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Circulating MicroRNA-21 Correlates With Left
Atrial Low-Voltage Areas and Is Associated
With Procedure Outcome in Patients
Undergoing Atrial Fibrillation Ablation
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BACKGROUND: Atrial fibrosis is a hallmark of arrhythmogenic structural
remodeling in patients with persistent atrial fibrillation (AF) and is
negatively correlated with procedure outcome in patients undergoing
ablation. However, noninvasive methods to determine the extent of atrial
fibrosis are limited. Here, we used microRNA (miRNA) expression analysis
to detect markers of left atrial low-voltage areas (LVAs) in patients with
persistent AF undergoing catheter ablation.
METHODS: We performed 3-dimensional voltage mapping in 102
patients (average age 62.1±13.1 years, CHA2DS2-VASc score of 2.3±1.6,
LA size 41.5±5.7 mm) undergoing ablation for persistent AF and
determined the extent of left atrial low-voltage. LVAs were defined if
bipolar electrogram amplitudes were <0.5 mV during sinus rhythm.
Before ablation, we obtained a blood sample, isolated miRNAs, and
profiled them on a miRCURY LNA Universal RT microRNA PCR Human
panel.
RESULTS: Sixty-nine miRNAs were identified in all samples, with an
average of 123 miRNAs detectable per sample. We found that the serum
concentration of miR-21, a miRNA that has been previously linked to
cardiac fibrosis development, was strongly associated with the extent
of LVAs determined by voltage mapping. We could confirm that LVAs
were negatively correlated with ablation success in a 1-year follow-up. In
addition, miR-21 serum levels were associated with AF-free survival after
catheter ablation.
CONCLUSIONS: Circulating miR-21 correlates with left atrial LVAs and
is associated with procedure outcome in patients with persistent AF
undergoing ablation.
VISUAL OVERVIEW: An online visual overview is available for this article.
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WHAT IS KNOWN?
• Atrial fibrosis is a negative predictor for procedure outcome in patients undergoing ablation for
persistent atrial fibrillation. However, noninvasive
methods to determine the extent of left atrial
fibrosis are limited.
• MicroRNA-21 is a major regulator of cardiac fibrosis. As a biomarker, it is detectable in blood.

WHAT THE STUDY ADDS?
• MicroRNA-21 serum concentration correlates with
the extent of left atrial low-voltage areas measured
by voltage mapping.
• MicroRNA-21 serum concentration was associated
with procedure outcome in patients undergoing
ablation for atrial fibrillation.
Downloaded from http://circep.ahajournals.org/ by guest on June 24, 2018

W

ithin the last decade, the burden of atrial fibrillation (AF) has almost doubled in Europe,
affecting between 1.9% and 2.9% of the
general population.1,2 Undetected and untreated, AF
bears a significant risk for the development of tachycardiomyopathy and stroke.3,4
It is well-established that prolonged episodes of AF
can induce various pathways that stabilize and fuel the
disease.5 According to a widely accepted model, paroxysmal AF is thought to be the result of rapid triggering
by ectopic foci or a single reentry mechanism in the area
around the pulmonary veins, whereas the more persistent or permanent forms are based on multiple functional or structural reentry mechanisms, partly caused
by structural remodeling of the atria with development
of atrial fibrosis.6,7 Left atrial remodeling, in particular,
atrial fibrosis, plays a key role in the pathogenesis of
AF.8–11 Fibrosis is associated with impaired cellular coupling, heterogeneity of intra-atrial conduction, and dispersion of refractory periods, which provides the substrate for reentry capable of sustaining AF.12,13
Circumferential pulmonary vein isolation is the cornerstone for AF catheter ablation, with long-term success rates of up to 80% in preselected patients.14 However, ablation success is strongly correlated with the
extent of preexisting atrial fibrosis,10,15,16 leading to AF
recurrence in ≈70% of patients with extensive fibrotic
areas in the atrial wall.10
The extent of left atrial fibrosis can be estimated by
mapping low-voltage areas (LVAs) in the atrium using a
multipolar mapping catheter.16 However, for counseling
patients and to plan the ablation procedure, noninvasive markers reflecting atrial fibrosis that can be used in
a preclinical setting would be of great clinical benefit.
MicroRNAs (miRNAs) are short, single-stranded
noncoding RNAs. They are evolutionary conserved
and are involved in the regulation of gene-expression

as well as in controlling and fine-tuning diverse cellular pathways.17 They operate by binding to a protein-coding target mRNA leading to its degradation
or reduced expression.18,19 It is well-established that
miRNAs play an important role in the pathophysiology
of fibrosis development, both at the ventricular and
on the atrial level.20,21
miRNAs may be suitable as biomarkers of disease,
because of their tissue- and pathology-specific expression pattern. They are stable in plasma because they
are either incorporated in microparticles (exosomes,
microvesicles, and apoptotic bodies) or bound to
proteins or high-density lipoproteins and are thereby
protected from RNase activity. Moreover, miRNAs are
detectable in plasma or serum with high sensitivity
and specificity.20
In this study, we found that circulating miR-21 correlates with left atrial LVAs and is associated with ablation success in patients with persistent AF undergoing
catheter ablation.
Table 1. Demographic and Clinical Characteristics of Patients Included
in the Study
Age, y

62.1±13.1

Male

61 (59.8%)

BMI, kg/m2

29.5±5.1

Fibrosis stage (left atrial LVA)
 0% to 10%

47 (46.1%)

 10% to 30%

26 (25.5%)

 >30%

29 (28.4%)

CHA2DS2-VASc score

2.3±1.6

Left atrial diameter, mm

41.5±5.7

Systolic blood pressure, mm Hg
LV ejection fraction, %
Mitral valve disease (>first degree)

143.4±22.5
53.3±5.8
29 (28.4%)

Previous stroke

2 (2.0%)

Previous PCI

8 (7.8%)

Previous myocardial infarction

4 (3.9%)

LV hypertrophy

40 (39.2%)

Chronic kidney disease

22 (21.7%)

Type 2 diabetes mellitus

5 (4.9%)

Hyperlipidemia

53 (51.9%)

Ablation strategy
 PVI cryoballoon

43 (42.2%)

 PVI RF

59 (57.8%)

 Left atrial roof line

23 (22.5%)

 Mitral line

22 (21.5%)

 CFAE ablation
 RA isthmus line

9 (8.8%)
20 (19.6%)

BMI indicates body mass index; CFAE, complex fractionated electrogram;
LV, left ventricle; LVA, low-voltage area; PCI, percutaneous coronary
intervention; PVI, pulmonary vein isolation; RA, right atrial; and RF,
radiofrequency.
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METHODS
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of reproducing the results or replicating the procedure because,
at the time of study start, this permission was not implemented in the patient-informed consent.

Patients, AF Ablation Procedure, and
Follow-Up

Downloaded from http://circep.ahajournals.org/ by guest on June 24, 2018

One hundred two patients >18 years who underwent ablation for persistent AF at the University Hospital of Tuebingen
were eligible for this study. Patients were excluded if they
have had a prior left atrial ablation procedure. All patients
gave their informed consent. The study was approved by
the local ethics committee.
The ablation strategy was at the discretion of the operator. All patients received pulmonary vein isolation, either with
a cryoballoon (Arctic Front Advance, Medtronic, 42.2% of
patients) or with a force-controlled irrigated radiofrequency
ablation catheter (Thermocool Smarttouch, Biosense Webster
or TactiCath quartz, Abbott, USA, 57.8% of patients).
Additional ablation strategies targeting the substrate were
allowed if indicated by the operator. An additional left atrial
roof line was done in 22.5%, a mitral line in 21.5%, and
a right atrial isthmus line in 19.6% of patients. Ablation of
complex fractionated electrograms was performed in 8.8%

of cases. All baseline characteristics and the procedure details
are listed in Table 1.
After ablation, antiarrhythmic drugs were discontinued. In all patients, serial 7-day ECGs were performed 3,
6, and 12 months after the procedure. In addition, patients
were instructed to seek ECG documentation when symptoms suggestive of AF occurred. Recurrences were defined
as documented AF or atrial tachycardia (both symptomatic
and asymptomatic, documented in a 7-day Holter ECG with
a duration >30 s or in a 12-lead ECG after a blanking period
of 3 months).

Acquisition of Electroanatomical Voltage
Maps
Before ablation, a 20 mL blood sample was obtained and
processed for RNA extraction (see below). If the patient
was not in sinus rhythm (SR), an electrical cardioversion
was performed. A decapolar spiral mapping catheter
(Lasso NAV Eco catheter, Biosense Webster, Diamond Bar,
CA or Reflexion spiral, Abbott) was placed into the left
atrium. A left atrial voltage map was created using the spiral catheter and a 3-dimensional mapping system (Carto-3,
Biosense Webster, or NavX velocity) with the acquisition of
200 to 1000 data points per atrium. LVAs were defined if
the local electrogram was <0.5 mV during SR. The Carto-3
built-in software was used to calculate the percentage of
LVAs from the left atrial surface. Maps shown in Figure 1

Figure 1. Left atrial low-voltage areas (LVAs) are associated with outcome after atrial fibrillation (AF) ablation.
A, Example of left atrial voltage maps. Patients were divided into 3 groups according to the extent of LVAs. B, Kaplan–Meier curves estimating freedom from
AF after pulmonary vein isolation (PVI) only, which shows a strong correlation between LVAs and procedure outcome. C, Kaplan–Meier curves for patients that
received PVI and—in case of significant LVAs—additional substrate modification.
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are color-coded from gray (<0.5 mV, substantial LVAs) to
purple (>1.5 mV, normal voltage). Patients were divided
into 3 groups according to the extents of LVAs: group A
(<10% LVAs), group B (10% to 30% LVAs), and group C
(>30% LVAs).

RNA Purification and miRNA Profiling
Total RNA was purified from whole blood using the RNeasy
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. Profiling of 372 miRNAs in the serum
samples of 2 patient groups was performed by the miRCURY
LNA Universal RT microRNA PCR Human panel I (Exiqon,
Vedbaek, Denmark). All miRNAs were polyadenylated and
reversed transcribed into cDNA using the miRCURY LNA
Universal RT microRNA PCR, Polyadenylation, and cDNA
synthesis kit (Exiqon). Individual miRNA was amplified and
detected in a Roche LightCycler 480. The second derivative
method was used for the determination of Cp values.
Downloaded from http://circep.ahajournals.org/ by guest on June 24, 2018

miRNA Normalizer Analysis
The raw Cps of the 68 miRNAs (except miRNA-21) which
were detectable in all the samples from the profiling study
were used to find normalizers. The NormFinder software22
was used to assess the stability of miRNAs and the 10 most
stable miRNAs were used in a stepwise exclusion of the least
stable genes calculation in geNorm.23 Pairwise variation calculation for the determination of the optimal number of genes
as normalizers in geNorm had shown that 2 miRNAs were
sufficient for the following real-time PCR profiling analysis, as
inclusion of a third gene has no significant effect and overall
all the pairwise variations were below the default cutoff value
0.15. miRNAs hsa-miR-23a-3p and hsa-miR-23b-3p were
selected, and their geometric mean was used as the normalizer in the larger scale real-time PCR profiling.

Statistics
Linear regression analyses were performed to relate normalized
miR-21 relative serum expression and left atrial LVAs to individual demographic and clinical covariates. Time to AF recurrence
was related to the individual demographic and clinical covariates using separate univariable Cox proportional hazard regression models. Cox regression analyses were also performed to
relate time to recurrence of arrhythmia to miR-21 and to LVAs
after adjusting for the following covariates: age, sex, hypertension, congestive heart failure, mitral valve disease, and diabetes
mellitus status. The unadjusted risks were estimated using the
Kaplan–Meier estimator with 95% confidence intervals.

A, LVAs <10%), 26 patients (25.5%) had moderate
LVAs (group B, LVAs 10% to 30%), and 29 patients
(28.4%) had severe LVAs (group C, LVAs >30%; Figure 1A). The extent of LVA was associated with age,
mitral valve disease, diastolic blood pressure, left
ventricular hypertrophy, CHA2DS2-VASc score, and
chronic kidney failure.
Consistent with other studies,9,10,24 the extent of LVAs
strongly correlated with AF-free survival after ablation.
Patients (87.8%) with minor LVAs (group A) were in stable SR 12 months after ablation, whereas only 50.0%
of group B and no patient (0%) of group C was in SR, if
pulmonary vein isolation without any additional left atrial substrate modifications had been performed (P<0.01;
Figure 1B). By adding additional substrate modification
to the left atrium, success rates could be increased to
54.5% in group C, resulting in an overall success rate
of 63.1% in group B and 34.6% in group C (P<0.01;
Table 2. Individual Demographic and Clinical Factors, Expression
of miR-21, and Extent of LVAs Based on Separate Binary Logistic
Regression Analyses
Hazard Ratio

95% Confidence
Interval

P Value

AF recurrence per 1 AU
increase in miR-21

1.736

1.301–2.316

<0.01*

AF recurrence per 1%
increase in LVAs

1.054

1.032–1.078

<0.01*

Female sex

0.79

0.324–1.925

0.604

Age (per year)

1.051

1.01–1.093

0.013*

BMI (per unit)

0.976

0.875–1.089

0.664

Previous PCI/CABG

0.735

0.231–2.339

0.602

Previous myocardial
infarction

0.564

0.076–4.201

0.564

LV hypertrophy

0.952

0.876–1.302

0.232

Chronic kidney disease

0.426

0.157–1.151

0.092

Hypertension

0.557

0.224–1.380

0.206

CHA2DS2-VASc score
(per point)

1.375

1.031–1.835

0.03*

LVEF, %

1.027

0.939–1.123

0.561

LA size, mm

0.994

0.893–1.107

0.914

Antiarrhythmic drug

0.868

0.776–2.302

0.776

Mitral valve disease

2.144

1.016–4.526

0.045*

Ablation type
 PVI only

RESULTS
LVAs Correlate With Ablation Success in
Patients With Persistent AF
Left atrial voltage mapping in patients with persistent AF showed a wide spectrum of LVAs ranging from 0% to >90% of the left atrial wall, with
a mean of 16.31±21.89%. Out of 102 patients,
47 (46.1%) showed no or only minor LVAs (group

 Substrate modification

1

(reference)

0.32

0.126–0.815

1

(reference)

1.709

0.716–4.083

0.017*

Catheter type
 RF
 Cryoballoon

0.227

The hazard ratios relate to AF recurrence 12 mo after ablation. AF
indicates atrial fibrillation; BMI, body mass index; LA, left atrial; LV, left
ventricle; LVA, low-voltage area; LVEF, left ventricular ejection fraction; PCI/
CABG, percutaneous coronary intervention/coronary artery bypass graft; PVI,
pulmonary vein isolation; and RF, radiofrequency.
*P<0.05.
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Figure 1C). A 1% increase in LVA resulted in a hazard
ratio for AF recurrence of 1.054 (1.032–1.078; P<0.01).
The hazard ratios of clinical factors related with
arrhythmia recurrence are listed in Table 2. Among
these factors, only age, mitral valve disease, and
CHA2DS2-VASc score was significantly correlated with
AF recurrence.

miRNA-21 Correlates With Left Atrial
LVAs

Downloaded from http://circep.ahajournals.org/ by guest on June 24, 2018

We performed miRNA profiling with blood samples
obtained directly before AF ablation. For an initial
screen, blood samples were pooled from patients with
extreme LVAs (>80%) and from patients without any
LVAs (<5%). The extracted miRNA was profiled on a
miRCURY LNA Universal RT microRNA PCR Human panel I (Exiqon, Vedbaek, Denmark). Among 372 miRNAs,
69 were identified in all samples, with an average of
123 miRNAs detectable per sample. Several of those

miRNAs were significantly dysregulated between the 2
groups (Figure 2A).
Because miR-21 has been suggested to be involved in
cardiac remodeling,21,25,26 we analyzed miR-21 expression
in all 102 blood samples and found a strong linear correlation between miR-21 serum concentration and extent of
LVAs (Spearman ρ test: P<0.01, R=0.735; LVA (%)=miR21*12.5–1.94 AU; Figure 2B). The average miR-21 expression in group A was 2.33±0.8 AU (lowest Ct value, 0.76
AU; highest Ct value, 3.80 AU), whereas it was 4.0±0.75
AU (lowest Ct value, 3.15 AU; highest Ct value, 5.45 AU)
in group B, and 6.85±3.73 AU (lowest Ct value, 3.92 AU;
highest Ct value, 17.32 AU) in group C (P<0.01 between
group A and B and between B and C; Figure 2C).

miR-21 Is Associated With Event-Free
Survival After AF Ablation
We assigned patients in 3 groups according to their
miR-21 serum concentration: group I with very low

Figure 2. miR-21 correlates with left atrial low-voltage areas (LVAs) in patients with persistent atrial fibrillation.
A, MicroRNA profiling of patients with extreme and no left atrial LVAs revealed dysregulation of several miRNAs. B, One of the dysregulated microRNAs, miR-21,
correlates with LVAs in a linear pattern. C, Relative miR-21 serum expression according to LVA group (group 1: LVAs <10%; group 2: LVAs 10% to 30%; group 3:
LVAs >30%, *P<0.05).

Circ Arrhythm Electrophysiol. 2018;11:e006242. DOI: 10.1161/CIRCEP.118.006242

June 2018

5

Zhou et al; miR-21 and Left Atrial Low-Voltage Areas

Downloaded from http://circep.ahajournals.org/ by guest on June 24, 2018

relative miR-21 expression (<2.5 AU), group II with
intermediate relative miR-21 expression (2.5–4.5 AU),
and group III with high miR-21 serum concentration
(>4.5 AU). Figure 3A shows the Kaplan–Meier curve
on event-free survival after ablation of persistent AF.
Patients (86.5%) in group I were in stable SR during
the observation period, whereas only 76% of patients
in group II and 23% of patients in group III had SR 12
months after ablation.
Although group sizes are small and the study is
underpowered to show significant findings, miR-21
serum concentration seems to be in particular relevant
for extreme values. Patients with a very low miR-21
concentration (<2 AU) had an excellent outcome after
AF ablation with 94.1% in stable SR after 12 months,
whereas patients with very high miR-21 concentrations
(>5 AU) had a probability of AF recurrence of 87.5%
(Figure 3C). An increase of miR-21 serum concentration
by 1 AU resulted in a hazard ratio for AF recurrence of
1.736 (1.301–2.316, P<0.01).
Receiver operating characteristics curve analysis gave
an area under the curve of 0.864 for a miR-21 serum

concentration <3 AU to be a predictor for a positive
ablation result in patients with persistent AF.

Follow-Up of miR-21 Expression
We assessed miR-21 serum concentration in follow-up
blood samples that were obtained 6 months after AF
catheter ablation. We found that miR-21 expression
was strongly decreased in patients that were in stable
SR after 6 months (relative reduction of miR-21 by
70.41±14.9%). miR-21 expression was also decreased
in patients that had AF recurrence (42.41±12.9%), but
the relative reduction was significantly smaller than in
patients with a successful ablation (Figure 4; P<0.05).

DISCUSSION
Consistent with other studies,9,10,15,16,24,27 we could
confirm the association between left atrial LVAs and
the outcome after catheter ablation in patients with
persistent AF. We found that LVAs >30% of the total
left atrial wall lead to a high chance of AF recurrence,

Figure 3. miR-21 correlates with ablation success in patients with persistent atrial fibrillation (AF).
A, Kaplan–Meier curves estimating AF-free survival dependent on miR-21 relative serum expression. B, Receiver operating characteristics (ROC) curve analysis shows
an area under the curve (AUC) of 0.822. C, Extreme miR-21 serum concentrations are strongly correlated with ablation success in patients with persistent AF.
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Figure 4. Follow-up miR-21 serum concentration 6 mo after ablation.
Although patients in stable sinus rhythm (SR) had a strong reduction in miR21 expression (42.41±12.9% from baseline), patients with atrial fibrillation
(AF) recurrence only showed a mild decrease in miR-21 (70.41±14.9% from
baseline, P<0.05).

regardless of the ablation strategy that was used. On
the other hand, AF recurrence rate was very low if there
was only minimal LVAs detectable in the atrium.
We found a significant correlation between miR-21
serum concentration and extent of LVAs detected in the
left atrium. This is in accordance with a study by Adam et
al,25 who also found a linear correlation between miR-21
tissue concentration and extent of atrial fibrosis determined by immunostainings of left atrial appendages.
In addition, we found a significant correlation
between miR-21 serum concentrations and 1-year outcome after catheter ablation in patients with persistent
AF. Circulating miR-21 might, therefore, be useful for
the stratification of patients and to plan the procedure (eg, to perform a pulmonary vein isolation only
in patients with very low miR-21 serum concentrations
or to plan extensive substrate modification in patients
with high miR-21 levels), although this needs to be confirmed in further studies.
miRNA-21, which is highly expressed in fibroblasts,
has been associated with increased cardiac fibrosis,
on the ventricular as well as on the atrial level.21,25,26
Several mechanisms have been proposed for the
potential effect of miR-21 on fibrosis, but most attention has been paid to miR-21 repression of SPRY1
(Sprouty 1). Sprouty 1 inhibits the ERK (extracellular
signal–regulated kinases) signaling pathway, which
promotes fibrosis.21,25,26 Upregulation of miR-21 was
associated with downregulation of SPRY1 in patients
with valvular AF and in rats with myocardial ischemia.25,26 In vivo inhibition with antagomir-21 in mice
or a 15-mer locked nuclear acid-based anti–miR-21 in
rats suppressed fibrosis and AF.26

miR-21 can also induce inflammation-associated
atrial fibrosis through activation of the STAT3 (signal
transducer and activator of transcription 3) pathway.
Inhibition of miR-21 with an antagomir-suppressed
STAT3 phosphorylation, expression of fibrosis-related
genes, and AF vulnerability in rats. Expression of miR-21
itself was also found to be positively regulated by phosphorylated STAT3 and may therefore form a feedback
loop. Stimulation of cardiac fibroblasts with IL (interleukin)-6 resulted in STAT3 phosphorylation and an
increased miR-21 expression. This pathway may therefore link atrial inflammation to fibrosis formation.28
Another signaling pathway of miR-21 in AF involves
the downregulation of Smad7 (mothers against decapentaplegic homolog 7), which is an inhibitor of the
TGF (transforming growth factor)-β1 pathway. Rapid
atrial pacing in rabbits, a common AF animal model,
lead to a loss of Smad7 with induction of collagen I
and III, whereas miR-21 expression was significantly
increased. In vivo inhibition of miR-21 increased Smad7
and decreased collagen I/III production. Luciferase
assays validated Smad7 as a direct target of miR-21.29
It is noteworthy to mention that there is divergent
data available about the role of miR-21 in AF. A study
by McManus et al30 as well as a study by Dawson et al31
found lower miR-21 concentrations in patients with AF
compared with healthy controls. Luo et al32 reviewed
the available miRNA biomarker studies in AF and miR21 was not identified in those. We hypothesize that
different blood sample collections, processing, miRNA
isolation, and normalization might contribute to these
discrepancies. In addition, LVAs or atrial fibrosis was not
assessed in these studies, which makes any comparisons difficult.
miR-21 expression is not restricted to the heart, but
can also be found in a wide range of human tissues,33
with the atria contributing in a relatively small mass.
Although we assume that the increase in serum expression reflects changes in atrial expression, we cannot
exclude that the circulating miR-21 comes from another source. Therefore, caution should be exercised when
comparing atrial miRNA expression with blood miRNA
expression.
In our study, we exclusively included patients with
persistent AF because we assumed that patients with
paroxysmal AF are unlikely to present with significant
LVAs. Although we have not measured miR-21 in
patients with paroxysmal AF, it is tempting to speculate
that miR-21 serum concentrations would be low. However, this needs to be assessed in further studies.
Our study was not powered to compare different
ablation strategies. Because there is no clear evidence
on the effectiveness of adjuvant substrate modification
in addition to pulmonary vein isolation in patients with
persistent AF,34 the therapeutic decision was selected by
the operator. Pulmonary vein isolation without addition-
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al ablation targeting LVAs resulted in a very poor outcome in patients with advanced LVAs, which is in accordance with existing literature.9,15,16 Success rates could
be improved by adding linear ablation lines or complex
fractionated electrogram ablation in this cohort. However, further studies need to be performed to compare
the effectiveness of the different ablation strategies.
In conclusion, we found that circulating miR-21
strongly correlates with left atrial LVAs assessed by
electrophysiological mapping and is associated with
a favorable ablation outcome in patients with persistent AF. Measuring miR-21 serum concentration might,
therefore, be helpful to find good candidate patients
for catheter ablation and to plan the procedure.
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