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Study objective: Hypertrophic cardiomyopathy (HCM) is a genetic disease that can cause left ventricular outflow
tract (LVOT) obstruction. This study analyzed the efficacy of radiofrequency ablation (RA) in improving clinical
and hemodynamic factors in patients receiving obstructive HCM refractory treatment. This evaluation was
necessary because of the small number of studies on the effectiveness of this technique for obstructive HCM in the
existing literature.

Design: We used the PubMed, Embase, and Science Direct databases to identify randomized clinical trials and
observational studies addressing the clinical and hemodynamic outcomes before and after RA in patients with
HCM.

Participants: We selected six articles published between 2011 and 2022, comprising 304 patients (mean age: 45
years).

Interventions: We performed a bias assessment using the ROBINS I tool, and meta-analysis processing was per-
formed using the STATA program (v.16.0).

Results: The left ventricular outflow tract (LVOT) gradient at rest and with stimulation decreased by 58.78 mmHg
(p =0.001) and 70.38 mmHg (total effect Z = 21.62; p < 0.0001), respectively. Additionally, the New York Heart
Association (NYHA) functional class decreased by 0.43 (p = 0.001), indicating symptomatic and hemodynamic
improvements. Furthermore, we observed a significant reduction in septal thickness (by 4 mm; p = 0.001).
Conclusions: RA improved the NYHA functional class and LVOT gradient at rest and with stimulation and reduced
septal thickness. These results suggest that RA is effective in patients refractory to pharmacological therapy and
unsuitable for alcohol septal ablation or myectomy. However, more studies, including randomized clinical trials,
should be conducted to define the role of RA in interventional therapies.

obstruction occurring in up to 70 % of cases [2].
Although the American Heart Association guidelines classify beta-

1. Introduction

Hypertrophic cardiomyopathy (HCM) is a relatively common auto-
somal dominant genetic disease that causes structural deformation in
the configuration of the myocardium, occurring in approximately 1 in
500 individuals in the general population worldwide [1]. Left ventric-
ular hypertrophy is a primary clinical feature of HCM, with outflow tract

blockers and non-dihydropyridine calcium channel blockers as Class 1
pharmacological treatments for HCM, their effects are limited. Studies
show that they only decrease the systolic gradient by 50 mmHg,
resulting in many refractory patients [3,4]. Therefore, depending on
how favorable the coronary anatomy is in each case, other techniques,
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such as myectomy (septal scraping) and alcohol ablation, are required to
remove the septal tissue [5].

Radiofrequency ablation (RA) has slowly become a well-established
intervention for cardiac arrhythmias in recent decades. Therefore, some
researchers have explored its potential as an alternative treatment for
left ventricular outflow tract (LVOT) obstruction in patients with HCM.
The technique induces a local infarction in the fibrotic tissue by applying
heat, decreasing the septal thickness [6].

The success of RA is independent of the coronary anatomy, and the
technique is minimally invasive. Thus, medical practitioners have
employed this technique in specialized centers for HCM treatment,
especially when an optimal pharmacological therapy has not been
identified and patients are unsuitable for alcohol septal ablation or
myectomy [7,8]. However, there is an ongoing effort to determine the
effectiveness of RA for HCM owing to the small number of studies on this
technique in the existing literature. Thus, this study asked the following
question (PICOT): can RA modify the clinical and hemodynamic out-
comes in patients with HCM, thus providing effective treatment? To
address this question, we performed a meta-analysis and systematic
literature review.

2. Materials and methods
2.1. Search strategy

This systematic review followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses protocol checklist. We used
PubMed, Embase, and Science Direct as data search sources and a search
period from 1992 to 2022 without language restrictions to increase the
sensitivity of the results.

Descriptor searches included “hypertrophic cardiomyopathy,”
“radiofrequency ablation,” and their synonyms (Medical Subject Head-
ings [MeSH]/Emtree), as well as keywords separated by the following
booleans: “Hypertrophic Cardiomyopathy” AND “Endocardial Radio-
frequency Septal Ablation” OR “Percutaneous Intramyocardial Septal
Radiofrequency Ablation” OR “Radiofrequency Ablation.” Additionally,
we used MeSH as a second strategy to increase article capture by
employing the terms “Hypertrophic Cardiomyopathy” and “Septal
Reduction.” Finally, to select relevant studies, we used the “citation
matching” tool along with the keywords “Hypertrophic Cardiomyopa-
thy” and “Percutaneous Intramyocardial Septal Radiofrequency
Ablation.”

We used the Mendeley (https://www.mendeley.com/) program to
remove duplicates, which helped manage the references. After removal,
two authors (C.C.C. and E.P.J.) independently selected the articles and
analyzed the titles and abstracts. If the abstract was unavailable, the full
article was accessed. In the event of a disagreement, a third author (A.S.
M.J.) determined whether the article should be included or excluded.

2.2. Data extraction and result definitions

The following information was extracted from the selected studies:
1) publication details (e.g., first author's last name, publication year, and
country of origin); 2) study design and period; 3) study population
characteristics (e.g., sample size, sex, age, RA indication, New York
Heart Association [NYHA] functional class, ventricular septum size, left
ventricle [LV] outflow gradient, and follow-up duration); 4) outcome
evaluations (e.g., all-cause mortality, sudden death, and intervention
occurrences); and 5) peculiarities of the RA technique (e.g., tempera-
ture, power, procedure duration, and catheter type). The indication for
RA was based on a history of refractory clinical pharmacological and
invasive therapy (alcohol ablation or myectomy).

2.3. Inclusion criteria

We included studies that: 1) involved patients who underwent RA
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and had pathological obstructive HCM and 2) used the NYHA functional
class and hemodynamic (e.g., LV output gradient and ventricular septum
size) classifications to describe the outcomes. All extracted information
was placed in spreadsheets and scrutinized for eligibility.

2.4. Exclusion criteria

We excluded studies in which patients underwent alcohol ablation
and myectomy, articles focusing on pharmacotherapy and animal
studies, studies with incomplete statistical data, case reports, and sys-
tematic reviews.

2.5. Risk of bias

All included articles were analyzed using the risk-of-bias ROBINS-I
[9] (for non-randomized studies) tools from the Cochrane Methods
Network.

2.6. Statistical analyses

This meta-analysis included only continuous variables. The statisti-
cal method for weighting the articles was based on the inverse of the
variance, with its weight proportional to its precision. Thus, measuring
the effect was based on the difference between the means, and the meta-
analysis results were issued in the same unit of measure as the outcome
variable.

After considering the methodological similarities between the
studies, outcome variable, and longitudinal observations, we adopted a
fixed-effect analysis model. Heterogeneity analysis was performed using
the Higgins and Thompson test (I%); however, the use of the effect was
adopted considering the weight of the research with greater relevance,
thus avoiding the acceptance of the nullity of homogeneity caused by the
small-samples bias.

The meta-analysis was performed using the STATA program (v.16.0)
[10], with a significance threshold of 5 % (p < 0.05). The publication-
bias assessments were represented by funnel plot analyses (a scatter
plot of standard error vs. effect size) and are available in the supple-
mentary material.

3. Results
3.1. Database search

The database search identified 415 relevant references or citations
(Supplementary Fig. 1). The first search strategy applied filters that only
selected clinical trials, observational studies, and randomized clinical
trials, identifying 32 articles in PubMed, whereas the second strategy
resulted in 46 articles. Additionally, the first search strategy identified
241 articles in EMBASE and 96 in Science Direct. First, we excluded 270
duplicates and then 45 additional studies owing to topic inadequacy
after analyzing the titles and abstracts. Thus, we analyzed 19 articles
based on the eligibility criteria, but only six were selected for meeting
these criteria.

3.2. Study characteristics

We selected six articles published between 2011 and 2022, involving
304 patients (162 men and 101 women; one study with 41 patients did
not report the sex of the sample population). The number of participants
in each study ranged from five [11] to 200 [12]. Overall, the mean age of
the patients was 45 years. One article exclusively evaluated children (32
patients [13]), whereas the remaining articles evaluated an adult pop-
ulation (men and women) [11-13,15,16]. Two studies were conducted
in China, two in England, one in Germany, and one in the United States
[11-16]. Supplementary Table 1 describes the patient characteristics.
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3.3. RA intervention

All the analyzed studies used RA to treat obstructive HCM refractory
to pharmacological measures and other procedures [11-16]. The mean
procedure duration ranged from 75 min [12] to 142 min [15]. Supple-
mentary Table 2 details the intervention characteristics for each study.

3.4. Outcomes

The primary outcomes were compared before and after RA, including
the LVOT gradient at rest, LVOT gradient under stimulation, the pop-
ulation's NYHA functional class, and septum size.

3.4.1. LVOT gradient at rest
The LVOT gradient at rest was described in all articles. RA inter-
vention considerably reduced LVOT obstruction by 58.78 mmHg (range:
52.96-64.6, p = 0.001) (Fig. 1). The heterogeneity was 60.3 %.
Evaluation of publication bias (funnel plot; Supplementary Fig. 2)
clearly indicated that the analysis was well-centered on the fixed effect,
representing a low standard error among the studies.

3.4.2. LVOT gradient under stimulation

The LVOT gradient under stimulation decreased by 70.38 mmHg
after RA intervention, along with 91 % heterogeneity (p < 0.0001)
(Fig. 2). By contrast, the meta-analysis had a total effect Z of 21.62 (p <
0.0001), demonstrating that RA effectively reduced this parameter.

Further evaluation of publication bias (funnel plot; Supplementary
Fig. 3) demonstrated that the fixed-effect and heterogeneity tests did not
apply to three studies (p < 0.0001). Therefore, we used a fixed-effect
model for this outcome variable, given the weight of studies with
larger sample sizes.

3.4.3. The NYHA functional class

The NYHA functional class quantifies and classifies the degree of
symptoms (dyspnea). Patients classified as Class I have no symptoms in
daily activities, whereas those classified as Class IV have symptoms
following minimal exertion.

NYHA functional class decreased by 0.43 (range: 0.38-0.49, p =
0.001) (Fig. 3), with a heterogeneity of 99 % (p < 0.0001). Because the
fixed-effect model was unsuitable for the analysis, we used the random-
effect model and identified the heterogeneity of the sample size as the
main factor in the heterogeneity of the distribution of the NYHA func-
tional class (Supplementary Fig. 4).

3.4.4. Septum size

The septum size before and after intervention showed a heteroge-
neity of 94.39 % (p < 0.0001) (Fig. 4), revealing that RA reduced the
interventricular septum size by 4.00 mm (range: 3.32-4.69, p = 0.001).
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Supplementary Fig. 5 shows the heterogeneous distribution according to
the sample size used in each study.

3.4.5. Complications

On follow-up day 30, Zhou et al. [12] reported complications in 21
(10.5 %) patients. Of these patients, two (1.0 %) died in the hospital
within 30 days; one of them owing to cardiogenic shock due to anterior
mitral valve prolapse, probably caused by excessive ablation and
myocardial edema, while the other patient was found unresponsive,
with sudden death (monitor in asystole), possibly due to bradycardia or
ventricular arrhythmia. Seven patients (3.5 %) had pericardial effusion
requiring mini-thoracotomy, and 12 (6 %) had pericardial effusion
requiring pericardiocentesis. This pericardial effusion rate can be
reduced with pre-procedure tomography angiography planning. Other
periprocedural complications included permanent right bundle branch
block in five patients (2.5 %), reversed ventricular fibrillation in two
(1.0 %), and septal branch aneurysm in two (1.0 %), although these did
not require definitive pacemaker implantation [12].

By contrast, Lawrenz et al. [14] reported a complete block and a
high-grade atrioventricular block requiring pacemaker implantation
after the procedure in 12 patients (29 %), owing to damage to the
electrophysiological beam during septal ablation. Additionally, two
patients experienced pericardial tamponade caused by RV pacing cath-
eter perforation [14]. Lawrenz et al. related one death to cardiogenic
shock caused by mitral regurgitation and LVOT reduction. An attempt
was made to replace the valve, the leaflets of which were possibly
injured during RA, but it was ineffective.

Sreeram et al. [13] reported one procedure-related death due to a
paradoxical increase in the LV outflow gradient, with two patients
having total atrioventricular block (TAVB) and requiring dual-chamber
pacemaker implantation. Similarly, two patients developed ventricular
fibrillation related to catheter manipulation in the ventricle. Minor
complications included a groin hematoma (n = 1) and superficial burns
at the ground electrode sites (n = 1) [13].

Furthermore, Cooper et al. [11] reported mesenteric ischemia
related to retroperitoneal hemorrhage and femoral artery bleeding,
leading to death. One patient developed a paradoxical increase in LVOT
gradient immediately following ablation resulting in pulmonary edema.

Crossen et al. [15] presented five intraventricular conduction delays
post-procedure, and two patients (17 %) required pacing support for
complete atrioventricular block. Liu et al. [16] described just one
complication, pericardial tamponade due to an injury to the coronary
vein and abnormal blood coagulation, that required operative inter-
vention. They recommend maintaining a safe distance of 3 mm between
the border of the ablated region and the left side of the LV, with a
gradual increase in ablation power to avoid affecting the conduction
system. This appeared to be effective, since no patient developed a
complete block. Supplementary Table 3 summarizes the complications

LVOT Before (mmHg) LVOT After (mmHg) Mean Diff. Weight
Study N  Mean SD N  Mean SD with 95% CI (%)
Cooper et al. (2016) 5 64.3 506 5 123 25| ———— = 52.00[ 7.59, 96.41] 1.72
Crossen et al. (2015) 11 66.7 395 11 10 57 —— 56.70[ 33.12, 80.28] 6.10
Lawrenz et al. (2021) 41 703 425 41 33 133 —i— 37.30[ 23.67, 50.93] 18.25
Liu et al. (2018) 15 668 66 15 11 6 55.80[ 22.26, 89.34] 3.01
Sreeram et al. (2011) 32 969 27 32 327 271 —— 64.20[ 50.95, 77.45] 19.30
Zhou et al. (2022) 198 79 53 198 14 24 -.- 65.00[ 56.90, 73.10] 51.63
Overall L 4 58.78 [ 52.96, 64.61]
Heterogeneity: 17 = 60.30%, H* = 2.52
Test of 6 = 6;: Q(5) = 12.59, p = 0.03
Testof 6=0:z=19.79, p=0.00

5'0 ‘I(I)O

Fixed-effects inverse-variance model

Fig. 1. The effect of radiofrequency ablation on the left ventricular outflow tract at rest.
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LVOT provoked Before (nmHg) LVOT provoked After (mmHg) Mean Diff. Weight

Study N Mean sD N Mean  SD with 95% CI (%)

Cooper et al. (2016) 5 624 50.6 5 123 25 % ——— 50.10[ 5.69, 94.51] 2.06

Crossen et al. (2015) 1 136.2 60.9 11 20 16.7 —— 116.20[ 78.88, 153.52] 2.92

Lawrenz et al. (2021) 41 67.3 51 41 653 43 —&— 2.00[ -18.42, 2242] 9.76

Liu et al. (2018) 15 117 61 15 25 20 — 92.00[ 59.51, 124.49] 3.86

Sreeram et al. (2011) 32 100.23 20.3 32 25.05 122 ] 75.18[ 66.97, 83.39] 60.43

Zhou et al. (2022) 198 127 65 198 47 76 — 80.00[ 66.07, 93.93] 20.97

Overall 2 70.38[ 64.00, 76.76]

Heterogeneity: 1° = 90.83%, H’ = 10.90
Test of 6 = 8;: Q(5) = 54.52, p = 0.00
Testof 6=0:2=21.62, p=0.00

Fixed-effects inverse-variance model

0 50 100 150

Fig. 2. The effect of radiofrequency ablation on the left ventricular outflow tract after stimulation.

NYHA Before NYHA After

Study N Mean SD N Mean SD

Mean Diff. Weight
with 95% ClI (%)

Cooper et al. (2016) 5 3 44 5 18 .44
.8
Lawrenzetal. (2021) 41 295 21 41 295 .069 M

Crossen et al. (2015) 11 3 .01 11 18

Liu et al. (2018) 15 3 2 15 1

Zhou et al. (2022) 198 28 61 198 1.2 .56

Overall

Heterogeneity: I = 99.31%, H’ = 143.91
Test of § = 8; Q(4) = 575.65, p = 0.00
Testof 6 =0:z=14.80, p=0.00

Fixed-effects inverse-variance model

1

—_— 120[ 065, 1.75] 1.11
E——— 120[ 0.73, 1.67] 1.48
0.00[ -0.07, 0.07] 72.28
2.00[ 0.87, 3.13] 0.26
1.60[ 1.48, 1.72] 24.87

¢ 0.43[ 0.38, 0.49]

Fig. 3. The effect of radiofrequency ablation on the New York Heart Association functional class.

Septum size Before (mm)  Septum size After (mm) Mean Diff. Weight
Study N Mean  SD N  Mean SD with 95% CI (%)
Cooper et al. (2016) 5 183 19 5 168 15 & 1.50[ -0.62, 3.62] 10.43
Crossen et al. (2015) 11 21 38 11 20 27 —m— 1.00[ -1.75, 3.75] 6.19
Lawrenz et al. (2021) 41 2158 386 41 21 141 I 0.58[ -0.68, 1.84] 29.69
Liu et al. (2018) 15 25 21 15 14 12 — 11.00[ -1.24, 23.24] 0.31
Zhou et al. (2022) 198 24 51 198 173 44 [ | 6.70[ 5.76, 7.64] 53.37
Overall ¢ 400[ 3.32, 4.69)
Heterogeneity: |* = 94.39%, H® = 17.84
Test of 6 = 6; Q(4) = 71.36, p = 0.00
Testof 6=0:z=11.44,p =0.00

0 1|0 2I0 3|0

Fixed-effects inverse-variance model

Fig. 4. The effect of radiofrequency ablation on septum size.

of the articles evaluated.

3.5. Risk of bias

We performed a risk-of-bias analysis for each included study (Sup-
plementary Figs. 6 and 7), with only one study meeting a criterion for
risk [16]; therefore, it was considered a high-bias risk study due to the
lack of certain details statistical analyses and tests. The remaining
studies were considered low-bias risk studies.

4. Discussion

HCM is a genetic disease with a clinical presentation comparable to
that of congestive heart failure, which confers a high risk of sudden
death, especially in young people [8]. Approximately 70 % of patients
with HCM develop anterograde flow obstruction defined by a peak
systolic gradient of >30 mmHg. Its pathophysiology is associated with
the displacement of the anterior leaflet of the mitral valve, which comes
into direct contact with the hypertrophied septum, thereby hindering
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blood flow and generating an obstructive condition [17].

Thus, a recent systematic review and meta-analysis by Jiang et al.
[24] compared myectomy with RA, showing that the cost and length of
hospital stay for RA were lower than that for myectomy (RA: 2 days vs
Myectomy: 7.7 days). On the other hand, with regard to hemodynamic
outcomes, myectomy is still superior (resting LVOT Myectomy: —3.03 vs
RA: —1.95; septal thickness Myectomy: —1.82 vs RA: = —0.43). Clinical
outcomes (NYHA) were similar in the two groups [24].

Indications for interventional HCM treatment include clinical, he-
modynamic, and anatomical criteria. Moreover, interventional treat-
ment is primarily reserved for patients with considerable heart failure
symptoms (NYHA Class III or IV) and those refractory to medication,
those with an LVOT gradient >50 mmHg at rest or under stimulation,
and those with an anterior septal thickness deemed safe for treatment by
the interventionist. Myectomy is the gold standard surgical treatment for
obstructive HCM, and percutaneous modalities are recommended when
surgery is not possible [4,8,17,24].

The following studies described the outcomes of five, forty-one, one,
and four patients that underwent RA after alcohol septal ablation (ASA)
or a myectomy attempt (either by patient choice, unfavorable septal
branch anatomy, or because of the impossibility of surgical risk to
myectomy) indicated RA as an alternative when other techniques were
unsuitable [11,13-15].

RA can be performed using transthoracic echocardiography,
computed tomography, or angiography. Thus, it is well established for
treating arrhythmias, such as atrial fibrillation, as it does not depend on
the coronary anatomy for its success [18]. Therefore, studies have tar-
geted RA as a promising therapy for obstructive HCM treatment when an
optimal pharmacological treatment cannot be found [18,19].

Lawrenz et al. [14] evaluated RA's effectiveness and safety,
observing that morbidity and mortality were the same in patients un-
dergoing RA and ASA [14], which involves injecting ethanol into the
artery to irrigate the tissue being reduced [20]. However, the success of
ASA depends on the coronary anatomy, as the perforating arteries of the
septum may not supply the hypertrophied septum, often resulting in low
resolution [14].

All patients included in this systematic review presented with
reduced LVOT obstruction and septal thickness, significantly improving
the outflow gradient after RA [11,13-15,17]. Additionally, a review of
case reports by Poon et al. [20] revealed that RA significantly reduced
left ventricular obstruction, which corroborated the present findings.
Furthermore, Li et al. [21] observed an 11-mm decrease in septal
thickness in 15 patients [21], whereas the present study demonstrated
RA effectiveness according to a 4-mm decrease in septal thickness.
Moreover, some reports indicated that the systolic gradient during ex-
ercise decreased from 117 mmHg to 25 mmHg [16,22], and another
study reported NYHA class improvements and decreased pro-B-type
natriuretic peptide levels (from 924 pg/mL to 137.5 pg/mL) over a 6-
month follow-up period [18].

RA generates localized “therapeutic infarctions” with minimal tissue
damage, thereby eliminating or reducing the LV systolic gradient
immediately after the procedure [12]. However, hypokinesia of the LV
wall is possible, which induces uncoordinated movement caused by heat
and myocardial necrosis. Nevertheless, local remodeling occurs through
fibrosis, causing the septal lesion to shrink [12].

A comparison by Liu et al. [16] of RA and surgical myectomy
revealed similar results regarding clinical and hemodynamic outcomes
[16]. However, RA did not involve sternotomy or its complications and
based on their experience, they believed that it didn't damage the con-
duction system during or after the procedure. This is because, as
mentioned, Liu et al. [16] maintained a safe distance of 3 mm between
the border of the ablated region and the left side of the LV to avoid
conduction system injury, which might have contributed to better long-
term results [16].

RA is prone to complications. Previous studies described a para-
doxical increase in the output gradient in six patients because of tissue
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edema [11,13,14], with Sreeram et al. [13] and Cooper et al. [11] also
observing this complication using 60 W of power, whereas Lawrenz et al.
[14] described this result using 75 W. Thus, this outcome might be RA-
specific, as it was not observed with ASA or myectomy [14]. Addition-
ally, other studies reported cardiac tamponade due to coronary vein
injury [18].

By contrast, in alcohol ablation, some electrical complications, such
as TAVB and the need for permanent pacemaker implantation, as well as
extensive myocardial infarction, may occur. Aksu et al. [23] reported
that 1.4 % of patients died following alcohol ablation, 3 % experienced
sustained ventricular arrhythmias, 3 % experienced cardiac tamponade,
and 20 % required pacemaker implantation [23]. Radiofrequency septal
ablation is reportedly safe and less invasive, requires a shorter hospital
stay, and can be used on cardiac tissue showing a high degree of hy-
pertrophy [15,16]. Furthermore, if necessary, new ablations are
possible, and the procedure is suitable for individuals with diverse
comorbidities and symptoms and resistant to pharmacological therapy
[15,16].

The patients included in all of the studies in this review reported a
significant reduction in symptoms and the NYHA functional class
[11,12,14-16], except in the case of Sreeram et al. [13], in which these
outcomes were not addressed. Our meta-analysis demonstrated that the
NYHA functional class decreased by 0.43. The most recent study in this
analysis (Zhou et al. [12]) reported that 29 % of patients were classified
as NYHA Class II, 63 % as NYHA Class III, and 8 % as NYHA Class IV.
Moreover, the number of patients with symptoms decreased from 71 %
to 4 %, and 93.4 % of patients dropped at least one functional class [12].
Thus, 52 of 58 NYHA Class II patients reported milder symptoms and
were reclassified as NYHA Class I, demonstrating improved clinical
parameters after RA [12].

This study was limited by one article that did not analyze some of the
evaluated outcomes chosen for this meta-analysis. Therefore, these data
might be considered incomplete along with the presence of high-bias
risk in one study; however, the standard deviations were low.

5. Conclusion

This systematic review found that RA improved the NYHA functional
class, reduced septal thickness, and decreased the LVOT gradient at rest
and when stimulated. However, more studies, including randomized
clinical trials with more patients, are required to incorporate this tech-
nique as the standard interventional therapy.
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