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ABSTRACT: Background: Balloon catheters are essential tools in congenital cardiac catheterization and are used for
therapeutic balloon dilatation, anatomical balloon interrogation, and stent implantation. Clinical performance data for
established devices have become increasingly important under the European Medical Device Regulation (MDR). We
evaluated the procedural performance and safety of the Osypka VACS® (Valvuloplasty Catheter System; Osypka AG,
Rheinfelden, Germany) Il and VACS® 1II balloon catheters across a broad spectrum of congenital heart interventions.
Methods: This retrospective single-center study reviewed the institutional experience with VACS® II and VACS®
III balloon catheters over 10 years. Consecutive procedures from predefined indication groups were analyzed
descriptively to assess balloon performance across therapeutic and diagnostic applications. The primary endpoint
was technical device success, defined as successful positioning, intended balloon inflation according to the procedural
objective, and uncomplicated retrieval of the balloon catheter. Device-related complications and indication-specific
procedural outcomes were recorded. Results: For the present indication-based analysis, consecutive procedures
were sampled as described in the Methods. The predefined criteria for technical device success were fulfilled in all
analyzed procedures. Balloon rupture occurred in two of the 25 right ventricular outflow tract dilatation procedures
(n = 2/25, 8%), both during high-pressure dilatation of severely calcified postoperative conduits, without vascular
injury or retrieval difficulties. Therapeutic balloon dilatation resulted in substantial improvements in indication-
specific hemodynamic parameters, while balloon interrogation and stent implantation procedures were successfully
completed in all intended cases. Seven patients developed moderate aortic regurgitation following maximal balloon
aortic valvuloplasty, representing a recognized procedural complication rather than device malfunction. No procedure-
related mortality or serious device-related adverse events were observed. Conclusions: The Osypka VACS® II and
VACS® III balloon catheters demonstrated reliable procedural performance, broad applicability, and a low rate of
device-related complications across diverse congenital heart interventions. These real-world data provide clinical
performance evidence supporting the continued use and regulatory evaluation of established balloon catheter systems
under the current European MDR framework.

KEYWORDS: Congenital heart disease; balloon valvuloplasty; interventional cardiology; pediatric cardiology; cardiac
catheterization; balloon angioplasty; stent implantation

1 Introduction

Congenital heart defects occur in approximately 11 per 1000 live births, and many patients require
surgical and/or transcatheter interventions to correct structural abnormalities or improve hemodynamic
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function [1]. In addition, residual lesions, postoperative scar formation, and inadequate growth of cardio-
vascular structures during childhood frequently necessitate repeat catheter-based or surgical interventions.
Balloon-based interventions are fundamental techniques in congenital cardiology and are routinely used to
treat valvular stenosis, branch pulmonary artery stenosis, right ventricular outflow tract (RVOT) obstruction,
coarctation of the aorta (CoA), and other vascular lesions.

Although many pediatric catheter interventions continue to rely on off-label devices, dedicated balloon
catheter systems specifically developed for congenital cardiology have become an important component
of contemporary practice. Nevertheless, published clinical performance data for these well-established
devices remain limited [2].

Selection of the appropriate balloon catheter depends on lesion characteristics, procedural objectives,
and device-specific properties, including balloon diameter, length, compliance, and rated burst pressure.
Depending on the clinical indication, balloon catheters may be used for therapeutic dilatation, anatomical
interrogation, or stent implantation.

Under the European Medical Device Regulation (MDR), manufacturers of established medical devices
are increasingly required to provide contemporary clinical performance and safety data throughout the
device life cycle [3]. Generating such evidence is particularly challenging for devices that have become
part of routine clinical practice, as prospective clinical studies are often impractical despite extensive
real-world use.

The VACS® (Valvuloplasty Catheter System; Osypka AG, Rheinfelden, Germany) balloon catheters
have been available in Europe since 1995 and are widely used for a broad range of congenital cardiac
interventions. Therefore, we performed a retrospective single-center analysis of congenital cardiac catheter-
ization procedures using VACS® Il and VACS® III balloon catheters over 10 years. The primary objective was
to evaluate procedural performance and technical device safety across a broad spectrum of therapeutic and
diagnostic congenital heart interventions and to provide contemporary clinical performance data relevant
to both clinical practice and regulatory evaluation under the MDR.

2 Methods
2.1 Study Design and Patient Population

This retrospective single-center study evaluated the procedural performance and safety of the Osypka
VACS® 1 and VACS® III balloon catheters in congenital cardiac catheterization procedures performed at
the University Hospital of Munich, LMU, Department of Pediatric Cardiology and Pediatric Intensive Care
(Munich, Germany), between January 2015 and December 2024, a 10-year period. A fixed sample size
of 25 consecutive procedures per predefined indication group was selected a priori to obtain a balanced
representation of the principal clinical applications of the VACS® balloon catheters while allowing feasible,
systematic chart review within the study period. Cases were identified strictly in reverse chronological
order from the institutional catheterization database, beginning with the most recent procedures, with
no exclusion based on procedural outcome, complication status, or case difficulty; sampling stopped
as soon as 25 consecutive eligible cases per indication had been reached, without any element of case
selection that could introduce bias. Complete data were available for all analyzed variables; no missing data
required imputation.

The predefined indication groups comprised pulmonary valve valvuloplasty, aortic valve valvuloplasty,
right ventricular outflow tract interventions, peripheral pulmonary artery angioplasty, coarctation angio-
plasty, balloon interrogation before percutaneous pulmonary valve implantation, stent implantation, and
miscellaneous congenital cardiac interventions.
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Because VACS® balloon catheters were routinely used for different procedural purposes—including
therapeutic balloon dilatation, anatomical balloon interrogation, and stent implantation—individual patients
could contribute to more than one procedural category during the same or staged catheterization procedures.
Consequently, the indication groups were not mutually exclusive, and comparisons between groups were
neither intended nor performed.

The primary objective of the study was to evaluate technical device performance and procedural safety
according to the intended clinical application rather than to compare clinical outcomes between treatment
groups. This retrospective study was conducted in accordance with the Declaration of Helsinki and
institutional guidelines. It was reviewed by the Ethics Committee of the Ludwig-Maximilians-Universitit
Miinchen (LMU Munich), which confirmed no objection to the project (Project No. 24-1128 kB, dated
23 December 2024); informed consent was waived because data collection and analysis were conducted
exclusively on anonymized data.

2.2 Balloon Catheter Characteristics

The Osypka VACS® balloon catheters have been available in the European market since 1995 and are
designed for percutaneous transluminal valvuloplasty (PTV) in both pediatric and adult interventional
cardiology. The VACS® dilatation catheter is a PTV balloon catheter with a coaxial shaft construction and
a non-compliant balloon that can be easily guided over a wire. The VACS® II balloon catheter features
a low-profile balloon that allows the use of smaller introducers, while the VACS® 1II is a high-pressure
balloon catheter due to its reinforced balloon segment. It is equipped with radiopaque gold markers, allows
for rapid inflation and deflation, and is available in a comprehensive range of sizes for maximum flexibility.
The VACS® 1I balloons are available in diameters ranging from 4 to 30 mm, lengths of 20 to 60 mm, and
rated burst inflation pressures of 6 to 15 atm. The VACS® III balloons have diameters ranging from 5 to
30 mm, lengths of 20 to 60 mm, and rated burst pressures of 4 to 14 atm [4].

2.3 Procedural Techniques

General: In all treatments, following institutional protocols, the balloons were filled with a mixture
of 30-50% contrast and 50-70% normal saline. Balloon inflation and deflation were performed using
mechanical inflators and deflators. Slow manual pressure inflation was initiated and completed with
controlled indeflator pressures, followed by rapid deflation after maximal inflation through the application
of maximum vacuum. A stiffer guiding wire was used to position the balloons in the target region. Balloons
were inserted after appropriate de-airing and under maximum vacuum to ensure stability. The appropriate
short sheath was used for balloon insertion according to the instructions for use (IFU) [5].

Pulmonic Valve Valvuloplasty: In neonates with subatretic and/or critical pulmonary stenosis (PS),
initial predilatation with an appropriately sized coronary balloon (approximately 3 mm) was performed
before inserting the proper balloon. In other patients, the balloon was advanced directly, with the diameter
chosen to match 100% to 130% of the valve ring diameter. As a standard, a VACS® II balloon was used.
Successful inflation was defined as complete inflation up to the rated burst pressure. If a residual gradient
was present after complete inflation, a repeat dilatation was performed with a balloon 1-2 mm larger [4,6,7].

Dilatation of the Right Ventricular Outflow Tract: Native balloon dilatation (e.g., in tetralogy of Fallot)
was excluded from this analysis. RVOT dilatation was performed in stenotic postoperative RVOTs, with or
without calcifications, using VACS® III balloons. The balloon diameter was chosen based on the pre- and
post-stenotic diameters of the pulmonary artery bifurcation and the RVOT. For patients with predominant
pulmonary regurgitation, VACS® II or VACS® III balloons were used for sizing the RVOT in preparation
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for potential stent and valve implantation. In these cases, incomplete inflation was often intended and
considered successful [8].

Peripheral Pulmonary Artery Balloon Angioplasty: Balloon dilatation was performed based on both
pressure gradients and the degree of stenosis to optimize lung perfusion post-dilatation. VACS® III balloons
were preferred for dilating rigid tissue stenoses and for stent redilatation. Successful inflation was defined
as complete inflation up to the rated burst pressure. VACS® II balloons were used for sizing the stenosis
and delineating the anatomy for potential stent implantation, with incomplete inflation sometimes being
the intended outcome [9].

Aortic Valve Valvuloplasty: In neonates with subatretic and/or critical aortic stenosis (AS), initial predilata-
tion with a coronary balloon (approximately 3 mm) was sometimes performed before inserting the appropriate
balloon. Typically, a VACS® II balloon was used. A balloon-to-valve annulus ratio of 0.8 was initially employed,
with gradient assessment by echocardiography (ECHO) afterward. If the gradient was less than 30 mmHg with
acceptable left ventricular (LV) function, the procedure was considered complete. In patients with impaired
LV function, inflation up to the valve annulus diameter was intended to maximize ventricular unloading.
For other patients, a 0.8 balloon-to-annulus diameter ratio was used. ECHO was performed post-dilatation,
and if moderate aortic regurgitation or a gradient of <30 mmHg was observed, the procedure was finished.
Repeat dilatation with a balloon 1-2 mm larger was performed if a residual gradient >40 mmHg persisted
after complete balloon inflation, up to a maximum balloon-to-annulus ratio of 1.0 [10,11].

Coarctation Balloon Angioplasty: Balloon dilatation was performed based on both pressure gradients and
the degree of stenosis to optimize perfusion post-dilatation. VACS® II balloons were used in children under
1 year of age, while VACS® III balloons were preferred for more rigid stenoses and for stent redilatation.
Complete inflation was defined as successful inflation up to the rated burst pressure. Some VACS® II
balloons were used for sizing the stenosis and delineating the anatomy for potential stent implantation,
with incomplete inflation sometimes being the intended outcome [12].

Stent Implantation: In cases where vascular stenosis showed recoil or when RVOT management was
scheduled with the potential for percutaneous pulmonary valve implantation (PPVI), stent implantation
was performed using hand-crimped large-caliber stents and VACS® III balloons. Stents included bare metal,
covered Cheatham-Platinum (CP®) stents (NuMed, Canada), Andra® Stents (AndraMed, Germany), or
Optimus Stents (AndraTEC, Germany), and Bentley stents (Bentley, Germany). Stents were implanted
in patients with coarctation of the aorta, aortic arch stenosis, peripheral pulmonary stenosis, and RVOT
stenosis. Successful balloon performance was assessed by complete or incomplete balloon inflation and
successful stent implantation according to the anatomy [9,12-15].

Miscellaneous Indications: Beyond the well-defined congenital heart defects and treatment procedures,
24 additional indications for VACS® balloon use were identified over the 10-year study period—fewer than
the fixed sample of 25 applied to the other indication groups, since this was the total number of eligible
cases available for this heterogeneous category rather than a capped sample. These included balloon sizing
of large veins before stent implantation, balloon dilatation of the interatrial septum, balloon dilatation of
implanted biological valves or valved conduits to reduce pressure gradients or define anatomy before stent
or valve implantation, and pulmonary vein dilatation.

2.4 Study Endpoints and Definitions

The primary endpoint was technical device success, defined as successful positioning of the balloon
catheter, intended balloon inflation according to the procedural objective, successful balloon deflation, and
uncomplicated retrieval through the recommended sheath.
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Because balloon catheters were used for different procedural purposes, procedural success depended
on the clinical indication. For therapeutic balloon dilatation, successful performance included achievement
of the intended balloon expansion together with indication-specific hemodynamic improvement. For
balloon interrogation, successful performance was defined as adequate anatomical delineation without
device-related complications. For stent implantation, successful performance required appropriate balloon
expansion and successful stent deployment.

Device-related adverse events included inadequate balloon inflation, balloon rupture, failure of balloon
deflation, difficulties during catheter retrieval, or other device-related procedural complications.

2.5 Statistical Analysis

Continuous variables are presented as mean + standard deviation (SD), and categorical variables as
frequencies and percentages. For the pulmonary valve stenosis, peripheral pulmonary artery stenosis,
aortic valve stenosis, and coarctation of the aorta groups, paired Student’s ¢-tests were used to compare
pre- and post-procedural values; a two-sided p value < 0.05 was considered significant. For the RVOT
dilatation and stent implantation groups, pre- and post-procedural values are reported descriptively without
formal significance testing. Because patients could contribute to more than one procedural category, all
analyses were performed within, not between, indication groups, and no adjustment for multiple testing
was performed.

3 Results

During the study period, VACS® 1l and VACS® III balloon catheters were used across eight predefined
indication groups, comprising 25 consecutive procedures each (24 for the miscellaneous procedures group),
to evaluate device performance across the principal clinical applications of the balloon catheters. Because
individual patients—and, in some cases, individual procedures—could satisfy more than one indication, the
indication groups were not mutually exclusive. Cross-referencing patient identifiers across all eight groups
identified 166 unique patients in the overall cohort. Data are therefore reported separately by indication
group, and no comparisons between groups were performed.

3.1 Valvular Pulmonic Stenosis

Twenty-five consecutive patients with isolated valvular pulmonary stenosis were included. Patients
with Noonan syndrome, echocardiographic evidence of supravalvular pulmonary stenosis, or significant
infundibular obstruction were excluded from the analysis. Technical device success was achieved in
all procedures, with successful balloon positioning, inflation, deflation, and retrieval without device-
related complications.

The mean age of the patients was 1.89 + 3.35 years (range, 0.1-14.5 years) (Table 1). The mean right
ventricular systolic pressure decreased from 86.3 + 23.7 mmHg before intervention to 40.3 £ 6.4 mmHg
after balloon valvuloplasty, while the mean transvalvular gradient decreased from 62.9 + 28.3 mmHg to
16.8 + 7.3 mmHg (both p < 0.001).

Table 1: Details of the patients and procedures of pulmonary valve dilatation.

Mean SD Min Max

Patient details (n = 25)

Age [years] 1.89 3.35 0.10 14.50
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Table 1: Cont.

Mean SD Min Max

Length [cm] 72.52 28.56 46.00 160.00

Weight [kg] 10.29 10.85 2.40 55.00
Stenosis pre-dilatation

Valve diameter [mm] 12.22 3.41 7.00 21.80

RVSP [mmHg] 86.28 23.70 57.00 163.00

Gradient [mmHg] 62.88 28.29 11.00 135.00
Balloon dilatation

Balloon size [mm] 13.52 3.57 8.00 22.00

Balloon Valve Ratio 1.13 0.09 0.94 1.35
Result

RVSP [mmHg] 40.28 6.41 32.00 60.00

Gradient [mmHg] 16.76 7.34 5.00 30.00

RVSP: right ventricular systolic pressure.

3.2 RVOT Dilatation

Twenty-five consecutive patients underwent balloon dilatation of a stenotic postoperative RVOT. The
mean age was 10.9 & 4.5 years (range, 3.6-17.5 years), with a mean body weight of 39.0 £ 20.9 kg and a mean
height of 142.3 & 27.2 cm (Table 2). The minimum RVOT diameter before intervention was 12.2 £+ 4.0 mm.

Technical device success was achieved in all procedures. Balloon positioning, inflation, deflation,
and retrieval were successful in every case. Severe conduit calcification was present in six patients.
Balloon rupture occurred in two procedures during inflation to the rated burst pressure in heavily calcified
postoperative RVOT conduits. In both cases, the balloons were retrieved without difficulty, no vascular
injury or other device-related complications occurred, and the procedures were successfully completed by
subsequent stent implantation.

The mean balloon diameter was 21 mm (range, 18—-28 mm), corresponding to a balloon-to-stenosis
ratio of 1.85 £ 0.47. Balloon dilatation increased the minimum RVOT diameter from 12.2 + 4.0 mm to
16.2 £+ 3.4 mm and reduced the mean transstenotic gradient from 58.1 + 15.5 mmHg to 29.8 £+ 16.1 mmHg.
However, marked elastic recoil of the surrounding tissue limited the immediate anatomical gain, with
a mean reduction in stenosis of only 38 + 28% (Fig. 1). Consequently, nine patients underwent stent
implantation during the same procedure to achieve a more durable hemodynamic result.

Table 2: Details of the patients and procedures of the RVOT dilatation.

Mean SD Min Max
Patient details (n = 25)
Age [years] 10.88 4.50 3.60 17.50
Length [cm] 142.32 27.20 91.00 191.00
Weight [kg] 39.04 20.91 15.60 82.00

Stenosis pre-dilatation

Diameter [mm] 12.22 3.98 6.60 21.00
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Table 2: Cont.

Mean SD Min Max

RVSP [mmHg] 76.12 13.93 49.00 117.00

Gradient [mmHg] 58.12 15.50 26.00 108.00
Balloon dilatation

Balloon size [mm] 21.04 3.06 18.00 28.00

Max. balloon diameter [mm)] 20.43 2.98 16.50 27.00
Result

Diameter [mm] 16.18 3.41 11.50 23.60

Gradient [mmHg] 29.84 16.09 11.00 90.00

RVSP: right ventricular systolic pressure.

5.87 mm
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Figure 1: Balloon dilatation of a postoperative RVOT. (90° lateral view). (A) The stenosis measures 8.7 mm (gradient
50 mmHg), the RVOT before and the PA thereafter about 16 mm. (B) A 18 mm x 40 mm VACS® III balloon was inflated
up to 7 atm, and a minimal waist of 15.6 mm was measured at the level of the valve annulus (stenosis/balloon ratio of
87%). (C) Recoil after multiple balloon inflations resulted in a minimal increase of the stenosis (new diameter 10 mm,
gradient 40 mmHg). Balloon inflation was successful, but hemodynamically the result is insufficient due to recoil of
the anatomic structure and not balloon failure.

3.3 Balloon Interrogation of the RVOT before Percutaneous Pulmonary Valve Implantation (PPVI) [16]

Twenty-five consecutive patients with dysfunctional right ventricular outflow tracts underwent balloon
interrogation as part of the preprocedural assessment for potential PPVI. The mean age was 17.7 £ 7.1 years
(range, 9.3-41.4 years), with a mean body weight of 62.5 & 20.3 kg and a mean height of 159.2 £ 21.2 cm.

Technical device success was achieved in all procedures. VACS® 1I balloon catheters were successfully
positioned within the RVOT and inflated to the intended diameter to delineate the landing zone and assess
RVOT morphology (Fig. 2). In accordance with the procedural objective, complete balloon expansion to the
rated burst pressure was neither required nor intended. Simultaneous selective coronary angiography was
performed in all patients to exclude coronary artery compression, myocardial malperfusion, and aortic root
distortion during simulated valve implantation.

Balloon diameters ranged from 22 to 30 mm (mean, 25.5 &+ 2.1 mm). Adequate anatomical assessment
for procedural planning was achieved in all patients without balloon rupture or other device-related
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complications. Based on the balloon interrogation findings, patients subsequently underwent either PPVI
or alternative management according to the anatomical suitability for transcatheter valve implantation.

Figure 2: Balloon interrogation of the RVOT prior to PPVI. In (A) frontal view and (B) lateral view, the pulmonary
artery is documented with contrast, and there is free regurgitation and no residual valve is documented. In (C) frontal
view and (D) lateral view a 28 mm x 60 mm Osypka VACS®II balloon is inflated to measure the size of the pulmonary

artery before stent implantation. No complete balloon expansion is required.

3.4 Peripheral Balloon Angioplasty

Twenty-five consecutive patients underwent balloon angioplasty for peripheral pulmonary artery
stenosis, including eight patients with previous stent implantation. The mean age was 10.8 + 7.4 years
(range, 1-31 years), with a mean body weight of 39.2 + 24.6 kg and a mean height of 133.0 + 33.8 cm
(Table 3). The minimum vessel diameter at the stenotic segment before intervention was 9.7 + 3.2 mm.

Technical device success was achieved in all procedures. Balloon positioning, inflation, deflation, and
retrieval were successful in every patient without balloon rupture or other device-related complications.
Balloon diameter was selected according to the reference diameter of the distal pulmonary artery, with
balloon diameters ranging from 10 to 24 mm (mean, 17.4 + 3.5 mm).
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Table 3: Details of the patients and procedures of the balloon dilatation of peripheral pulmonary stenosis.

Mean SD Min Max

Patient details (n = 25)

Age [years] 10.80 7.37 1.00 31.00

Length [cm] 133.04 33.82 75.00 187.00

Weight [kg] 39.22 24.59 11.20 94.70
Stenosis pre dilatation

Diameter [mm] 9.72 3.18 4.20 16.10

Gradient [mmHg] 18.48 8.68 4.00 40.00

Area [mm?] 82.12 52.94 58.20 204.13
Stenosis post dilatation

Diameter [mm] 13.28 2.75 8.60 19.00

Gradient [mmHg] 9.32 4.35 4.00 18.00

Area [mm?] 144.60 59.48 58.20 284.30
Changes

Diameter [mm] 3.56 1.73 0.60 7.30

Gradient [mmHg] 9.16 8.84 3.00 36.00

Area [mm?] 62.64 27.58 8.70 122.50

Area [%] 122.80 136.78 13.94 649.70

Balloon angioplasty increased the minimum vessel diameter by a mean of 3.6 mm, corresponding
to a 122% increase in the calculated luminal cross-sectional area (p < 0.001). Despite successful balloon
inflation, the immediate angiographic result was frequently limited by elastic recoil of the surrounding
vessel wall, particularly in non-stented lesions (Fig. 3). Patients undergoing stent redilatation demonstrated
the greatest increase in vessel diameter, with the mean minimum diameter increasing from 10.1 & 4.2 mm
to 14.1 + 2.7 mm. Because of persistent residual stenosis after balloon angioplasty, six patients subsequently
underwent stent implantation during follow-up.

Y
.‘\‘
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Figure 3: Cont.
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Figure 3: LPA dilatation. (A) There is a short tubular LPA stenosis (lateral view) of 5 mm, the LPA has 14 mm distally.
(B) Complete balloon inflation at 14 mm with a VACS®II balloon at 2 atm (=300% balloon size). (C) Despite complete
balloon inflation there is a significant residual stenosis caused by recoiling of the vessel wall. (D) Initial measurements,
stenosis is 5/14 mm = 36%. (E) Increase to only 8/14 mm = 57%.

3.5 Valvular Aortic Stenosis

Twenty-five consecutive patients with isolated valvular aortic stenosis were included. Patients with
dysplastic aortic valves or associated left ventricular outflow tract obstruction were excluded from the
analysis. The mean age was 2.1 + 4.0 years (range, 0.1-16 years), with a mean body weight of 11.2 + 12.9 kg
and a mean height of 74.3 + 31.3 cm (Table 4).

Technical device success was achieved in all procedures. Balloon positioning, inflation, deflation, and
retrieval were successful in every patient without balloon rupture or other device-related complications.
The mean left ventricular systolic pressure decreased from 122.8 + 33.9 mmHg before intervention to
93.0 £ 26.9 mmHg after balloon valvuloplasty, while the mean transvalvular gradient decreased from
53.1 + 19.0 mmHg to 23.5 + 12.3 mmHg (both p < 0.001).

In ten patients, sequential balloon dilatation using a balloon 1-2 mm larger was performed because of
persistent residual gradients after the initial inflation. This resulted in additional hemodynamic improvement
in selected patients (Table 4). Moderate aortic regurgitation was observed in seven patients after maximal
balloon dilatation using the largest selected balloon diameter. This represents a recognized procedural
complication of balloon aortic valvuloplasty rather than device malfunction.

Table 4: Details of the patients and procedures of aortic valve dilatation.

Mean SD Min Max
Patient details (n = 25)
Age [years] 2.13 3.98 0.10 16.00
Length [cm] 74.32 31.26 47.00 168.00

Weight [kg] 11.19 12.92 2.60 62.00
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Table 4: Cont.

Mean SD Min Max

Stenosis pre dilatation—all procedures including two step procedures*

Valve diameter [mm] 12.73 3.83 7.20 22.50
LVSP [mmHg] 122.77 33.90 58.00 171.00
Gradient [mmHg] 53.09 18.98 23.00 100.00

Balloon dilatation

Balloon size [mm] 11.91 3.65 6.00 22.00

Balloon/Valve Ratio 0.96 0.10 0.72 1.18
Result

LVSP [mmHg] 93.03 26.92 50.00 156.00

Gradient [mmHg] 23.54 12.29 5.00 61.00

Stenosis pre dilatation—all procedures excluding first balloon”

Valve diameter [mm] 12.73 3.83 7.20 22.50
LVSP [mmHg] 128.92 31.98 68.00 171.00
Gradient [mmHg] 58.76 17.40 29.00 100.00

Balloon dilatation

Balloon size [mm] 12.20 3.44 7.00 22.00

Balloon/Valve Ratio 1.00 0.08 0.86 1.18
Result

LVSP [mmHg] 87.28 20.93 50.00 120.00

Gradient [mmHg] 18.12 6.36 5.00 31.00

LVSP: left ventricular systolic pressure. *Upper row: measurements before the initial balloon inflation. “Lower row: measurements
before the final (larger) balloon inflation in patients who required sequential dilatation.

3.6 Miscellaneous Procedures

Unlike the other seven indication groups, which were each capped at a fixed sample of 25 procedures,
the miscellaneous procedures group comprised all eligible cases identified over the 10-year study period,
since only 24 procedures meeting the inclusion criteria for this heterogeneous category were performed
during that time. These 24 consecutive patients underwent balloon-assisted interventions for miscellaneous
congenital cardiac indications that were not included in the predefined treatment groups. These procedures
comprised balloon atrial septostomy or atrial septal dilatation to facilitate atrial decompression (n = 10) [17],
pulmonary vein angioplasty (n = 3), balloon dilatation or interrogation of superior or inferior vena cava
stenoses before stent implantation (n = 4), balloon dilatation of valved conduits or bioprosthetic valves to
reduce pressure gradients or assess suitability for subsequent stent implantation or percutaneous pulmonary
valve implantation (n = 6), and balloon interrogation of a bioprosthetic mitral valve before transcatheter
valve-in-valve implantation (n = 1).

Technical device success was achieved in all procedures. Balloon positioning, inflation according to
the intended procedural objective, deflation, and retrieval were successful in every patient without balloon
rupture or other device-related complications. Balloon diameters ranged from 6 to 26 mm (mean, 18 mm).
The intended procedural objective—whether therapeutic balloon dilatation or anatomical interrogation—was
achieved in all cases.
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3.7 CoA

Twenty-five consecutive patients with native, recurrent, or stented CoA underwent balloon angioplasty.
The cohort included 10 patients with previous stent implantation, 13 patients with recurrent coarctation
following surgical repair, and 2 patients with native coarctation. The mean age was 7.5 + 7.5 years (range,
0.3-24.5 years), with a mean body weight of 27.9 4+ 24.9 kg and a mean height of 112.9 + 46.3 cm (Table 5).
The mean transcoarctation gradient before intervention was 37.0 + 10.9 mmHg, and the mean minimum
coarctation diameter was 8.6 + 4.0 mm.

Technical device success was achieved in all procedures. Balloon positioning, inflation, deflation, and
retrieval were successful in every patient without balloon rupture or other device-related complications.
Balloon diameters ranged from 7 to 20 mm, corresponding to a mean balloon-to-stenosis ratio of 1.58 + 0.30.

Balloon angioplasty resulted in a significant reduction in the mean transcoarctation gradient from
37.0 + 10.9 mmHg to 16.9 + 7.2 mmHg (p < 0.001). The minimum coarctation diameter increased from
8.6 £ 4.0 mm to 11.3 + 4.5 mm, corresponding to an 88% increase in the calculated luminal cross-sectional
area and an improvement in the coarctation index from 0.60 £ 0.10 to 0.80 £ 0.10 (p < 0.001) (Fig. 4).

Table 5: Details of the patients and procedures of the balloon dilatation of coarctation of the aorta.

Mean SD Min Max

Patient details (n = 25)

Age [years] 7.54 7.50 0.30 24.50

Length [cm] 112.92 46.30 57.00 189.00

Weight [kg] 27.86 24.90 4.50 81.80
Stenosis pre dilatation

Diameter [mm] 8.57 4.00 3.70 16.80

Gradient [mmHg] 37.00 10.90 21.00 65.00

Area [mm?] 69.60 61.10 10.70 221.60

CoA-Index 0.60 0.10 0.40 0.90
Stenosis post dilatation

Diameter [mm] 11.28 4.50 5.20 18.70

Gradient [mmHg] 16.88 7.20 5.00 31.00

Area [mm?] 114.90 82.90 21.20 274.50

CoA-Index 0.80 0.10 0.60 1.10
Changes

Area [%] 88.83 57.10 23.90 260.00

CoA index: ratio between the coarctation site and the diameter of the aorta at the level of the diaphragm.

3.8 Stent Implantation

Twenty-five consecutive stent implantation procedures requiring VACS® III balloon catheters for
stent delivery were analyzed. Stents were implanted in the right ventricular outflow tract (n = 14), the
aorta for coarctation or aortic arch obstruction (n = 6), and the branch pulmonary arteries (n = 5) (Fig. 5).
The dog-bone technique was used for all procedures with appropriately sized long delivery sheaths, as
previously described [18].
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Figure 4: Balloon dilatation of a short membranous coarctation of the aorta (anterior view). (A) The short membrane
is clearly detectable. (B) The VACS®II balloon is inflated at the site of the coarctation. The balloon diameter equals
the diameter of the aorta. (C) Complete balloon inflation. (D) Result without any significant residual stenosis and
no complication.

Technical device success was achieved in all procedures. Balloon positioning, stent delivery, inflation,
deflation, and retrieval were successful in every case without balloon rupture or other device-related
complications (Table 6). A total of 26 stents were successfully implanted during 25 procedures using VACS®
III balloon catheters, including 12 Cheatham-Platinum (CP®) stents, 13 AndraStents®, and one Bentley
covered stent.

The mean diameter of the target lesion increased from 11.9 mm to 17.2 mm, representing a mean
increase of 59%. The greatest relative increase in vessel diameter was observed in patients undergoing
treatment for coarctation of the aorta (87.9%) and peripheral pulmonary artery stenosis (88.2%).
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Figure 5: Various indications for balloon use in coarctation of the aorta (lateral view). (A) After surgical arch
augmentation, there is multistage arch stenosis. (B) The smallest stenosis is 9 mm, the arch thereafter 14 mm.
(C) Stent implantation with a 14 mm balloon, complete inflation is required and achieved. (D) Result with remaining
transverse arch stenosis, minimal diameter 12 mm. (E) Stent implantation with a 16 mm oversized balloon to enable
adequate aortic wall impression. (F) Incomplete balloon expansion is expected. (G) Expansion of the proximal end
with an 18 mm balloon to optimize stent shaping at the entry to the transverse arch. Inadequate expansion inside the
stent is required. (H) Final result without arch obstruction and excellent alignment to the enlarged proximal aorta.
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Table 6: Characteristics of the patients with stent implantation.

Mean SD Min Max

Patient details (n = 25)

Age [years] 12.38 6.70 2.60 31.50
Stenosis pre dilatation—all patients

Diameter [mm] 11.85 5.30 3.70 21.00

Balloon size [mm] 18.56 5.00 10.00 26.00
Stenosis post dilatation—all patients

Diameter [mm] 17.23 5.20 8.00 25.30

Change [%] 59.63 48.50 17.10 212.50

Stenosis pre dilatation—Coarctation (n = 6)

Diameter [mm] 8.08 2.80 4.80 12.40

Balloon size [mm] 15.33 3.50 10.00 20.00

Stenosis post dilatation—Coarctation

Diameter [mm] 14.27 3.20 9.50 18.40

Change [%] 87.91 62.10 48.40 212.50

Stenosis pre dilatation—peripheral PS (n = 5)

Diameter [mm] 6.00 2.00 3.70 8.90

Balloon size [mm] 12.80 1.80 10.00 14.00

Stenosis post dilatation—peripheral PS

Diameter [mm] 10.52 2.00 8.00 12.60

Change [%] 88.24 66.30 35.96 200.00

4 Discussion

The present study evaluated the procedural performance and safety of the Osypka VACS® II and
VACS® III balloon catheter systems across a broad spectrum of congenital cardiac interventions. Technical
device success was achieved in all analyzed procedures, while device-related complications were rare and
limited to two balloon ruptures during high-pressure dilatation of heavily calcified postoperative RVOT
conduits. Overall, these findings demonstrate reliable device performance across therapeutic and diagnostic
applications and highlight that clinical outcomes are determined primarily by lesion characteristics rather
than by balloon catheter performance [19].

Pulmonary Valve Stenosis:

Balloon pulmonary valvuloplasty remains the treatment of choice for isolated congenital pulmonary
valve stenosis. In our cohort, technical device success was achieved in all procedures without balloon-
related complications, while substantial reductions in right ventricular pressure and transvalvular gradients
confirmed effective procedural performance consistent with previous reports [20].

RVOT Stenosis:

Balloon dilatation of postoperative RVOT obstruction presents unique mechanical challenges because
homografts and valved conduits frequently exhibit advanced fibrosis, calcification, and marked elastic recoil.
In contrast to native valvular stenosis, the immediate procedural result is often limited by the intrinsic
mechanical properties of the treated tissue rather than by the performance of the balloon catheter itself.
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Consequently, balloon dilatation is commonly performed as an initial therapeutic step before definitive stent
implantation or as part of the assessment for percutaneous pulmonary valve implantation (PPVI) [8,13-15].

In the present study, technical device success was achieved in all RVOT interventions. Two balloon
ruptures occurred during inflation to the rated burst pressure in severely calcified postoperative conduits.
In both cases, the balloons were retrieved without difficulty, no vascular injury or other device-related
complications occurred, and the procedures were successfully completed by subsequent stent implantation.
These findings suggest that balloon rupture reflected the extreme mechanical resistance of heavily calcified
conduits and occurred within the specified mechanical limits of the device, rather than representing
unexpected device malfunction.

Consistent with previous reports, balloon dilatation alone frequently resulted in only modest anatomical
improvement because of immediate elastic recoil of the surrounding tissue. Consequently, nine patients
required additional stent implantation to achieve a more durable hemodynamic result. These findings
emphasize that procedural success in postoperative RVOT interventions depends not only on reliable
technical balloon performance but also on the biological and mechanical characteristics of the treated lesion.

In patients undergoing balloon interrogation before PPVI, the procedural objective differed funda-
mentally from therapeutic balloon dilatation. In these cases, successful balloon performance was defined
by accurate delineation of the RVOT landing zone and exclusion of coronary artery compression rather
than by anatomical enlargement or gradient reduction. Balloon interrogation provided sufficient anatomi-
cal information for procedural planning in all patients, enabling appropriate selection of candidates for
transcatheter pulmonary valve implantation while identifying patients in whom alternative management
was indicated.

Peripheral Pulmonary Artery Stenosis (PPS):

PPS represents one of the most challenging indications for balloon angioplasty because the immediate
procedural result is frequently limited by the elastic properties of the vessel wall and the often low
pre-interventional pressure gradient. Consequently, angiographic or hemodynamic improvement may
underestimate the technical performance of the balloon catheter, particularly in native lesions without
stent support [10].

In the present study, technical device success was achieved in all procedures, with successful balloon
positioning, inflation, deflation, and retrieval and no balloon-related complications. Although the immediate
increase in vessel diameter was modest in some patients, balloon angioplasty resulted in a substantial
increase in the calculated luminal cross-sectional area. The limited anatomical gain observed in selected
lesions was primarily attributable to immediate elastic recoil rather than inadequate balloon performance.
In contrast, patients undergoing stent redilatation demonstrated the greatest increase in vessel diameter,
reflecting the mechanical support provided by the implanted stent.

Six patients subsequently underwent stent implantation because of persistent residual stenosis during
follow-up. These findings are consistent with previous reports demonstrating that the durability of balloon
angioplasty in peripheral pulmonary artery stenosis is determined predominantly by lesion morphology
and vascular remodeling rather than by the technical characteristics of the balloon catheter itself [21].
These findings demonstrate reliable technical device performance despite lesion-dependent variability in
anatomical outcome.

Aortic Valve Stenosis (AS):

Balloon aortic valvuloplasty remains the treatment of choice for congenital valvular AS in infants,
children, and adolescents, providing effective relief of left ventricular outflow tract obstruction while
delaying or avoiding surgical intervention [10,11].
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In the present study, technical device success was achieved in all procedures, with successful balloon
positioning, inflation, deflation, and retrieval without balloon-related complications. Significant reduc-
tions in left ventricular systolic pressure and transvalvular gradients demonstrated reliable procedural
performance of the VACS® balloon catheter system. A stepwise balloon-sizing strategy was employed,
beginning with a conservative balloon-to-annulus ratio and increasing the balloon diameter only in patients
with persistent residual gradients, consistent with current recommendations for congenital balloon aortic
valvuloplasty [10,11].

Moderate aortic regurgitation developed in seven patients following maximal balloon dilatation. This
represents a well-recognized procedural complication of balloon aortic valvuloplasty and reflects the
inherent balance between maximizing gradient reduction and preserving valve integrity. The occurrence of
post-procedural aortic regurgitation is primarily influenced by valve morphology, balloon-to-annulus ratio,
and procedural strategy rather than by the technical performance of the balloon catheter itself. Despite this
recognized complication, technical device success was achieved in all procedures. Despite these recognized
procedural limitations, technical device performance was uniformly reliable.

Coarctation of the Aorta:

Coarctation angioplasty remains an important indication for balloon catheter intervention in congenital
cardiology [12]. Although significant gradient reduction and vessel enlargement can generally be achieved,
the immediate procedural outcome is influenced not only by successful balloon expansion but also by the
anatomical characteristics and elastic properties of the coarctation segment.

In the present study, technical device success was achieved in all procedures, with successful balloon
positioning, inflation, deflation, and retrieval without balloon-related complications. Balloon angioplasty
resulted in significant reductions in transcoarctation gradients together with an increase in vessel diameter
and coarctation index, demonstrating reliable procedural performance of the VACS® II and VACS® III
balloon catheter systems.

The extent of anatomical improvement varied according to the underlying lesion morphology. Patients
undergoing redilatation of previously implanted stents demonstrated the greatest increase in vessel diameter,
reflecting the mechanical support provided by the existing stent and the reduced tendency for elastic recoil.
In contrast, native and postoperative coarctation lesions remained more susceptible to vascular recoil
despite technically successful balloon dilatation [12].

Overall, the present findings demonstrate reliable technical performance of the VACS® 1l and VACS®
I balloon catheter systems across the full spectrum of coarctation interventions. While the balloon
catheters consistently performed according to their intended procedural purpose, the final anatomical and
hemodynamic outcome was predominantly influenced by the characteristics of the underlying lesion rather
than by the technical performance of the device itself.

Stent Implantation:

Large-caliber balloon-expandable stents have become an integral component of transcatheter treatment
for congenital heart disease and are routinely used for the management of CoA, branch pulmonary artery
stenosis, and RVOT obstruction. Successful stent implantation depends not only on accurate positioning
but also on reliable balloon performance during stent delivery, expansion, deflation, and retrieval [13-15].

In the present study, technical device success was achieved in all stent implantation procedures. VACS®
III balloon catheters provided reliable stent delivery and expansion across a broad spectrum of congenital
interventions without balloon rupture, inadequate inflation, stent displacement, or retrieval difficulties.
These findings demonstrate the mechanical stability of the balloon catheter system even during large-caliber,
high-pressure interventions.
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Although the final procedural result was influenced by the underlying lesion and the implanted stent,
successful deployment depended on predictable balloon performance throughout the procedure. The
absence of balloon-related complications in this cohort supports the suitability of the VACS® III balloon
catheter as a reliable platform for complex congenital stent implantation.

Miscellaneous Indications:

Beyond the predefined therapeutic indications, the VACS® II and VACS® III balloon catheters were
successfully used in a variety of less common congenital cardiac interventions, including atrial septal
dilatation, pulmonary and systemic venous angioplasty, valved conduit and bioprosthetic valve dilatation,
and anatomical interrogation before subsequent transcatheter interventions. These procedures represent
diverse clinical scenarios with distinct therapeutic objectives, further illustrating the versatility of the
balloon catheter system.

Technical device success was achieved in all procedures, with successful balloon positioning, inflation
according to the intended procedural objective, deflation, and retrieval without balloon-related complica-
tions. Importantly, procedural success in this heterogeneous cohort was defined according to the intended
clinical application rather than solely by hemodynamic improvement. In several procedures, the primary
objective was anatomical assessment or procedural planning rather than therapeutic dilatation.

These findings demonstrate that the clinical utility of the VACS® balloon catheter system extends
beyond conventional balloon angioplasty and valvuloplasty, providing reliable performance across a wide
spectrum of therapeutic and diagnostic applications encountered in congenital interventional cardiology.

Long-Term Outcomes and Study Limitations:

The present study was designed to evaluate the procedural performance and technical safety of the
VACS® I and VACS® III balloon catheter systems across a broad spectrum of congenital cardiac interventions.
Although long-term clinical outcomes are well established for many of the procedures included in this study,
they are determined predominantly by the underlying congenital lesion, procedural strategy, associated
surgical or transcatheter interventions, and long-term patient management rather than by the balloon
catheter itself. Consequently, long-term follow-up was beyond the scope of the present analysis, which
focused on immediate procedural performance and device-related safety.

Several limitations should be acknowledged. First, this was a retrospective, single-center study and is
therefore subject to the inherent limitations of observational analyses. Second, the study was designed
to evaluate the performance of technical devices across predefined clinical indications rather than to
compare outcomes between interventions or treatment strategies. To obtain a balanced representation of
the principal applications of the VACS® balloon catheter systems, 25 consecutive procedures were analyzed
for each indication group (24 for the miscellaneous procedures group, reflecting the total number of eligible
cases available for this heterogeneous category). Because individual patients could contribute to more
than one procedural category, the indication groups were not mutually exclusive; cross-referencing patient
identifiers across all eight groups identified 166 unique patients in the overall cohort, although the specific
overlap structure between individual indication group pairs was not systematically tracked and should be
considered when interpreting the reported group sizes. Additionally, reverse chronological sampling may
introduce time-related bias, as more recent cases may reflect evolving techniques and doctor experience.
Finally, because all procedures were performed by experienced doctors at a single high-volume center, the
findings may not be generalizable to lower-volume centers or less experienced doctors. Finally, statistical
analyses were performed within each indication group, and comparisons between groups were not intended.

Despite these limitations, the present study provides comprehensive real-world clinical performance
data across a broad range of therapeutic and diagnostic congenital cardiac interventions. The consistent
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technical success and low rate of device-related complications observed across all indications support
the safety, reliability, and versatility of the VACS® II and VACS® III balloon catheter systems in routine
congenital interventional cardiology.

5 Conclusions

In this retrospective single-center study, the VACS® Il and VACS® III balloon catheter systems demon-
strated reliable procedural performance and a favorable safety profile across a broad spectrum of therapeutic
and diagnostic congenital cardiac interventions. Technical device success was achieved in all analyzed proce-
dures, with a low rate of device-related complications despite application in some of the most mechanically
demanding lesions encountered in congenital interventional cardiology.

The present findings demonstrate that the clinical performance of balloon catheters should be evaluated
according to their intended procedural application. While technical device performance was consistently
reliable across all indications, the final anatomical and hemodynamic outcome was predominantly influenced
by the characteristics of the underlying lesion and the therapeutic strategy rather than by the balloon
catheter itself.

These real-world clinical performance data contribute to the Post-Market Clinical Follow-up (PMCF)
evidence required under the European MDR and support the continued use of the VACS® II and VACS® III
balloon catheter systems across a wide range of congenital cardiac interventions.
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