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A B S T R A C T

Background: Safety events and technical success (TS) have been previously reported for aortic and pulmonary valvuloplasty, but a composite performance
measure as a novel, patient-centered strategy has neither been developed nor been studied. This study aims to refine a procedural performance (PP)
variable, a composite of TS and procedural safety, for isolated, standard-risk aortic and pulmonary valvuloplasty.

Methods: A multicenter review was performed using data from the Congenital Cardiac Catheterization Project on Outcomes registry. Data were collected for
all cases of isolated balloon aortic and pulmonary valvuloplasty from 2014 through 2017. Patients were excluded if they were aged <1 month, were inpatient
at the time of the procedure, or had significant comorbidities, such as Williams or Noonan syndrome. Criteria for TS were developed and categorized
(optimal, satisfactory, and unsatisfactory) by expert consensus based on previous outcome research. Adverse events (AE) were categorized by severity (level
1-5) using established criteria. Level 4 and 5 severity AE were considered high-severity AE. Using criteria of TS and AE severity, PP was divided into 3
composite outcome classes. Factors correlating with class III (suboptimal) PP were analyzed.

Results: There were 169 cases of aortic and 270 cases of pulmonary valvuloplasty in the cohorts. In the aortic valvuloplasty cohort, a suboptimal PP (class III)
occurred in 14% of cases, mostly due to high-severity AE (7%). No significant correlation between patient or case characteristics and PP was demonstrated. In
the pulmonary valvuloplasty cohort, class III PP occurred in 9% of cases, predominantly due to residual valve gradient, which correlated with lower weight
(P ¼ .02).

Conclusions: We designed a composite variable of PP consisting of TS and safety as a comprehensive measure of outcome. Incorporating both TS and AE
may better reflect patient outcome than each metric measured separately. PP indices may identify areas for further investigation and quality improvement.
Abbreviations: AE, adverse event; BAVP, balloon aortic valvuloplasty; BPVP, balloon pulmonary valvuloplasty; C3PO, Congenital Cardiac Catheterization Project on Outcomes;
HSAE, high-severity adverse event; LOS, length of stay; PP, procedural performance; TS, technical success; WG, working group.
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Introduction

Previous outcome research for congenital cardiac catheterization
procedures has provided critical data on both the safety of pro-
cedures and the technical success (TS) of various interventions.1-9

These data have informed changes in clinical practice to improve
safety and TS. These outcome variables have only been evaluated
independently, highlighting the need for a composite variable to
evaluate comprehensive procedural performance (PP). This would
add significant value along with an opportunity to optimize inter-
ventional procedures, as has been done in the field of congenital
heart surgery.10-12

Although such a composite variable—using a combination of he-
modynamic and echocardiographic data, elective patient discharge,
and adverse event (AE) severity—of procedural efficacy for pulmonary
and aortic valvuloplasty is currently used in the International Quality
Improvement Collaborative Congenital Heart Disease Catheterization
Registry,13 this metric has not been validated in a large data set.
Furthermore, improvements within the various components of the
variable may be necessary, as well as detailed description of its
categories.

The aim of this project was to revise the International Quality
Improvement Collaborative Congenital Heart Disease Catheterization
Registry composite PP variable and its categories in patients who un-
derwent isolated balloon aortic valvuloplasty (BAVP) or balloon pul-
monary valvuloplasty (BPVP) procedures, focusing on patients with
limited complexity, and then validate it retrospectively using the
Congenital Cardiac Catheterization Project on Outcomes (C3PO)
(https://c3po-r3.chboston.org) data set.14 We also sought to determine
patient and procedural characteristics and risk factors that correlated
with suboptimal PP.
Methods

Variable development

In order to create a composite variable, criteria for both TS
and safety events needed to be developed. An expert panel of
physicians from participating sites was assembled as a working
group (WG) to develop this novel outcome variable. The
Table 1. Criteria for technical success and procedural performance.

Procedure

Balloon aortic valvuloplasty
Technical success Optimala Satisfactoryb

� Residual PSEG <35 mm Hg
� No worsening AR

� PSEG 35-50 mm H
� Worsening of AR b

Procedural performance Class Ia Class IIb

� Optimal TS
� AES 1 and 2
� Elective home discharge

� Optimal or satisfa
� AES 3

Balloon pulmonary valvuloplasty
Technical success Optimala Satisfactoryb

� Residual valvar PSEG <20 mm Hg
� No worsening PR

� Residual valvar PS
� Worsening of PR b

Procedural performance Class Ia Class IIb

� Optimal TS
� AES 1 and 2
� Elective home discharge

� Optimal or satisfa
� AES 3

AES, adverse event severity; AR, aortic regurgitation; PR, pulmonary regurgitation; PS
a All criteria need to be met. b A single criterion in this category determines clas
previously published composite PP variable formed a foundation
for this process.13 Previously published technical metrics and
short- and long-term patient outcomes were assessed and are
summarized in Supplemental Table S1.1,3,4,7,15-17 Data are
notably lacking on such technical metrics or PP variables; thus,
expert opinion from the WG, including opinion polls, was the
main source of creating and modifying this composite variable.
Criteria acceptable to >80% of the WG were included.

For TS, criteria were developed using 2 components: (1) residual
peak-to-peak gradients measured during the cardiac catheterization
and (2) change in valvar regurgitation after valvuloplasty assessed either
angiographically or on echocardiogram. TS was categorized as optimal,
satisfactory, or unsatisfactory (Table 1). For safety elements, AE were
self-reported by participating sites, with severity level and categoriza-
tion as previously described.18-20 AE with severity levels 3 to 5 were
considered severe, and events of severity levels 4 and 5 were addi-
tionally labeled as high-severity AE (HSAE). AE categorization and
severity scoring were independently reviewed for accuracy and con-
sistency as part of the standard audit process performed by C3PO.
These AE were not risk-adjusted.

By combining TS and safety criteria, PP was categorized into 3
classes (I to III) (Table 1), with class I achieving an ideal outcome and
class III being suboptimal. All criteria must have been met for the PP to
be designated class I, while any single criterion within class III deemed
the case to be suboptimal (ie, class III).
Case selection and data collection

A multicenter review was performed using data from the C3PO
registry. Data were collected for all cases of isolated, standard-risk BAVP
and BPVP from 2014 through 2017. Patients were excluded if they were
aged <1 month, were inpatient at the time of the procedure, had sig-
nificant comorbidities or an associated genetic syndrome, such as
Williams or Noonan syndrome.

Patient data included sex and age/weight at catheterization.
Procedure-specific data included valve morphology, preintervention
and postintervention valvar gradients and degree of regurgitation, and
AE details. Outcome variables included length of stay (LOS) and un-
planned or emergent surgery or death within 72 hours of the cardiac
catheterization procedure.
Unsatisfactoryb

g
y 1 level compared to baseline

� PSEG �50 mm Hg
� Worsening AR by�2 levels compared to baseline

or severe AR
Class IIIb

ctory TS � Unsatisfactory TS with any AES
� Any TS with AES 4 and 5

Unsatisfactoryb

EG 20-40 mm Hg
y 1 level compared to baseline

� Residual valvar PSEG �40 mm Hg
� Worsening PR by�2 levels compared to baseline

or severe PR
Class IIIb

ctory TS � Unsatisfactory TS with any AES
� Any TS with AES 4 and 5

EG, peak systolic gradient.
sification.

https://c3po-r3.chboston.org
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Statistical analysis

Patient characteristics and outcomes were summarized for subjects
in the aortic and pulmonary valvuloplasty cohorts separately. Fre-
quencies and percentages were used for categorical variables, and
medians with interquartile ranges (IQR) of 25th and 75th percentiles
were used for continuous variables. In order to investigate factors
associated with suboptimal efficacy within each cohort, patients with
class III PP were compared to those with classes I and II combined using
the Fisher exact test or the Wilcoxon rank-sum test. Analyses were
performed using Stata version 16 (StataCorp).

This study was approved by the Boston Children’s Hospital Institu-
tional Review Board and was supported by data-sharing agreements
between the Boston Children’s Hospital and the C3PO participating
sites as required.

Results

A total of 284 cases of BAVP and 641 cases of BPVP were entered in
the C3PO registry during the study period. Of these, 40% of the BAVP
cases and 57% of the BPVP cases were excluded, primarily due to pa-
tients being<30 days of age at the time of the procedure (Figure 1A, B).
Thus, a total of 169 BAVP and 270 BPVP cases were studied. TS
and PP were evaluated in 157 BAPV and 200 BPVP procedures due to
availability of data related to the metric.

BAVP

Themedian age at catheterization was 9.4 years (IQR, 0.7-14.3), with
a median weight of 34 kg (IQR, 8.8-59) (Table 2). Of the BAVP cases,
A All cases of BAVP in C3PO-QI database between 201
N= 284

Included in study (n= 169)

B All cases of BPVP in C3PO-QI database between 201
N= 641

Included in study (n= 270)

E

E

Figure 1.
Flowchart for included and excluded patients. (A) All cases of balloon aortic valvuloplasty (
(C3PO-QI) database from 2014 through 2017 (N ¼ 284). (B) All cases of BPVP (balloon pu
history of.
91% (n ¼ 143) had optimal or satisfactory TS (Table 3). Among those
who had unsatisfactory TS, 6 (4%) cases had a residual gradient of �50
mmHg and 8 (5%) had a significant (ie, more than 2 levels from baseline
or severe) increase in the degree of aortic regurgitation (Supplemental
Table S2). During the audit process, 2 patients who developed severe
regurgitation were deemed to be in need of early but nonemergent
intervention to manage the regurgitation. These patients were thus
considered to have a level 4 severity AE. There were no level 5 AE (ie,
mortality or unplanned/emergent surgery). The median LOS following
BAVP was 1 day.

Class I and II PP was achieved in the majority of patients (n ¼ 136,
87%) undergoing BAVP (Central Illustration). Among the 21 (13%) pa-
tients who had class III PP, 50% of the cases of class III PP were due to a
level 4 AE (Table 3 and Figure 2). The most common HSAE was cardiac
arrest requiring defibrillation and/or chest compressions (60% of HSAE).
Other HSAE were related to complications with the access site, such as
pseudoaneurysm (n ¼ 1) and arterial occlusion (n¼ 1) requiring surgical
intervention (Table 4).21 There were no differences in the preprocedural
patient characteristics, valve function, or anatomy between cases with
class III PP and class I/II PP (Table 5).
BPVP

Patients had a median age of 0.6 years (IQR, 0.3-3.5), and a median
weight of 7.7 kg (IQR, 5.7-17), at the time of BPVP (Table 2). Of these
patients, 91% (n ¼ 182) achieved optimal and satisfactory TS (Table 3).
Unsatisfactory TS occurred in 18 patients (9%) due to a residual gradient
of �40 mm Hg (n ¼ 14, 7%) or an increase in pulmonary valve regur-
gitation by at least 2 levels (n ¼ 4, 2%) (Supplemental Table S3). The
4-2017

4-2017

xcluded n=115 (40%)

Age <30 days (n= 88)
Inpatient at time of procedure 

(n= 17)
Significant comorbidities (n= 

10)

xcluded n=371 (57%)

Age <30 days (n= 212)
Prior H/O valvuloplasty or 

surgical valvotomy (n= 77)
Inpatient at time of procedure 

(n= 38)
Significant comorbidities (n= 

44)

BAVP) in Congenital Cardiac Catheterization Project on Outcomes- Quality Improvement
lmonary valvuloplasty) in C3PO-QI database from 2014 through 2017 (N ¼ 641). H/O,



Table 3. Outcomes by valvuloplasty cohort.

Balloon aortic
valvuloplasty (n ¼ 169)

Balloon pulmonary
valvuloplasty (n ¼ 270)

Technical success
Optimal 91/157 (58) 90/200 (45)
Satisfactory 52/157 (33) 92/200 (46)
Unsatisfactory 14/157 (9) 18/200 (9)

Length of stay, d 1 (1-1) 1 (0-1)
Unplanned
catheterization or
surgery

0 (0) 0 (0)

Any level 4/5 adverse
event

11 (6.5) 0 (0)

Death within 72 h 0 (0) 0 (0)
Procedural performance

Class I 52/157 (33) 86/200 (43)
Class II 84/157 (54) 96/200 (48)
Class III 21/157 (13) 18/200 (9)

Values shown are number (percent) or median (25th to 75th percentiles).

Table 2. Patient characteristics by the valvuloplasty cohort.

BAVP (n ¼ 169) BPVP (n ¼ 270)

Male sex 125 (74) 121 (45)
Age at catheterization, y 9.4 (0.7-14.3) 0.6 (0.3-3.5)
Weight at catheterization, kg 34 (8.8-59) 7.7 (5.7-17)

Values shown are number (percent) or median (25th to 75th percentiles).
BAVP, balloon aortic valvuloplasty; BPVP, balloon pulmonary valvuloplasty.
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median LOS after BPVP was 1 day, and there were no unplanned op-
erations or catheterizations after the procedure.

Similar to TS, class I and II PP was achieved in the majority (n ¼ 182,
86%) of patients. As opposed to BAVP, class III PP was exclusively
affected by the technical outcome because there were no HSAE re-
ported among these 18 (9%) patients (Tables 3 and 4, Central Illustra-
tion, and Figure 2). Lower weight and patients with no baseline
pulmonary regurgitation (PR) were more likely to have class III PP
(Table 6).
Discussion

A composite outcome variable, PP, was developed using limited
available data, broad user experience, and knowledge with widespread
agreement among our WG. When evaluated using this variable, pa-
tients undergoing balloon valvuloplasty for standard-risk aortic and
pulmonary valve stenosis demonstrated excellent outcomes. An un-
satisfactory TS (due to postvalvuloplasty valve dysfunction) or HSAE led
to class III (suboptimal) PP in patients who underwent BAVP. None of the
available patient or procedural characteristics correlated with class III
PP. In patients undergoing BPVP, postprocedural valve dysfunction
contributed to all the cases with unsatisfactory TS and class III PP. In
these patients, lower weight at the time of procedure correlated with
suboptimal performance due to residual gradient.

A useful process and outcome metric should reflect increasing case
complexity and modifiable risk factors, be predictive of short- and long-
Central Illustration.
Procedural (valvuloplasty) performance criteria, classes, and outcomes. *All criteria need
event; AES, adverse event severity; AR, aortic regurgitation; BAVP, balloon aortic valvuloplasty;
gradient; TS, technical success.
term patient health status, and show change through quality improve-
ment efforts. In this study, the composite outcome of PP was evaluated
in standard-risk cases of isolated aortic and pulmonary valvuloplasty in
patients with no comorbidities in order to limit confounding variables
and illustrate the face validity of this variable. The TS and safety of these
procedures in this study cohort were indeed similar to those in other
published cohorts and thus showed predominantly class I and II out-
comes for both procedures. The hospital LOS was also short and there
were no unexpected surgeries, reflective of the low-risk patient cohort
included in this study. Although the validity of this variable needs to be
tested for complex procedures, it is encouraging to see its performance
in the cohort selected for this study. Future development of PP for
complex procedures and studies including patients who may be at
higher risk (eg, neonates and patients with ventricular dysfunction or
complex outflow tract obstruction) may help in the applicability of this
composite variable for complex procedures and high-risk patient
populations. Additionally, correlating this variable with hospital LOS,
to be met. #A single criterion in the highest class determines classification. AE, adverse
BPVP, balloon pulmonary valvuloplasty; PR, pulmonary regurgitation; PSEG, peak systolic



Figure 2.
Reason for class III procedural performance in balloon aortic valvuloplasty (BAVP) and balloon pulmonary valvuloplasty (BPVP). X-axis indicates the reason for class III procedural
performance, and Y-axis indicates the number of patients. AE, adverse event; AR, aortic regurgitation; PR, pulmonary regurgitation; PSEG, peak systolic gradient.
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unplanned surgery, or death within 72 hours of catheterization may also
help in using this variable as a predictor of immediate patient outcome
after valvuloplasty. Databases that include long-term follow-up of pa-
tients will be needed to study the effect of such performance variables
on freedom from reintervention, postdischarge morbidity or mortality,
and patient-reported outcomes.

The causes of a class III PP are potentially quite variable. Therefore,
rather than simply identifying the outcome as suboptimal, the PP vari-
able allows us to understand the major category to address to improve
future outcomes and for optimizing informed consent. Reasons for class
III PP in BAVP were HSAE (mainly ventricular arrhythmia requiring car-
dioversion) or worsening regurgitation. The risk of hemodynamically
significant arrhythmia during BAVP cases is a well-described compli-
cation and highlights the need for proper anticipation and preparation
(ie, role assignment during cardiopulmonary resuscitation and avail-
ability and appropriate use of a defibrillator during BAVP procedure).
Quality improvement strategies can be adopted to help decrease such
events or improve the success of rescuing a patient during such a life-
Table 4. Adverse events during valvuloplasty.

Type of adverse eventa BAVP BPVP

Severity level 3 n ¼ 9 n ¼ 6
Ventricular arrhythmia not requiring cardioversion/
defibrillation

2 0

New valvar regurgitation not resulting in hemodynamic
instability or requiring surgical intervention

3

Vascular access–related complications, including vessel
thrombosis, vessel injury, and hemodynamically tolerated
retroperitoneal hemorrhage

3 1

Atrial arrhythmias requiring medical and/or electrical
cardioversion

1 5

Severity levels 4 and 5 n¼ 11 n ¼ 0
Ventricular arrhythmia needing resuscitation or
cardioversion/defibrillation

5

Angioplasty-related complications resulting in significant
vascular injury or hemodynamic instability

2

Cardiac arrest requiring cardiopulmonary resuscitation or
extracorporeal membrane oxygenation

1

Vascular access–related complications or vessel injuries that
are deemed life-threatening and/or requiring surgical
intervention

3

BAVP, balloon aortic valvuloplasty; BPVP, balloon pulmonary valvuloplasty.
a Adapted from Quinn et al.21
threatening event. Longer freedom from aortic valve replacement has
been associated with lower postvalvuloplasty gradient (peak gradient,
<35 mm Hg) and/or regurgitation (less than moderate).10 Factors such
as larger valvuloplasty balloon (determined by balloon-to-annulus
ratio)22 and aortic valve leaflet morphology may determine the risk of
regurgitation after valvuloplasty.23 In our study, we were unable to
identify any factors associated with class III PP in BAVP, including valve
morphology. A larger cohort of patients may be needed to study such
risk factors and help identify areas of improvement. Suboptimal (class III)
PP in patients undergoing BPVP was due to residual gradient across the
right ventricular outflow tract. This PP was significantly associated with
lower weight of the patients. These may be attributable to a more se-
vere disease process consisting of dysplastic valves, complex right
ventricular outflow tract obstruction, and/or genetic syndromes that are
less likely to respond to BPVP. More details regarding the level of the
obstruction (valvar vs subvalvar) and procedural characteristics, such as
balloon-to-annulus ratio, may be needed to create strategies to
improve this outcome. Additionally, class III PP also correlated with
absence of PR before intervention. Class III PP in BPVP was attributed to
residual gradient in 14 of the 18 patients, whereas in the remaining
cases, it was an increase in PR by �2 levels. With limited data, clinical
inference of this correlation is difficult to ascertain.
Table 5. Factors associated with class III procedural performance (balloon
aortic valvuloplasty).

Class I/II
(n ¼ 136)

Class III
(n ¼ 21)

P value

Male sex 104 (76) 14 (67) .42
Age at catheterization, y 10.9 (0.6-14.4) 7.4 (0.6-13.5) .56
Weight at catheterization, kg 40.6 (8.4-59.0) 24.3 (8.8-56.0) .52
Preintervention systolic gradient,
mm Hg

55 (48-63) 55 (50-68) .76

Preintervention aortic regurgitation .59
None 82 (60) 13 (62)
Mild 47 (35) 6 (29)
Moderate 7 (5) 2 (9)

Valve morphology .25
Unicuspid 28 (21) 2 (9)
Bicuspid 104 (78) 18 (86)
Tricuspid 2 (1) 1 (5)

Values shown are number (percent) or median (25th to 75th percentiles). Com-
parisons were made using the Fisher exact test or the Wilcoxon rank-sum test.



Table 6. Factors associated with class III procedural performance (balloon
pulmonary valvuloplasty).

Class I/II
(n ¼ 182)

Class III
(n ¼ 18)

P value

Male sex 88 (49) 9 (50) 1.0
Age at catheterization, y 0.6 (0.3-4.3) 0.3 (0.2-0.8) .062
Weight at catheterization, kg 8.3 (5.8-17.6) 6.1 (5.3-7.1) .015
Preintervention pulmonary
regurgitation

.036

None 141 (77) 16 (94)
Mild 38 (21) 0 (0)
Moderate-severe 3 (2) 1 (6)

Valve morphology
dysplastic/complex

74 (41) 11 (61) .14

Values shown are number (percent) or median (25th to 75th percentiles). Com-
parisons were made using the Fisher exact test or the Wilcoxon rank-sum test.
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There are several limitations to our work. First, the evidence base
supporting our composite variable was insufficient, so we relied on the
consensus achieved within our WG. The composite variable was then
evaluated on a retrospective data set. There are limitations that are
associated with a retrospective study design. Additional research is
necessary to evaluate the validity of the composite variable, potentially
in a prospective study with longitudinal data collection. Second,
restricting the patient cohort in this study to those without “high-risk”
features who underwent isolated valvuloplasty procedures limits
generalizability, and the results cannot be extrapolated to patients with
complex outflow tract obstruction. Lack of a core laboratory and stan-
dardized definitions may cause interobserver variability in the inter-
pretation of the data, such as degree of valvar regurgitation, assessment
of gradients, and description of valve morphology. Finally, this outcome
was introduced using a limited retrospective data set. Evaluation of
specific variables, such as genetic disorders, and procedural details and
its relationship with PPmay providemore insight into both standard and
high-risk patients.

Future work could entail validating this variable on more complex
cohorts for better generalizability, determining the ability of this vari-
able in discriminating between high- and low-risk cases, and studying
the effect of the variable in predicting short- and long-term patient
outcomes and freedom from reinterventions. Similar composite vari-
ables using our methodology can be developed for other interventional
procedures, such as patent ductus arteriosus stenting, branch pulmo-
nary artery interventions, coarctation stenting/dilation, etc.
Conclusion

A composite variable of PP, consisting of TS and safety, was suc-
cessfully designed as a comprehensive measure of outcome. As ex-
pected, a majority of the isolated BAVP and BPVP procedures had
excellent PP. Our new metric of PP, rather than simply identifying the
outcome as suboptimal, allows us to understand the major category (TS
vs AE) that can be addressed to improve outcomes and better guide
informed consent.
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