence,
there is a critical need to identify a subgroup of cryptogenic stroke
cases with a high yield for long-term rhythmmonitoring and potential
benefit from anticoagulation therapy. Left atrial strain imaging has
emerged as a tool to detect subtle (often subclinical) abnormalities
in LA mechanics (i.e., LA reservoir and booster pump function)
and, therefore, might be extremely valuable in this subgroup of cryp-
togenic stroke cases.

Accordingly, the purpose of this study was to assess the predictive
value of LA mechanics by speckle-tracking strain echocardiography
for the detection of occult AF in cryptogenic stroke and evaluate their
incremental value to clinical features and conventional echocardio-
graphic parameters.
MATERIAL AND METHODS

Study Population

The study cohort was retrospectively identified from the institu-
tional clinical and echocardiographic database of stroke patients
admitted between 2005 and 2016 at Massachusetts General
Hospital. Eligible patients were 40 years of age or older, who were
diagnosed with ischemic stroke based on clinical examination by
the attending neurologist and findings on computed tomography or
brain magnetic resonance imaging, who underwent inpatient 48-
hour rhythm monitoring and transthoracic echocardiogram, and,
importantly, who had received a mobile cardiac outpatient telemetry
device after index hospitalization. Stroke was considered cryptogenic
by the hospital’s stroke team in absence of (1) major-risk cardioem-
bolic sources, (2) $50% luminal stenosis in the extracranial or intra-
cranial arteries supplying the infarcted area, and (3) an unrevealing
diagnostic stroke workup otherwise, resulting in a trial of ORG
10172 in acute stroke treatment (TOAST) classification of 5 or stroke
of undetermined etiology.4

Additional exclusion criteria were as follows: (1) history of AF/atrial
flutter or their occurrence during 48-hour inpatient cardiac moni-
toring, (2) mitral valve stenosis, (3) left ventricular ejection fraction
<35% or left ventricular apical aneurysm, (4) indication for chronic
anticoagulation, (5) recent myocardial infarction or coronary artery
bypass grafting less than 1 month prior to stroke, and (6) inability to
perform LA strain imaging. The presence of a patent foramen ovale
was not an exclusion criterion unless it was clinically interpreted as
causative, which then classified the stroke as TOAST 4 (other deter-
mined source).
The time of index strokemarked the time point of entry in the anal-

ysis. Clinical data were collected for each participant at the time of in-
dex stroke and used to compute clinical scores (CHA2DS2VASC
score, National Institute of Health Stroke Scale). The study was
approved by the hospital’s Institutional Review Board (Partners
IRB), and the need for a written informed consent was waived given
the retrospective analysis of clinically acquired data.
Image Acquisition and Analysis

Transthoracic echocardiographic examinations were performed
during index hospitalization by qualified sonographers, following a
standard imaging protocol using a commercially available system
(Philips Medical Systems, EPIQ 7 or IE33, Andover, MA) equipped
with a S5-1 or X5-1 phased-array transducer and stored for offline
analysis. Conventional echocardiographic parameters weremeasured
according to the American Society of Echocardiography recommen-
dations,8 using a commercially available software package (Siemens
Syngo Dynamics, Malvern, PA). E/e0 was calculated as the ratio of
the transmitral Doppler E-wave velocity (E), divided by the composite
mean of the lateral and medial early diastolic mitral annular velocity
(e0). Left atrial volume was measured using the modified Simpson
rule and indexed to body surface area to calculate LA volume index
(LAVI) by a single experienced echocardiographer (D.Y.S.). All echo-
cardiographic measurements were performed blinded for the
outcome of AF during mobile cardiac outpatient telemetry or clinical
follow-up.
LA Speckle-Tracking Analysis

Left atrial speckle-tracking analysis was performed offline on a non-
foreshortened apical four-chamber view using a third-party vendor-
independent software package (two-dimensional [2D] cardiac perfor-
mance analysis, TomTec imaging systems GmbH), according to the
Task force recommendations.9 Ventricular end diastole was used as
the zero reference point (i.e., R-R gated speckle-tracking was conduct-
ed). After the observer manually traced the endocardial LA border in
the four-chamber view in end diastole, the software automatically
tracked the endocardial borders throughout the subsequent frames
of the selected beat. Adequate tracking of the region of interest on
the contour was verified and if necessary adjusted to ensure reliable
speckle correlation. The mean frame rate was 62 Hz.
Peak atrial longitudinal strain (PALS) was determined as the peak

positive strain value (i.e., lengthening) during late ventricular systole
on the averaged longitudinal strain curve. Additionally, the (positive)
reservoir strain rate in late ventricular systole, (negative) conduit strain
rate in early diastole, and (negative) booster pump strain rate were
determined from the averaged LA longitudinal strain rate curve
(Figure 1). Left atrial maximum opposing wall delay (i.e., a measure
of intra-atrial dyssynchrony) was calculated as the difference in time
to peak longitudinal strain between the interatrial septum and free
lateral wall of the LA.10

Left atrial strain analysis was performed offline by the first author,
blinded to other study-related parameters.
Clinical Follow-up and Diagnosis of AF

Generally at stroke admission, permissive hypertension was applied
in our institution, as per American Heart Association/American
Stroke Association guidelines.11 Abruptly lowering blood pressure
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was avoided in these patients due to the risk of worsening cerebral
ischemia.12

After index hospitalization, all patients were followed up for the pri-
mary endpoint of AF with a 30-day mobile cardiac outpatient telem-
etry system (First-Call, Andover, MA), which automatically captured
arrhythmic events, even in the absence of symptoms. Each event was
automatically transmitted to the monitoring center without patient
interference via a built-in wireless cellular connection and assessed
by a certified monitoring technician. Rhythm follow-up after
30 days was performed at the discretion of the treating physician
and retrospectively obtained from the electronic health record system
(Epic System Corporation, Verona, WI). Atrial fibrillation was defined
as an irregular supraventricular rhythm with variable R-R interval and
absence of P waves on resting electrocardiogram or$30 seconds dur-
ing rhythmmonitoring.13 Importantly, episodes of irregular supraven-
tricular rhythm of <30 seconds on mobile cardiac outpatient
telemetry were not considered diagnostic for AF.
Statistical Analysis

Categorical data were expressed as absolute numbers and percent-
ages and compared with the c2 test (or Fisher’s exact test if a cell num-
ber was <5). Continuous variables were described as mean 6 SD if
normally distributed or median (interquartile ranges) otherwise.
Normality was assessed by the Shapiro-Wilk statistic. Continuous vari-
ables were compared with the independent Student’s t test or Mann-
Whitney U test, as appropriate. Univariate and multivariate regression
analyses were performed to assess the (independent) predictive value
of LA strain-derived parameters for detection of AF, among clinical
risk scores and conventional echocardiographic parameters, both in
a binarymanner (binary logistic regression) and in a time-to-event anal-
ysis (Cox proportional hazards regression). Collinearity diagnostics
were performed to warrant stability of the multivariate model.
These analyses were reiterated in a subgroup with age <65 years
and CHA2DS2VASC-score < 3. Next a competing risk Fine and
Gray’s analysis with AF as the primary outcome and all-cause death
as competing riskwas comparedwith the initial Cox regressionmodel.
Additionally, the predictive performance of LA strain-derived pa-

rameters, compared with LAVI, was computed by receiver operating
characteristic (ROC) curve analysis. A discriminatory cutoff was
derived from this analysis and used to dichotomize the population.
Freedom from AF was estimated by the Kaplan-Meier method based
on these cutoff values and compared with the corresponding log-rank
test. Finally, the incremental value of LA strain-derived indices over
clinical and conventional echocardiographic parameters to predict
AF in cryptogenic stroke was evaluated by the likelihood ratio test
and the change in global c2 value between each multivariate model.
Statistical significance was always set at a two-tailed probability

level of <.05. Statistics were performed using SPSS version 22
(IBM, Chicago, IL), except for the competing risk analysis and nested
Cox regression, which were performed in STATA version 12.1
(StataCorp LLC, College Station, TX).
RESULTS

Patient Characteristics

Among 259 patients with ischemic stroke, 68 (26%) were excluded.
The reasons for exclusion are summarized in Supplemental Figure 1,
among which a total of 37 patients were excluded by the stroke team,
as their stroke was explained by a different etiology (TOAST classifi-
cation s 5). Left atrial speckle-tracking was inadequate in 9.5%
(n = 21) of patients who were subsequently excluded from further
analysis. This group of excluded patients (n = 21) was comparable
to the studied cohort (n = 191) in terms of cardiovascular risk factors
and left ventricular ejection fraction.

Baseline characteristics of the final study population (n = 191) are
summarized in Table 1. During 30-day mobile cardiac outpatient
telemetry, a total of 10 (5%) patients were diagnosed with AF. In addi-
tion, a total of 18 (9%) patients were diagnosed with AF after a me-
dian clinical follow-up of 25 (10-43) months. Patients with
cryptogenic stroke and subsequent AF (n = 28, 15%) were slightly
older than patients without AF (65 6 14 vs 70 6 11 years,
P = .037). However, cardiovascular risk factors and CHA2DS2-
VASC score were comparable between the two groups (P = NS for
all). Indices of left ventricular size and systolic function were similar
for both subgroups (P = NS).
LA Mechanics

Themedian time between stroke presentation and echocardiography
was 1 day (interquartile range, 1-2). Median LAVI was 32.2 mL/m2

and significantly larger in patients with cryptogenic stroke who devel-
oped AF after index stroke (Table 2, P = .001). Indices of LA reservoir
(PALS and reservoir strain rate) and booster pump function (medial
A0 and booster pump strain rate) were significantly lower in AF
(P < .001 for all). Left atrial maximum opposing wall delay was signif-
icantly worse in patients who developed AF (P = .007). These differ-
ences were found despite no difference in time interval between
stroke admission and echocardiography recordings for both sub-
groups (P = .509).
Predictors of AF after Cryptogenic Stroke

The association between clinical risk factors, echocardiographic pa-
rameters, and AF was evaluated using univariate and multivariate bi-
nary logistic and Cox regression analysis (respectively, Tables 3 and 4).
Factors associated with AF in univariate analysis (P < .10) were age,
LAVI, medial A0, and E/e0, as well as indices of LA reservoir (PALS
and reservoir strain rate) and booster pump function (booster
pump strain rate). PALS was independently associated with AF in
cryptogenic stroke, even after adjustment for age, E/e0, LAVI, and
opposing wall delay (odds ratio [OR] = 0.35 per SD increase; 95%
confidence interval [CI], 0.18-0.70; P = .003; Table 3). Similarly,
maximum opposing LA wall delay was an independent multivariate
predictor for AF (OR = 1.64 per SD increase; 95% CI, 1.06-2.54;
P = .027; Table 3). However, in the subsequent step of the multivar-
iate model including booster pump strain rate, the latter remained the
strongest independent predictor for AF (OR = 2.88 per SD increase;
95% CI, 1.29-6.41; P = .010; Table 3).



Figure 1 Left atrial strain imaging in cryptogenic stroke with and without detected AF. The threefold action of the LA was assessed
using speckle-tracking-derived strain and strain rate. PALS and reservoir strain ratewere significantly lower in cryptogenic strokewith
detected AF (white arrows). Atrial contractility was significantly worse, as indicated by a higher booster pump strain rate value in the
latter subgroup (yellow arrow). Please note the difference in scale between AF and no AF, with markedly lower values in the patient
that was diagnosed with AF during follow-up. The white curve represents the averaged strain (rate) curve, whereas the green, blue,
and red curves represent strain (rate) in the lateral wall, interatrial septum, and roof, respectively. SR, Strain rate.
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In multivariate Cox regression analysis (accounting for the time to
first detected AF after index stroke), booster pump strain rate was
independently associated with time to first AF (hazard ratio = 2.88
per SD increase; 95% CI, 1.28-6.49; P = .011; Table 4). Moreover,
booster pump strain rate remained the only independent predictor
for time to first AF (P = .016), even with all-cause mortality as a
competing risk (Supplemental Table 1).

Of note, pump strain rate remained a significant univariate predic-
tor for AF in the subgroup with age <65 years and CHA2DS2VASC
< 3 (n = 77).
Discriminatory Cutoff

Figure 2 and Table 5 render the results of ROC curve analysis for LA
mechanics and LAVI. PALS and booster pump strain rate were echo-
cardiographic predictors for AF, with an area under the curve of 0.74
and 0.77, respectively (P < .001 for both). A threshold PALS value of
20.4% identified future AF in cryptogenic stroke with a sensitivity of
75% and specificity of 69%. Similarly, a value of –0.67 sec�1 for
booster pump strain rate yielded a 73% sensitivity and 65% specificity
for AF detection after cryptogenic stroke. Using these cutoffs,
freedom from AF in time-to-event analysis was significantly lower



Table 1 Baseline patient characteristics

All patients (N = 191) AF (n = 28) No AF (n = 163) P value

Demographics

Age, years 65 6 14 70 6 11 64 6 14 .037

Gender, female, n (%) 90 (47) 16 (57) 74 (45) .250

Race, Caucasian, n (%) 147 (77) 27 (96) 120 (74) .008

BSA, m2 1.91 6 0.27 1.93 6 0.28 1.91 6 0.27 .780

Comorbidities

Hypertension, n (%) 116 (61) 16 (57) 100 (61) .674

Diabetes mellitus, n (%) 35 (18) 6 (21) 29 (18) .646

Dyslipidemia, n (%) 75 (39) 13 (46) 62 (38) .401

Smoking history, n (%) 32 (17) 4 (14) 28 (17) 1.000

CHA2DS2-VASC, absolute 3 (2-4) 3 (2-4) 3 (2-4) .253

Stroke presentation

NIHSS, absolute 3 (1-6) 3 (1-5) 3 (1-6) .884

Cortical infarct (%) 111 (58) 11 (39) 100 (61) .029

Bilateral infarct (%) 27 (14) 5 (18) 22 (13) .541

Supra + infratentorial infarct (%) 15 (8) 3 (11) 12 (7) .542

LV parameters

LVEF, % 67 (63-72) 66 (63-70) 68 (63-73) .274

IVSd, mm 11 (10-13) 11 (10-13) 11 (10-12) .312

LVIDd, mm 43 (40-48) 45 (40-47) 43 (40-48) .617

PWTd, mm 10 (9-11) 10 (9-13) 10 (9-11) .223

Days up to TTE 1 (1-2) 2 (1-2) 1 (1-2) .509

BSA, Body surface area; IVSd, interventricular septum thickness in diastole; LV, left ventricle, LVEF, left ventricular ejection fraction; LVIDd, left

ventricular internal diameter in diastole; NIHSS, National Institute of Health Stroke Scale; PWTd Posterior wall thickness in diastole.

Data are presented as mean 6 SD, n (5%), or median (interquartile range).

Table 2 Baseline LA and LV diastolic function indices in cryptogenic stroke with and without subsequent AF detection

Variables All patients (N = 191) AF (n = 28) No AF (n = 163) P value

LAVI, mL/m2 32.2 (25.1-42.2) 43.6 (30.9-49.7) 31.2 (24.5-39.7) .001

LA emptying

fraction, %

54.3 (46.7-60.8) 46.9 (37.6-58.6) 55.2 (48.3-62.1) .004

PALS, % 22.3 (19.0-28.1) 17.4 (15.7-22.3) 23.2 (19.4-28.3) <.001

SR reservoir, sec�1 0.83 (0.69-0.99) 0.68 (0.56-0.82) 0.86 (0.72-1.0) <.001

SR conduit, sec�1 –0.56 (–0.75-0.40) –0.43 (–0.58-036) –0.60 (–0.77-0.44) .003

SR pump, sec�1 –0.72 (–0.88-0.57) –0.55 (–0.69-0.39) –0.74 (–0.92-0.59) <.001

Opposing wall delay,

msec

33 (0-67) 67 (33-100) 33 (0-67) .007

E, cm/sec 70 (57-84) 75.5 (70-102) 67 (56-81) <.001

A, cm/sec 81 (64-94) 80 (61-94) 81 (64-93) .821

EA ratio, absolute 0.88 (0.72-1.11) 1.04 (0.87-1.36) 0.86 (0.69-1.08) .006

E/e0, absolute 9.69 (7.35-12.97) 12.40 (9.87-15.00) 9.38 (7.13-12.00) .001

A0 medial, cm/sec 90 (80-110) 90 (70-105) 90 (80-110) .174

LV, Left ventricle; SR, strain rate.

Data are presented as median (interquartile range).
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Table 3 Predictors for AF in cryptogenic stroke

Variable

Univariate Multivariate (step 1) Multivariate (step 2)

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Age 1.03 (1.00-1.07) .039 0.99 (0.95-1.03) .561

Female sex 1.60 (0.71-3.60) .253

Dyslipidemia 1.41 (0.63-3.16) .402

Hypertension 0.84 (0.37-1.89) .674

Diabetes mellitus 1.26 (0.47-3.38) .646

CHA2DS2VASC, per 1
increase

1.20 (0.88-1.63) .262

LVEF, per SD increase 0.83 (0.56-1.22) .340

E/e0, per unit increase 1.08 (1.02-1.15) .011 1.02 (0.93-1.13) .650

LAVI, per SD increase 1.98 (1.33-2.97) .001 1.37 (0.81-2.32) .238

A0 medial, per SD

increase

0.71 (0.47-1.06) .094 * *

PALS, per SD increase 0.33 (0.18-0.59) <.001 0.35 (0.18-0.70) .003 0.61 (0.31-1.21) .160

SR reservoir, per SD

increase

0.34 (0.19-0.59) <.001 * *

SR pump, per SD
increase

4.23 (2.09-8.54) <.001 Step 2 2.88 (1.29-6.41) .010

Opposing wall delay, per

SD increase

1.75 (1.20-2.53) .003 1.64 (1.06-2.54) .027 1.59 (1.04-2.44) .034

LVEF, Left ventricular ejection fraction; SR, strain rate.

Covariates are presented with OR (95%CI) and corresponding P value. Covariates with P < .10 in univariate analysis were entered in a multivariate
binary logistic regression model. Booster pump strain rate was introduced in step 2 (right-sided panel).

*A0, and reservoir strain rate were excluded due to collinearity.

Table 4 Univariate and multivariate Cox proportional hazard regression for time to AF

Variable

Univariate Multivariate

HR (95% CI) P value HR (95% CI) P value

Age, per 1 year increase 1.03 (1.00-1.06) .029 0.99 (0.96-1.03) .688

Female sex 1.53 (0.72-3.23) .268

Dyslipidemia 1.31 (0.62-2.76) .476

Hypertension 0.82 (0.39-1.74) .611

Diabetes mellitus 1.28 (0.52-3.18) .590

CHA2DS2VASC, per 1 increase 1.21 (0.91-1.62) .188

LVEF, per SD increase 0.86 (0.61-1.22) .409

E/e0, per unit increase 1.06 (1.02-1.10) .002 0.97 (0.91-1.05) .455

LAVI, per SD increase 1.65 (1.27-2.15) <.001 1.23 (0.77-1.98) .389

A0 medial, per SD increase 0.70 (0.48-1.03) .068 *

PALS, per SD increase 0.38 (0.24-0.61) <.001 0.63 (0.31-1.30) .214

SR reservoir, per SD increase 0.39 (0.25-0.63) <.001 *

SR pump, per SD increase 3.89 (2.11-7.20) <.001 2.88 (1.28-6.49) .011

Opposing wall delay, per SD
increase

1.52 (1.13-2.04) .006 1.29 (0.92-1.83) .145

LVEF, Left ventricular ejection fraction; SR, strain rate.
Covariates are presented with hazards ratios (HR), 95%CI, and corresponding P value. Covariates with P < .10 in univariate analysis were entered

in the multivariate model regression model.

*A0 and reservoir SR were excluded due to collinearity.
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Figure 2 ROC curve analysis for LA mechanics to predict AF.
Overlaying ROC analysis indicating a large AUC for PALS and
booster pump strain rate, versus LAVI. AUC, Area under the
curve; SR Pump, booster pump strain rate.
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in subjects with cryptogenic stroke with PALS < 20.4% (P < .001) or
booster pump strain rate > –0.67 sec�1 (P = .001).
Incremental Value of LA Strain for AF Detection in
Cryptogenic Stroke

The incremental predictive value of PALS, LA opposing wall delay,
and booster pump strain rate over existing indices is illustrated in
Figure 3, after applying a sequential nested Cox regression algorithm.
A predictive model based on conventional clinical parameters and
LAVI alone was significantly refined by adding PALS and opposing
wall delay (likelihood c2 = 22.84, P = .004) and subsequently signif-
icantly improved by booster pump strain rate (likelihood c2 = 30.24,
P = .007).
Reproducibility

Reproducibility of all LA strain measurements was tested blinded in a
random sample of 15 patients, included in the retrospective cohort.
The intraclass correlation coefficients for intra- and interobserver vari-
ability are presented in Table 6 and show overall good agreement.
Intraobserver variability was assessed by the first author at a later
stage. Interobserver variability was verified by the second author,
blinded to other measurements. Scatter plots showing the overall
Table 5 ROC analysis of conventional and strain-derived echocar

Variable AUC P value 95% CI

LAVI, mL/m2 0.69 .001 0.58-0.8

PALS, % 0.74 <.001 0.63-0.8

SR pump, sec�1 0.77 <.001 0.68-0.8

AUC, area under the curve; SR, strain rate.
range in LA indices for cryptogenic stroke with and without subse-
quent AF are presented in Supplemental Figure 2. Supplemental
Figure 3 displays Bland-Altman plots regarding the interobserver
and intraobserver variability for measurements of PALS and booster
pump strain rate.
DISCUSSION

This study evaluated LA mechanics by echocardiography immedi-
ately after cryptogenic stroke in order to unmask diagnosis of AF.
The key findings are (1) LAmechanics are significantly impaired in pa-
tients with cryptogenic stroke who subsequently develop AF versus
patients without AF; (2) LA booster pump function (as measured
by booster pump strain rate) is the strongest predictor for AF, inde-
pendent of E/e0, LAVI, and PALS; (3) adding LA mechanics post-
stroke to a predictive model for AF based on clinical variables and
LAVI significantly increases the predictive value.
LA Mechanics in Cryptogenic Stroke

Left atrial remodeling is an important underlying substrate in AF and
stroke, two major health problems with potentially disabling conse-
quences that frequently coexist.14 Left atrial strain imaging has
emerged as a new biomarker15-17 to detect subtle abnormalities in
LA reservoir or contractile function and therefore may improve the
risk stratification for stroke in AF18-20—or vice versa—may unmask
occult AF in cryptogenic stroke. An additional advantage is its lower
sensitivity to changes in loading conditions, as compared with
volumetric or tissue Doppler–derived imaging.15,21

Several studies have shown an association between PALS and post-
stroke AF, even after controlling for LA size22,23 and clinical risk
scores.22 Furthermore, Pathan et al.24 elegantly demonstrated the in-
cremental value of LA strain above current risk-prediction models for
predicting AF in cryptogenic stroke, which is in line with the findings
of our study. These findings suggest that quantifying subclinical LA
dysfunction could be helpful in determining patients who are at a
higher risk of future AF and by extension at a higher likelihood that
the recent stroke was related to AF. However, the abovementioned
studies are limited by a variable (or nonreported) time delay between
the index stroke and echocardiography and by heterogeneous ambu-
latory rhythm monitoring, that is, mainly detecting future symptom-
atic rather than occult AF.

Our present study adds to these prior findings by reporting the pre-
dictive value of LA strain in cryptogenic stroke patients with dedi-
cated 30-day mobile cardiac outpatient telemetry for occult
(asymptomatic) AF (Tables 3 and 4). Furthermore, the short interval
between stroke presentation and echocardiography (median 1 day)
is a particular strength of this study that might explain the novel
finding of significantly impaired booster pump strain rate (atrial
diographic parameters to predict AF

Cutoff Sensitivity, % Specificity, %

0 38.6 58 74

4 20.4 75 69

7 �0.67 73 65



Figure 3 Incremental value of LA mechanics. Incremental value
of LA strain indices over clinical parameters and LAVI for AF pre-
diction. SR Pump, booster pump strain rate.

Table 6 Intra- and interobserver variability for LA strain
measurements

Variable

ICC interobserver

variability

ICC intraobserver

variability

PALS 0.98 0.97

SR reservoir 0.96 0.97

SR pump 0.91 0.91

ICC, intraclass correlation coefficient; SR, strain rate.
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contractile function) in cryptogenic stroke with AF. Moreover, in both
a time-to-event and binary regression analysis this booster pump func-
tion was the strongest predictor for AF, independent of E/e0, LAVI,
and PALS. The addition of booster pump strain rate significantly
enhanced a multivariate predictive model including the convention-
ally used PALS. These results remained valid after adjusting for death
as competing risk.
Atrial Stunning and Thromboembolic Risk in Cryptogenic
Stroke

Atrial ‘‘mechanical stunning’’ after conversion of AF to sinus rhythm—
whether spontaneous or provoked—is well known and underscores
the relevance of anticoagulating patients in the first weeks after elec-
tive cardioversion. Spontaneous resumption of sinus rhythm after
acute (60 minutes) pacing-induced AF in normal canine hearts re-
sulted in a markedly depressed contractile function of the LA and
LA appendage.25 Contractile dysfunction was more profound and
lasted longer in the LA appendage. Similar findings were obtained
in humans, following electrical and pharmacologic cardioversion of
atrial arrhythmias.26-31 The net effect of ‘‘stunning’’ is stasis of blood
flow, as demonstrated by worsening or new LA spontaneous
echocardiographic contrast26-28,32 or even de novo thrombi33,34 in
the postcardioversion recovery period. Of note, atrial stunning was
found after all modes of cardioversion,35 suggesting it is a function
of the underlying arrhythmia and possible atrial myopathy rather
than the effect of electrical energy.

In our present study in cryptogenic stroke, LA mechanics at a me-
dian of 1 day after stroke presentation were significantly depressed in
patients whowere ultimately diagnosed with AF over time. While this
primarily reflects intrinsic LA pathology and/or fibrosis predisposing
for AF (supported by lower PALS), there could be a factor of postcon-
version LA stunning that plays a role in the observed LA mechanics if
occult AF was the cause of stroke. Our study, however, cannot
address such association. Nevertheless, markers of LA stunning (a0,
booster pump strain rate) were significantly lower in patients with
AF versus patients without AF, with the booster pump strain rate be-
ing the strongest independent predictor of AF in this cohort, more
than PALS. This concept of ‘‘atrial stunning’’ has been observed in
other studies31,36 using deformation imaging immediately after elec-
trical cardioversion of persistent AF, with significant recuperation of
LA mechanics over time. Of note, a univariate association between
booster pump strain rate and AF was maintained in the subgroup
of young patients (<65 years) with fewer cardiovascular risk factors,
yet confirmation in a larger cohort of young patients could further
endorse the clinical value of LA strain imaging in cryptogenic stroke.
Clinical Implications

This study confirms the incremental predictive ability of LA strain to
unmask occult AF in cryptogenic stroke. Left atrial reservoir strain (as
a marker of LA disease and underlying substrate predisposing for AF)
and booster pump function (as a marker of atrial stunning) may be
used in cryptogenic stroke to identify patients who may benefit
from long-term rhythm monitoring and/or up-front anticoagulation
therapy.

The U.S. national incremental costs of AF are estimated to range
from $6.0 billion (AF-related costs only) up to $26.0 billion (AF-
related costs, other cardiovascular and noncardiovascular costs).37

Incorporating LA mechanics into diagnostic algorithms for AF detec-
tion could beneficially alleviate stress on public health costs. Future
studies are needed to evaluate the cost-effectiveness of imaging-
guided cardiac rhythm monitoring strategies after cryptogenic
ischemic stroke, particularly in an era of an increasingly older popula-
tion with higher rates of cardiovascular risk factors and pretest prob-
ability of occult AF.
Limitations

Although the median time to AF detection was 41 days in CRYSTAL-
AF,38 outpatient rhythm follow-up in this study was restricted to
30 days as per prevailing guidelines at the time.39 Rhythm follow-
up after 30 days was based on routine clinical follow-up, which could
potentially underestimate the AF incidence after cryptogenic stroke
and by consequence underestimate the association between LA me-
chanics and AF. However, AF detection rates bymobile cardiac outpa-
tient telemetry were in line with previous literature.40-44 Left atrial
strain computation requires optimal image quality to ensure reliable
speckle correlation and was not quantifiable in 21 (9.5%) patients.
Furthermore, intervendor variability should be taken into account
when interpreting the strain cutoffs presented in this study. The
cutoff values for PALS and booster pump strain rate require
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external validation in a prospective stroke cohort. Due to the
retrospective design of this study, no adjustments were made for
possible confounders such as alcohol45 and sleep apnea46-48 that
contribute to LA myopathy and stroke. Finally, the retrospective
time period (2005–16) lends itself to issues with changing imaging
technology (echo and brain magnetic resonance imaging/computed
tomography), definitions, and diagnostic practices.
CONCLUSION

Left atrial strain imaging immediately after cryptogenic stroke adds
significant predictive value for future occurrence of AF. Impaired
booster pump strain rate is a strong and independent predictor of
AF, whichmight reflect a component of atrial stunning and could war-
rant extended rhythm follow-up. Further prospective studies that
incorporate LA strain indices into management algorithms in patients
presenting with cryptogenic stroke are needed.
SUPPLEMENTARY DATA

Supplementary data related to this article can be found at https://doi.
org/10.1016/j.echo.2020.09.009.
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