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Background and aims: Atrial fibrillation (AF) frequently accompanies rheumatic
mitral valve disease (MVD) and adversely affects postoperative outcomes.
Radiofrequency ablation (RFA) and cryoablation are commonly used during
mitral valve surgery, but their comparative impact on atrial remodeling in this
population remains uncertain.

Methods: This retrospective cohort included 100 patients with rheumatic MVD
and persistent AF who underwent mitral valve surgery with concomitant
cryoablation (n =50) or RFA (n=50) between June 2020 and June 2024 at
centers in the Almaty region, Kazakhstan. Clinical and echocardiographic
parameters were assessed preoperatively, within 48 h postoperatively, and at
6 + 2 months.

Results: Cryoablation was associated with greater left atrial (LA) volume
reduction immediately and at follow-up (both p<0.001). Multiple linear
regression identified ablation modality as the only independent predictor of
LA volume reduction (=279 mL, p<0.0001), whereas duration of rheumatic
disease, BMI, EuroSCORE II, and AF recurrence were not significant. At
follow-up, the reduction in right atrial short-axis diameter was smaller after
cryoablation (p = 0.049), and stroke volume declined less compared with RFA
(-=1.2+17.3mL vs. =7.34+15.8 mL; p =0.006). Cardiopulmonary bypass time,
aortic cross-clamp time, and postoperative symptom improvement were
comparable between groups. Freedom from AF during follow-up was also
similar (log-rank p = 0.52).

Conclusions: In patients with persistent AF and rheumatic MVD undergoing
mitral valve surgery, cryoablation was associated with more pronounced early
atrial reverse remodeling and better preservation of stroke volume compared
with RFA, without differences in operative efficiency or short-term safety.
These findings should be considered hypothesis-generating, and prospective
randomized studies with standardized lesion sets are required to confirm
modality-specific effects.
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1 Introduction

Atrial fibrillation (AF) is the most prevalent clinically relevant
cardiac arrhythmia worldwide (1). AF affects over 59 million
individuals globally, and prevalence is projected to double or
triple by 2050 (2, 3). This rise is significant for countries like
Kazakhstan, where demographic shifts are similar to those
observed in Europe, with an increasing proportion of elderly
individuals (4). This demographic trend is especially crucial as
age remains the strongest risk factor for AF (5).

AF is associated with a significantly higher incidence of
ischemic stroke and heart failure, contributing to morbidity and
mortality.  Without
intervention, these complications place a strain on health and

timely diagnosis and appropriate
social care systems (2, 6). Although diagnostic methods such as
electrocardiography (ECG), Holter monitoring, and portable
wearable devices have improved AF detection globally, access
remains limited among underrepresented and resource-
constrained populations (7). In Kazakhstan, diagnosis is largely
ECG and Holter

underestimate the true prevalence (8, 9). Moreover, despite

restricted  to methods, which may
guidelines for early initiation of oral anticoagulants in patients
to prevent thrombotic complications, concerns about bleeding
risks often lead to underuse or inappropriate substitution with
antiplatelet drugs (10).

The situation is further complicated in patients with
rheumatic mitral valve disease, as among them AF occurs more
frequently. Surgical ablation, performed together with valve
procedures, offers an opportunity to restore sinus rhythm and
improve long-term outcomes. Two primary approaches that are
currently used for this purpose are radiofrequency ablation
(RFA) and cryoablation (11, 12). RFA uses high-frequency
electrical current to create linear transmural lesions that
interrupt abnormal conduction pathways, whereas cryoablation
achieves the same effect through localized freezing of atrial
tissue (11, 13).

Several studies have demonstrated that both RFA and
cryoablation are effective in restoring and maintaining sinus
rhythm in patients with persistent atrial fibrillation undergoing
surgical ablation (14, 15). In surgical settings, cryoablation
with
minimal collateral injury, owing to its uniform lesion depth and

provides highly consistent and reproducible lesions
reduced dependence on operator technique, making it an
attractive and safe option for intraoperative ablation (16-18).
Some surgical series and reviews indicate comparable long-term
safety profiles for cryoablation and radiofrequency energy when
AF ablation is performed during cardiac surgery (19-21),

Abbreviations

AF, atrial fibrillation; ECG, electrocardiograph; RFA, radiofrequency ablation;
LAA, left atrial appendage; CPB, cardiopulmonary bypass; ACC, aortic cross-
clamping; BMI, body mass index; EAX, electrical axis; CRD, chronic
rheumatic heart disease; LA, left atrium; LV, left ventricle; RA, right atrium;
RV, right ventricle; PASP, pulmonary artery systolic pressure; EF,
ejection fraction.
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data remain

particularly in rheumatic mitral valve disease.

though high-quality comparative limited,

This retrospective study aims to compare the effectiveness and
safety of RFA and cryoablation for AF in patients with rheumatic
mitral valve disease undergoing mitral valve surgery. Given the
ethical and logistical constraints of randomizing surgical ablation
modality, a retrospective cohort design was used to evaluate
outcomes in a real-world clinical setting. The study aims to
provide evidence to guide surgical decision-making in this high-
risk and understudied patient group. Because lesion-set geometry
and procedural strategy may differ between energy modalities in
routine practice, this study focuses on real-world outcomes rather
than isolated biophysical effects of ablation energy.

2 Methods
2.1 Study population and study design

This retrospective cohort included consecutive patients treated
at collaborating centers in the Almaty region, Kazakhstan,
between June 2020 and June 2024. Because this was a
retrospective analysis of existing medical records, no formal
sample-size calculation was performed. Records were reviewed
chronologically, and, before outcome analysis, an a priori accrual
rule prespecified inclusion of two sequential consecutive series of
eligible patients: the first 50 who underwent cryoablation and the
next 50 who underwent radiofrequency ablation (RFA). The
energy source in each case was determined by the operating
surgeon, based on institutional device availability; no
randomization or study-driven assignment occurred.

All included patients had persistent atrial fibrillation with a
documented duration of <3 years prior to surgery, as confirmed
by electrocardiographic and clinical records. Inclusion criteria
were rheumatic mitral valve disease undergoing open-heart
mitral valve repair or replacement with concomitant surgical
ablation and availability of 6+ 2-month follow-up. Exclusion
criteria were ischemic (non-rheumatic) mitral regurgitation,
decompensated heart failure with marked chamber dilatation,
incomplete clinical records, long-standing persistent AF (>3
years), or absence of 6 +2-month follow-up.

Patient screening, exclusions, and chronological allocation are
shown in Figure 1. The study was approved by the local
institutional review board (IRB-19-2023), and trial registration
was not applicable.

This reflected

institutional equipment availability rather than a study-driven

sequential accrual strategy changes in

treatment assignment.

2.2 Data collection

Patient demographics, comorbidities, and procedural details
health
standardized data collection form. Two trained coordinators

were extracted from electronic records using a

independently abstracted all key variables. Any discrepancies
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Patients assessed for eligibility Excluded (n=48):
(n = 148) - Ischemic mitral insufficiency,
decompensated heart failure with markedly
enlarged chambers, atrial arrhythmia >3
years (n=28)
Included in final analysis (n = 100) - Incomplete clinical records (n=13)
- Lost to 6 + 2-month follow-up (n=7)

FIGURE 1
Participant flow and allocation. Patients assessed for eligibility (n = 148). Excluded (n = 48): ischemic mitral insufficiency or decompensated heart
failure with markedly enlarged chambers (n =28), incomplete clinical records (n =13), and no 6 + 2-month follow-up (n =7). Included in final
analysis (n = 100). Allocation was chronological and nonrandom: first 50 eligible consecutive cryoablation cases and next 50 eligible consecutive
radiofrequency cases, based on surgeon's discretion and device availability.

were reviewed and resolved by a third, independent reviewer. All
available data were complete for the variables analyzed, so no
imputation methods were applied.

As a retrospective study, selection bias is possible due to the
non-random assignment of ablation modality. To minimize this,
data were collected from multiple high-volume centers using
standardized surgical and assessment protocols. All analyses were
performed blinded to group assignment during data abstraction.

2.3 Surgical ablation strategy and lesion set

Cryoablation and radiofrequency ablation (RFA) were
performed concomitantly with open-heart valve replacement
surgery according to the standard operating protocols of each
participating center. The choice of ablation modality was
determined by institutional practice and surgeon preference at the
time of surgery; patients were not randomized due to the
retrospective study design. All included patients had persistent
atrial fibrillation confirmed by electrocardiographic and clinical
records. Because lesion-set geometry differed between cryoablation
and radiofrequency strategies, the present comparison evaluates
real-world procedural approaches rather than isolated energy effects.
Surgical ablation was performed using either cryothermal or
radiofrequency energy. In the cryoablation group, lesions were
created using the AtriCure system, which provides controlled
cooling and reproducible formation of transmural lesions. In the
RFA group, ablation was performed according to the principles
of the Cox-Maze IV procedure using a
Cardioblate™ electrode (Medtronic, USA).

Although both strategies were based on contemporary surgical

monopolar

AF treatment concepts derived from the Cox-Maze procedure, the
detailed configuration of lesion lines differed between cryoablation
and RFA in accordance with energy-specific surgical protocols.

2.3.1 Left atrial ablation
2.3.1.1 Cryoablation group

Pulmonary vein isolation was achieved by creating continuous
circumferential lesions encircling the ostia of the right and left
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pulmonary veins. Cryolesions were applied on the posterior wall
of the left atrium at the sites of venous insertion, maintaining a
safe distance from the esophagus.

In addition, a longitudinal posterior left atrial wall line was
created along the interatrial groove toward the mitral valve to
interrupt potential macro-reentry circuits. A mitral isthmus line
was applied from the inferior segment of the right pulmonary
vein encirclement toward the lateral mitral annulus to prevent
peri-mitral atrial flutter.

2.3.1.2 RFA group

In the RFA group, left atrial ablation was performed as a box-
lesion set to achieve complete electrical isolation of the posterior
left atrial wall. This
connecting line between the right and left superior pulmonary

configuration included a superior
veins, an inferior connecting line between the right and left
inferior pulmonary veins, and right- and left-sided encircling
lines around the pulmonary vein ostia, resulting in full posterior
wall isolation.

An additional lesion was created from the superior margin of
the box-lesion to the base of the left atrial appendage. A mitral
isthmus line was applied from the inferior margin of the box-
lesion to the posterolateral portion of the mitral annulus (P2-P3

region).

2.3.2 Right atrial ablation
2.3.2.1 Cryoablation group

A cavotricuspid isthmus line was created along the anatomical
isthmus between the inferior vena cava and the tricuspid annulus.
In selected patients, additional right atrial free-wall lesions were
applied based on anatomical features and concomitant pathology.

2.3.2.2 RFA group
Right atrial ablation in the RFA group consisted of the
following lesion lines:

1. a cavocaval line from the superior vena cava to the inferior vena
cava along the posterior right atrial wall;

2. a cavotricuspid isthmus line from the inferior vena cava to the
tricuspid annulus (5-6 o’clock position);
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3. aline from the superior vena cava or anterior right atrial wall to
the base of the right atrial appendage;

4. a connecting line from the inferoposterior right atrial wall to
the ostium of the coronary sinus.

2.3.3 Left atrial appendage management

Surgical management of the left atrial appendage (LAA)
was performed using two techniques: epicardial clipping with
an AtriClip device and surgical suturing, depending on
intraoperative findings and surgeon preference, and was applied
in both the cryoablation and RFA groups.

2.3.4 Lesion set completeness and verification
Lesion completeness was assessed intraoperatively using
standard criteria, including visual continuity of ablation lines,
stable tissue contact, and anchoring to anatomical fibrous
structures. Electrophysiological confirmation of conduction
block was performed when technically feasible, depending on

procedural conditions and rhythm status.

2.4 Echocardiographic and ECG
assessments

Routine transthoracic echocardiograms and ECGs (with
Holter monitoring) were performed according to each center’s
standard operating protocols. Echo studies were done within
one week before surgery, then again within 48 h afterward, and
once more at a six month period.

All measurements were conducted according to standardized
protocols across all participating centers, and data collection
procedures were identical between the cryoablation and
RFA groups.

The primary outcome was the change in left atrial (LA)
volume from baseline to 6-month follow-up. Secondary
outcomes included change in right atrial (RA) diameter, stroke
volume, intraoperative parameters (CPB time, ACC time, blood
loss), left

procedural complications.

atrial appendage occlusion technique, and

2.5 Six-min walk test

Functional capacity data came from standard 6-min walk tests
administered as part of routine follow-up.

2.6 Statistical analysis

Analyses were performed in GraphPad Prism v10.4.2.
Normality was tested by Shapiro-Wilk (p > 0.05=normal);
group comparisons used unpaired t-tests or Mann-Whitney U
as appropriate, and categorical data used y” tests. Freedom from
AF recurrence was assessed by Kaplan-Meier with log-rank
testing. Multiple linear regression modeled change in LA volume
(mL) (ablation type, BMI,

with prespecified covariates
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EuroSCORE 1I, disease duration, AF recurrence); results are
reported as f3, 95% CI, p, Rz, and F-statistics. Assumptions were
checked via residual diagnostics and variance inflation factors.
Two-tailed p < 0.05 was considered significant.

2.7 Ethical considerations

Ethical approval for the study was obtained from the Ethics
Committee of the Kazakhstan Medical University «KSPH»
under protocol number Ne IRB-19-2023. This manuscript
follows the STROBE guidelines. A completed checklist is
provided in the Supplementary Materials.

3 Results
3.1 Baseline characteristics

Of 148 patients assessed, 48 were excluded, leaving 100 for
analysis: 50 cryoablation and 50 radiofrequency (Figure 1).

The distributions of patients by sex, body mass index (BMI),
and disease duration were not significantly different between the
cryoablation and RFA groups. The difference in mean disease
duration between the two groups was not statistically significant
(p=0.691), indicating that baseline duration of rheumatic heart
disease was comparable. The preoperative mortality risk,
assessed using the EuroSCORE II scale, was similar in the
cryoablation and RFA groups (p=0.166), confirming their
comparability in terms of surgical risk (Table 1). The complexity
category of the operation was assessed on a 10-point scale and
was 5 for all patients, corresponding to the average severity of
the intervention.

ECG evaluation confirmed AF in all 100 patients, and the
electrical axis of the heart (EAX) was recorded. Auscultation
consistently revealed the presence of systolic murmurs in all
(n=281)
diagnosed with a moderate form of the disease, while others

participants. The majority of the patients were

(n=19) had a severe form.

3.2 Distribution of ablation and left atrial
appendage occlusion methods

The patients had three main diagnosis types: mitral
regurgitation, mitral stenosis, or combined mitral valve disease.
Cryoablation was more often performed in cases of mitral
regurgitation and combined mitral valve disease. Whereas RFA
was predominantly used in cases of mitral stenosis (Figure 2).
There was no significant difference in the distribution of
diagnosis types between the cryoablation and RFA groups
(p=0.097). Chronic (CRD) was
identified in all evaluation,
underscoring its pivotal role in the pathogenesis of mitral

rheumatic heart disease

patients following  surgical

valve disorders.
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Surgical management of the left atrial appendage (LAA) was
performed using two techniques: clipping (n=61) and suturing
(n=39), depending on intraoperative findings and surgeon
preference. There is a statistically significant difference between
the cryoablation and RFA groups in the choice of the LAA
occlusion method (p =0.001). Clipping was more often used in
the cryoablation group, and suturing was more often used in the

RFA group (Figure 3).

TABLE 1 Baseline characteristics of patients undergoing cryoablation or

10.3389/fcvm.2025.1659310

3.3 Intraoperative parameters

All patients underwent mitral valve surgery with either

annuloplasty repair or valve replacement (mechanical or
bioprosthetic). Most prostheses were Medtronic, smaller
numbers were from other manufacturers. No prosthetic

dysfunction was observed postoperatively. Thrombectomy was
performed in 8 cryoablation patients and 7 RFA patients
(p=0.681). Intraoperative parameters, CPB time, ACC time,
blood loss, and total operation time, did not differ between
groups (Table 2). However, the RFA group demonstrated a

RFA.
) ] significantly higher mean heart rate compared to the
Variable Total Cryoablation RFA
(n=100) (n=50) (n=50)
Age (years, mean + SD) 58.8+12.2 59.5+11.6 56.4+14.2
Sex (female %) 48 (48%) 26 (52%) 22 (44%)
BMI > 30 (n, %) 29 (29%) 14 (28%) 15 (30%)
Duration of rheumatic 19.8+16.2 204+18.2 19.1+14.1 50—
heart disease (years,
mean + SD) 399 == Cryoablation
EuroSCORE II (median | 3.8 [3.1-5.1] 47 [3.1-5.6] 3.8 [3.2-48] 40 ’
mm RFA
[IQR]) 2
LA diameter (cm, 2.5+0.4 25+04 24+03 ch
mean + SD) =
Teichholz EF (%, 522478 50.8+8.7 53.6£6.6 2
mean + SD) [ren
Simpson EF (%, 49.0+6.5 48.6+7.3 49.5+5.7 °°
mean + SD) 2N
Hypertension (1, %) 96 (96%) 46 (92%) 50 (100%)
Diabetes mellitus (n, %) 26 (26%) 16 (32%) 10 (20%)
Stroke/TIA history (n, 3 (3%) 2 (4%) 1 (2%)
%)
Ischemic heart disease, 3 (3%) 3 (6%) 0 (0%) C|Ippln9 SUtu"ng
(n, %)
. . o FIGURE 3
SEiy o dlisee @, U Comparison of LAA occlusion methods in cryoablation (n = 50) and
Moderate 81 (81%) 41 (82%) 40 (80%) RFA (n = 50) groups.
Severe 19 (19%) 9 (18%) 10 (20%)
80
] == Cryoablation
= _ == RFA
«» 60
[72]
o
5
® 40-
T
=
-
x 204
3
R
o -
Mitral Mitral Combined mitral
regurgitation  stenosis valve disease
FIGURE 2
Distribution of ablation methods by diagnosis type. Percentages represent the proportion of patients within each diagnosis type (mitral regurgitation
(n =50), stenosis (n = 34), or combined valve disease (n = 16) who received either cryoablation or RFA.
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TABLE 2 Comparison of intraoperative parameters between cryoablation
and RFA groups.

Parameter Cryoablation RFA p-Value
(n=50) (n=50)

Heart rate (bpm, 108.1 £32.1 120.2 +40.5 0.007
mean + SD)

CPB time (min, 139.6 £26.0 144.7 +24.3 0.318
mean + SD)

ACC time (min, 100.2 £24.0 96.7 +22.6 0.454
mean + SD)

Blood loss (mL, 212.2+394 204.6 +37.0 0.285
mean + SD)

Operation time (min, 2542 +40.2 2455+ 345 0.248
mean + SD)

TABLE 3 Mitral valve abnormalities in patients undergoing cryoablation
and RFA.

Parameter Cryoablation RFA p-Value
(n = 50) (n=50)

Mitral valve leaflets 47 50 0.242

sealed (n)

Leaflet motion 26 22 0.423

restriction (n)

Loss of counterphase 16 8 0.061

motion (n)

Fibrosis of valve leaflets 46 40 0.148

(n)

cryoablation group (p = 0.007), indicating a potential difference in
intraoperative autonomic or myocardial response.

Intraoperative  assessment revealed several structural
abnormalities of the mitral valve that served as indications for
surgical intervention. These included elevated transvalvular
pressure gradients, leaflet thickening suggestive of fibrosis or
calcification, restricted leaflet mobility indicating impaired valve
function, and absence of counterphase motion, likely due to
dystrophic changes or structural deformities. Mitral valve
fibrosis was also frequently observed, reflecting progressive
remodeling and reduced elasticity (Table 3). None of the
valve abnormalities differed

structural mitral significantly

between groups.

3.4 Pre- and postoperative clinical
symptoms

All patients reported preoperative symptoms of fatigue,
shortness of breath, and swelling of the lower extremities.
Anginal pain was noted in 28% of patients in the cryoablation
group and 22% in the RFA group. Following surgery, all clinical
symptoms resolved completely in both groups, demonstrating
the effectiveness of the surgical approaches in relieving
symptoms of heart failure.

Among 100 patients (cryo n=50; RFA n=50), first atrial
arrhythmia recurrence occurred in 11 (22%) after cryoablation
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FIGURE 4
Freedom from AF after concomitant surgical ablation. Kaplan—Meier
curves comparing cryoablation (n = 50) and RFA (n = 50) for time to
first AF after mitral surgery. Follow-up assessments were performed
at 3, 6, and 12 months post-operation. The y-axis shows the
percentage of patients free from AF. Curves were compared with
the log-rank test (p = 0.521).

and 14 (28%) after RFA during follow-up. Kaplan-Meier curves
for freedom from AF did not differ between groups (log-rank
p =0.521; Figure 4). The estimated hazard ratio for cryo vs. RFA
was 0.78 (95% CI: 0.36-1.71; Mantel-Haenszel estimate: 0.76,
95% CI: 0.34-1.74), indicating no detectable difference in
recurrence risk. Median time to recurrence was not reached in
either cohort because >50% remained event-free.

3.5 Postoperative cardiac remodeling and
electrophysiological outcomes

Immediate post-operative changes in most echocardiographic
and electrophysiological parameters were similar between groups.
Five measurements showed statistically significant differences. Left
atrial (LA) volume decreased significantly more after cryoablation
compared with RFA (p <0.001). Multiple linear regression was
performed to identify independent predictors of left atrial (LA)
volume reduction at six months. The model was significant
[F(5,94) =3.95, p=0.0027; R>=0.17]. Among all covariates,
only ablation type remained an independent predictor
(f=2788+641mL, 95% CL 15.15-40.61; p<0.0001),
indicating that cryoablation was associated with a greater LA
volume reduction compared with RFA. AF recurrence (ff=2.15,
95% CL: —11.4 to 15.7; p=0.75), disease duration, BMI, and
EuroSCORE II were not significantly associated with the degree
of remodeling. Residuals deviated from normality, but
multicollinearity was low (all VIF < 1.5) (Supplementary Table 1).

Aortic root diameter increased slightly following cryoablation
but decreased after RFA (p =0.023). The interventricular septum
became thinner in the cryoablation group, but thicker in the
RFA group (p=0.026). Left ventricular (LV) posterior wall
thickness decreased after cryoablation and increased after RFA
(p=0.018). Right atrial (RA) short-axis diameter showed a
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smaller reduction after cryoablation than after RFA (p = 0.040).
All other parameters, including functional capacity (6-min walk
distance), ventricular volumes, ejection fractions, pulmonary
artery pressure, stroke volume, rhythm metrics (RR and QT
and AC, did not differ
p>0.05)

intervals, heart-rate measures),

significantly ~ between the two groups (all
(Supplementary Table 2).

At six months after the operation, most echocardiographic
and electrophysiological measures remained similar between the
two groups, but three parameters still differed significantly. LA
volume continued to decrease more after cryoablation than after
RFA (p=0.00004). RA short-axis diameter showed a smaller
long-term reduction in the cryoablation group vs. the RFA
group (p=0.049).
cryoablation by only 1.22+17.34 mL, but became significantly
smaller by 7.28 +15.84 mL in the RFA group (p=0.006). All
other domains, including atrial and ventricular dimensions,

Stroke volume decreased slightly after

aortic diameters, ventricular rates and intervals, contractile
and AC,
significant differences between groups at six months (all

p>0.05), (Supplementary Table 3).

indices, pulmonary-artery pressure, showed no

4 Discussion

This retrospective cohort study compared cryoablation
and radiofrequency ablation in patients with rheumatic mitral
valve disease undergoing concomitant mitral valve surgery.
Cryoablation was associated with a significantly greater
reduction in left atrial volume, a smaller decrease in right atrial
short-axis diameter, and a lesser decline in stroke volume
compared with radiofrequency ablation. Procedural parameters,
including cardiopulmonary bypass time, aortic cross-clamp time,
and blood loss, were comparable between groups, and clinical
symptoms improved similarly.

Although both strategies were derived from the extended
modified Cox-Maze IV

arrhythmogenic substrates, the detailed lesion-set configuration

concept and targeted key
differed between cryoablation and RFA in accordance with

energy-specific surgical protocols. Therefore, the observed
differences in atrial remodeling likely reflect the combined effect
of lesion delivery characteristics and energy modality rather than
fundamentally different ablation strategies.

The greater left atrial volume reduction observed with
cryoablation may reflect biophysical differences between freezing
and heating during lesion formation. Multiple linear regression
indicated that than

perioperative factors or rhythm outcome, was the primary

analysis ablation modality, rather

determinant of atrial reverse remodeling. Cryothermal energy

produces homogeneous, transmural lesions with minimal

collateral tissue edema, potentially facilitating more effective
remodeling (22, 23). In
radiofrequency ablation relies on resistive and conductive

atrial ~shrinkage and contrast,
heating, which may result in heterogeneous lesion thickness and
surrounding tissue edema, potentially limiting structural reverse

remodeling (24, 25).
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Our findings are concordant with prior surgical series and
meta-analyses reporting comparable rhythm outcomes between
cryothermal and radiofrequency energy when ablation
accompanies mitral valve surgery (11, 12, 14, 15, 19, 26, 27). In
rheumatic mitral valve disease, where atrial fibrosis and

remodeling are often advanced, previous studies have
demonstrated that concomitant surgical ablation improves
rhythm and clinical outcomes compared with valve surgery
alone and that the choice of energy source does not
independently compromise safety.

Despite differences in atrial remodeling, intraoperative safety
and efficiency were equivalent across both groups. The absence
of significant differences in cardiopulmonary bypass and aortic
cross-clamp durations is consistent with contemporary surgical
evidence indicating that energy selection does not materially
alter operative workflow during concomitant AF ablation in
mitral procedures (11, 24, 28).

An additional finding was the difference in left atrial
appendage clipping

predominated in the cryoablation group, whereas suturing was

occlusion technique between groups:
more frequent following radiofrequency ablation (p=0.001).
This pattern likely reflects surgeon preference influenced by
intraoperative conditions and procedural workflow. Although
epicardial clipping may offer improved stroke prophylaxis
compared with suturing (29), this study was not designed to
evaluate long-term thromboembolic outcomes, and this
imbalance represents a potential confounder.

Several limitations warrant consideration. The retrospective,
multicenter design and non-randomized sequential allocation
introduce potential selection bias and confounding by
indication. Lesion-set geometry differed between cryoablation
and radiofrequency strategies, precluding attribution of observed
effects solely to energy modality. The six-month follow-up
captures early structural remodeling but does not assess
late arrhythmia recurrence, survival, or stroke, and lesion
transmurality or perilesional edema were not directly evaluated
In addition,

geometry differed substantially between groups, particularly with

using advanced imaging. right-atrial lesion
respect to cavocaval and coronary sinus-directed lines in
the RFA cohort, which may have influenced right-atrial
remodeling outcomes.

Future prospective randomized trials comparing cryoablation
and radiofrequency ablation specifically in rheumatic mitral
valve populations are required to validate these observations and
assess long-term clinical outcomes. Incorporation of advanced
imaging, such as late gadolinium enhancement MRI, to
characterize lesion integrity and atrial fibrosis may further
optimize patient selection and procedural strategy (30).

In conclusion, in patients with persistent atrial fibrillation and
rheumatic mitral valve disease undergoing mitral valve surgery,
cryoablation was associated with more favorable early atrial
than

compromising procedural safety or efficiency. These findings

reverse remodeling radiofrequency ablation without
should be interpreted as hypothesis-generating and require
confirmation in randomized studies with standardized lesion

sets and extended follow-up.

frontiersin.org


https://doi.org/10.3389/fcvm.2025.1659310

Nurbay et al.

Data availability statement

The datasets used and/or analysed during the current study are
available from the corresponding author on reasonable request.
Requests to access these datasets should be directed to Zhanar
Nurbay, nurbay2582@gmail.com.

Ethics statement

The studies involving humans were approved by Ethics
Committee of the Kazakhstan Medical University «KSPH»
under protocol number No IRB-19-2023. The studies were
in accordance with the local
Written

participation was not required from the participants or the

conducted legislation and

institutional requirements. informed consent for
participants’ legal guardians/next of kin in accordance with the

national legislation and institutional requirements.

Author contributions

Data
Writing - original draft. AD: Formal analysis, Writing - review

ZN:  Conceptualization, curation, Investigation,

& editing. RK: Conceptualization, Writing - review & editing.
RT: Investigation, Resources, Writing - review & editing. NM:
Formal analysis, Visualization, Writing - review & editing.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

References

1. Pamporis K, Karakasis P, Sagris M, Theofilis P, Milaras N, Pantelidaki A, et al.
Prevalence of asymptomatic atrial fibrillation and risk factors associated with
asymptomatic status: a systematic review and meta-analysis. Eur | Prev Cardiol.
(2025) 32:zwaf138. doi: 10.1093/eurjpc/zwaf138

2. Linz D, Gawalko M, Betz K, Hendriks JM, Lip GYH, Vinter N, et al. Atrial
fibrillation: epidemiology, screening and digital health. Lancet Reg Health Eur.
(2024) 37:100786. doi: 10.1016/j.lanepe.2023.100786

3. Soleimani H, Tavakoli K, Nasrollahizadeh A, Azadnajafabad S, Mashayekhi M,
Ebrahimi P, et al. Estimating the burden of atrial fibrillation and atrial flutter with
projection to 2050 in Iran. Sci Rep. (2024) 14(1):20264. doi: 10.1038/s41598-024-
71296-4

4. Beisenbayeva A, Bekbossynova M, Bakytzhanuly A, Aleushinova U, Bekmetova
F, Chinybayeva A, et al. Improvements in cardiopulmonary exercise test results in
atrial fibrillation patients after radiofrequency ablation in Kazakhstan. Diagnostics.
(2024) 14(21):2355. doi: 10.3390/diagnostics14212355

5. Zhang J, Johnsen SP, Guo Y, Lip GYH. Epidemiology of atrial fibrillation. Card
Electrophysiol Clin. (2021) 13(1):1-23. doi: 10.1016/j.ccep.2020.10.010

6. Diaz ], Martinez F, Calderon JM, Fernandez A, Sauri I, Uso R, et al. Incidence
and impact of atrial fibrillation in heart failure patients: real-world data in a large
community. ESC Heart Fail. (2022) 9(6):4230-9. doi: 10.1002/ehf2.14124

7. Faust O, Ciaccio EJ, Acharya UR. A review of atrial fibrillation detection methods
as a service. Int | Environ Res Public Health. (2020) 17(9):3093. doi: 10.3390/
ijerph17093093

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2025.1659310

Conflict of interest

The author(s) declared that the research this work was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever
possible. If you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2025.
1659310/full#supplementary-material

8. Taizhanova D, Bazarova N, Kalimbetova A, Gartung T, Bodaubay R,
Muratbekova S, et al. Risk factors for the development of atrial fibrillation in the
Kazakh patients. Open Access Maced ] Med Sci. (2022) 10(B):2361-6. doi: 10.3889/
0amjms.2022.10775

9. Hindricks G, Potpara T, Dagres N, Arbelo E, Bax JJ, Blomstrom-Lundgqvist C,
et al. 2020 ESC guidelines for the diagnosis and management of atrial
fibrillation developed in collaboration with the European association for cardio-
thoracic surgery (EACTS). Eur Heart ]. (2021) 42(5):373-498. doi: 10.1093/
eurheartj/ehaa612

10. Ko D, Lin K]J, Bessette LG, Lee SB, Walkey AJ, Cheng S, et al. Trends in use
of oral anticoagulants in older adults with newly diagnosed atrial fibrillation, 2010-
2020. JAMA Netw Open. (2022) 5(11):e2242964. doi: 10.1001/jamanetworkopen.
2022.42964

11. Eranki A, Muston B, Wilson-Smith A, Wilson-Smith C, Williams M, Doyle M,
et al. Surgical ablation of atrial fibrillation during mitral valve surgery: a systematic
review and meta-analysis. Ann Cardiothorac Surg. (2024) 13(1):1-17. doi: 10.
21037/acs-2023-afm-0131

12. Kim WK, Kim HJ, Kim JB, Jung SH, Choo SJ], Chung CH, et al. Concomitant
ablation of atrial fibrillation in rheumatic mitral valve surgery. ] Thorac Cardiovasc
Surg. (2019) 157(4):1519-28.¢5. doi: 10.1016/}.jtcvs.2018.09.023

13. Ad N, Damiano RJ, Badhwar V, Calkins H, La Meir M, Nitta T, et al. Expert
consensus guidelines: examining surgical ablation for atrial fibrillation. J Thorac
Cardiovasc Surg. (2017) 153(6):1330-54.e1. doi: 10.1016/j.jtcvs.2017.02.027

frontiersin.org


mailto:nurbay2582@gmail.com
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1659310/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1659310/full#supplementary-material
https://doi.org/10.1093/eurjpc/zwaf138
https://doi.org/10.1016/j.lanepe.2023.100786
https://doi.org/10.1038/s41598-024-71296-4
https://doi.org/10.1038/s41598-024-71296-4
https://doi.org/10.3390/diagnostics14212355
https://doi.org/10.1016/j.ccep.2020.10.010
https://doi.org/10.1002/ehf2.14124
https://doi.org/10.3390/ijerph17093093
https://doi.org/10.3390/ijerph17093093
https://doi.org/10.3889/oamjms.2022.10775
https://doi.org/10.3889/oamjms.2022.10775
https://doi.org/10.1093/eurheartj/ehaa612
https://doi.org/10.1093/eurheartj/ehaa612
https://doi.org/10.1001/jamanetworkopen.2022.42964
https://doi.org/10.1001/jamanetworkopen.2022.42964
https://doi.org/10.21037/acs-2023-afm-0131
https://doi.org/10.21037/acs-2023-afm-0131
https://doi.org/10.1016/j.jtcvs.2018.09.023
https://doi.org/10.1016/j.jtcvs.2017.02.027
https://doi.org/10.3389/fcvm.2025.1659310

Nurbay et al.

14. Cheng YT, Huang YT, Tu HT, Chan YH, Chien-Chia Wu V, Hung KC, et al.
Long-term outcomes of concomitant surgical ablation for atrial fibrillation. Ann
Thorac Surg. (2023) 116(2):297-305. doi: 10.1016/j.athoracsur.2022.09.036

15. Gemelli M, Gallo M, Addonizio M, Van Den Eynde J, Pradegan N, Danesi TH,
et al. Surgical ablation for atrial fibrillation during mitral valve surgery: a systematic
review and meta-analysis of randomized controlled trials. Am ] Cardiol. (2023)
209:104-13. doi: 10.1016/j.amjcard.2023.09.088

16. Bulava A, Mokracek A, Némec P, Wichterle D, Osmancik P, Budera P, et al.
Lesion durability found during mandated percutaneous catheter ablation after
surgical cryo-ablation for treatment of non-paroxysmal atrial fibrillation.
J Cardiothorac Surg. (2024) 19(1):397. doi: 10.1186/s13019-024-02889-3

17. Benvegnil L, Cibin G, Perrone F, Tarzia V, D’Onofrio A, Luciani GB, et al.
Minimally invasive surgical strategies for the treatment of atrial fibrillation: an
evolving role in contemporary cardiac surgery. J Cardiovasc Dev Dis. (2025)
12(8):289. doi: 10.3390/jcdd12080289

18. Vural U, Bala AY, Aglar AA, Kizilay M. Which method to use for surgical
ablation of atrial fibrillation performed concomitantly with mitral valve surgery:
radiofrequency ablation versus cryoablation. Braz ] Cardiovasc Surg. (2018)
33(6):542-52. doi: 10.21470/1678-9741-2018-0130

19. Bogachev-Prokophiev A, Sharifulin R, Karadzha A, Zheleznev S, Afanasyev A,
Ovcharov M, et al. Results of concomitant cryoablation for atrial fibrillation during
mitral valve surgery. Interact Cardiovasc Thorac Surg. (2022) 34(4):540-7. doi: 10.
1093/icvts/ivab322

20. Bazhanov I, Petersen J, Yildirim Y, Pausch J, Girdauskas E, Al Assar Y, et al.
Long-term outcomes of concomitant left-sided cryoablation during totally
endoscopic mitral valve surgery. Interdiscip Cardiovasc Thorac Surg. (2025) 40(10):
ivaf217. doi: 10.1093/icvts/ivaf217

21. Waterford SD, Ad N. Surgical ablation of atrial fibrillation: rationale and
technique. Turk Gogus Kalp Damar Cerrahisi Derg. (2024) 32(3):245-52. doi: 10.
5606/tgkdc.dergisi.2024.86520

Frontiers in Cardiovascular Medicine

09

10.3389/fcvm.2025.1659310

22. Poretti G, Hoxha S, Segreto A, Jacopo G, Sandrini C, Faggian G, et al.
Preliminary results of cryoablation for surgical treatment of arrhythmias in adults
with congenital heart disease. Front Cardiovasc Med. (2021) 8:770221. doi: 10.
3389/fcvm.2021.770221

23. Labin JE, Haque N, Sinn LA, Schuessler RB, Moon MR, Maniar HS, et al. The
Cox-Maze IV procedure for atrial fibrillation is equally efficacious in patients with
rheumatic and degenerative mitral valve disease. | Thorac Cardiovasc Surg. (2017)
154(3):835-44. doi: 10.1016/j.jtcvs.2017.03.152

24. Baudo M, Rosati F, Lapenna E, Di Bacco L, Benussi S. Surgical options for atrial
fibrillation treatment during concomitant cardiac procedures. Ann Cardiothorac Surg.
(2024) 13(2):135-45. doi: 10.21037/acs-2023-afm-0208

25. Hopman LHGA, Van Pouderoijen N, Mulder MJ, Van Der Laan AM, Bhagirath
P, Nazarian S, et al. Atrial ablation lesion evaluation by cardiac magnetic resonance.
JACC Clin Electrophysiol. (2023) 9(12):2665-79. doi: 10.1016/j.jacep.2023.08.013

26. Zou Y, Yang N, Ding F, Wang Y, Mei J, Jiang Z. Surgical treatment of atrial
fibrillation in mitral valve surgery: a narrative review. J Thorac Dis. (2024)
16(5):3461-71. doi: 10.21037/jtd-23-1984

27. Baudo M, Rosati F, D’Alonzo M, Benussi S, Muneretto C, Di Bacco L.
Radiofrequency and cryoablation as energy sources in the cox-maze procedure: a
meta-analysis of rhythm outcomes. Heart Lung Circ. (2025) 34(1):25-33. doi: 10.
1016/j.hlc.2024.10.014

28. Eranki A, Muston B, Ng D, Wilson-Smith AR, Gupta AK. Atrial fibrillation
ablation during robotic mitral valve surgery: a systematic review and meta-analysis.
Ann Cardiothorac Surg. (2024) 13(2):117-25. doi: 10.21037/acs-2023-afm-20

29. Petersen J, Boning H, Yildirim S, Alassar Y, Yildirim Y, Bazhanov I, et al.
Efficacy of four different left atrial appendage closure techniques during cardiac
surgery—a transesophageal echocardiography follow-up study. JTCVS Tech. (2024)
26:43-9. doi: 10.1016/j.xjtc.2024.05.007

30. Mont L, Roca-Luque I, Althoff TF. Ablation lesion assessment with MRIL
Arrhythm Electrophysiol Rev. (2022) 11:e02. doi: 10.15420/aer.2021.63

frontiersin.org


https://doi.org/10.1016/j.athoracsur.2022.09.036
https://doi.org/10.1016/j.amjcard.2023.09.088
https://doi.org/10.1186/s13019-024-02889-3
https://doi.org/10.3390/jcdd12080289
https://doi.org/10.21470/1678-9741-2018-0130
https://doi.org/10.1093/icvts/ivab322
https://doi.org/10.1093/icvts/ivab322
https://doi.org/10.1093/icvts/ivaf217
https://doi.org/10.5606/tgkdc.dergisi.2024.86520
https://doi.org/10.5606/tgkdc.dergisi.2024.86520
https://doi.org/10.3389/fcvm.2021.770221
https://doi.org/10.3389/fcvm.2021.770221
https://doi.org/10.1016/j.jtcvs.2017.03.152
https://doi.org/10.21037/acs-2023-afm-0208
https://doi.org/10.1016/j.jacep.2023.08.013
https://doi.org/10.21037/jtd-23-1984
https://doi.org/10.1016/j.hlc.2024.10.014
https://doi.org/10.1016/j.hlc.2024.10.014
https://doi.org/10.21037/acs-2023-afm-20
https://doi.org/10.1016/j.xjtc.2024.05.007
https://doi.org/10.15420/aer.2021.63
https://doi.org/10.3389/fcvm.2025.1659310

	Cryoablation and radiofrequency ablation during mitral valve surgery for rheumatic mitral valve disease: a retrospective cohort study
	Introduction
	Methods
	Study population and study design
	Data collection
	Surgical ablation strategy and lesion set
	Left atrial ablation
	Cryoablation group
	RFA group

	Right atrial ablation
	Cryoablation group
	RFA group

	Left atrial appendage management
	Lesion set completeness and verification

	Echocardiographic and ECG assessments
	Six-min walk test
	Statistical analysis
	Ethical considerations

	Results
	Baseline characteristics
	Distribution of ablation and left atrial appendage occlusion methods
	Intraoperative parameters
	Pre- and postoperative clinical symptoms
	Postoperative cardiac remodeling and electrophysiological outcomes

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


