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ABSTRACT

Objectives: To determine guideline adherence pertaining to pulmonary valve
replacement (PVR) referral after tetralogy of Fallot (TOF) repair.

Methods: Children and adults with cardiovascular magnetic resonance imaging
scans and at least moderate pulmonary regurgitation were prospectively enrolled
in the Comprehensive Outcomes Registry Late After TOF Repair (CORRELATE). In-
dividuals with previous PVR were excluded. Patients were classified according to
presence (4) versus absence (—) of PVR and presence (+) versus absence (—)
of contemporaneous guideline satisfaction. A validated score (specific activity scale
[SAS]) classified adult symptom status.

Results: In total, 498 participants (57% male, mean age 32 £ 14 years) were
enrolled from 14 Canadian centers (2013-2020). Mean follow-up was
3.8 £ 1.8 years. Guideline criteria for PVR were satisfied for the majority
(n = 422/498, 85%), although referral for PVR occurred only in a minority
(n = 167/498, 34%). At PVR referral, most were asymptomatic (75% in SAS class
1). One participant (0.6%) received PVR without meeting criteria (PVR+/indica-
tion-). The remainder (n = 75/498, 15%) did not meet criteria for and did not
receive PVR (PVR-findication-). Abnormal cardiovascular imaging was the most
commonly cited indication for PVR (n = 61/123, 50%). The SAS class and ratio of
right to left end-diastolic volumes were independent predictors of PVR in a multi-
variable analysis (hazard ratio, 3.33; 95% confidence interval, 1.92-5.8, P <.0001; haz-
ard ratio, 2.78; 95% confidence interval, 2.18-3.55, P < .0001).

Conclusions: Although a majority of patients met guideline criteria for PVR, only a
minority were referred for intervention. Abnormal cardiovascular imaging was the
most common indication for referral. Further research will be necessary to estab-
lish the longer-term clinical impact of varying PVR referral strategies. (JTCVS Open
2024;17:215-28)

Tetralogy of Fallot (TOF) represents 7% to 10% of all
congenital cardiac lesions, rendering it one of the most
commonly encountered anatomies in adult congenital heart
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CENTRAL MESSAGE

The clinical impact of proactive
guideline-directed referral for
pulmonary valve replacement is
uncertain. We observed a
mismatch between management
guideline recommendations and
clinical practice.

PERSPECTIVE

Clinical outcomes after tetralogy of Fallot repair
have not been substantially altered despite proac-
tive pulmonary valve replacement (PVR). It has
been suggested that earlier referral for PVR may
potentiate long-term benefits of this procedure.
Clinical management guidelines can direct timing
of referral for PVR late after tetralogy of Fallot
repair, however, clinician adherence has not
been described.

disease (ACHD).' Late-following repair sequelae such as re-
sidual lesions, arrhythmias, and sudden cardiac death become
increasingly common and warrant ongoing follow-up at a
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Abbreviations and Acronyms

ACHD = adult congenital heart disease

CI = confidence interval

CMR = cardiovascular magnetic resonance
imaging

CORRELATE = Comprehensive Outcomes
Registry Late After Tetralogy of

Fallot Repair
HR = hazard ratio
PR = pulmonary regurgitation
PVR = pulmonary valve replacement
RVEDVi = right ventricular end-diastolic
volume indexed
RVEF = right ventricular ejection fraction
rTOF = repaired tetralogy of Fallot
SAS = specific activity scale
TOF = tetralogy of Fallot

center with expertise in ACHD.”” Residual pulmonary valve
disease, most commonly insufficiency, is a ubiquitous post-
operative finding in this patient population.” Criteria for pul-
monary valve replacement (PVR) in asymptomatic patients
with pulmonary regurgitation (PR) following repair of tetral-
ogy of Fallot (fTOF) have been proposed, albeit based on
limited data.” It is not known whether PVR in asymptomatic
individuals will confer meaningful benefit on clinical out-
comes. As such, there remains considerable heterogeneity
in the medical community regarding thresholds for interven-
tion in the absence of symptoms.

The Comprehensive Outcomes Registry Late After Te-
tralogy of Fallot Repair (CORRELATE) was initially estab-
lished to prospectively study Canadian children and adults
with r'TOF deemed to be at increased risk of adverse out-
comes as a result of residual pulmonary insufficiency (at
least moderate severity) using contemporary cardiovascular
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magnetic resonance imaging (CMR)." More recently, this
became an international registry with the addition of Euro-
pean and Asian partners. Referring clinicians were adult
congenital or pediatric cardiologists. In the present study,
our objective was to characterize the referral patterns of
the 14 Canadian hospitals within the CORRELATE
network regarding pulmonary valve interventions in
rTOF, in reference to available ACHD management guide-
lines outlining current indications for intervention.’>

METHODS

Study Population

The larger CORRELATE study prospectively enrolled patients 12 years
and older with surgically repaired TOF during childhood, CMR imaging
performed within 18 months of enrollment, and the presence of at least
moderate severity PR. Symptom status was determined for participants
18 years and older using a standardized specific activity scale (SAS) for
adults with functional classification assignments (classes I-IV) validated
against the New York Heart Association (SAS survey tool shown in
Table E1).*° The complete methodology as it pertains to development of
this registry, including details of CMR analysis, has been previously
described.® Participants in the CORRELATE study provided informed
written consent before study enrollment for the collection and analysis of
their health data for our study objective. Institutional review board approval
was obtained for the coordinating center (12-0242.24, July 2012) and from
each of the participating sites. Inclusion criteria for the present study re-
flected those listed for the broader CORRELATE study but focused on pa-
tients >12 years of age followed at Canadian centers. Patients were
excluded if a pulmonary valve intervention occurred before study enroll-
ment. Patients referred for pulmonary valve intervention during the study
were considered to have met this endpoint at the time of completion of sur-
gical or transcatheter intervention.

Data Collection

Information pertaining to the general demographics of the Canadian
subpopulation of the CORRELATE registry with and without first PVR
following study enrollment was extracted. This included review of all
available medical reports and detailed recording of data from relevant elec-
trocardiograms, echocardiograms, Holter monitors, exercise studies, and
electrophysiology procedures. A centralized reader analyzed all CMR
studies.*”*
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TABLE 1. Characteristics of patients with pulmonary valve

intervention (n = 167)

TABLE 1. Continued

% (m) or
Characteristic mean + SD
Male 67% (111)
Age at study entry, y 32+ 14
Age <18y at study entry 17% (28)
Age at PVR, y 34+ 14
Height, cm 166 £+ 12
Weight, cm 70 + 19
Body surface area, m? 1.78 + 0.28
Body mass index, kg/m2
<18 6% (10)
18-25 47% (78)
>25 45% (75)
Diagnosis

Tetralogy of Fallot with pulmonary stenosis

87% (146)

% (n) or

Characteristic mean + SD
1184Y 17% (20)
History of previous palliative shunt 38% (60)

Primary repair
Transannular patch
Valve-sparing approach
Conduit
Other
Missing

Pulmonary valve surgical replacement (mean
age 34 y at intervention)

58% (290)
22% (111)
4% (18)
15% (77)

0.4% (2)
94% (159)

Tetralogy of Fallot with pulmonary atresia, 4% (6)
confluent pulmonary arteries
Tetralogy of Fallot with pulmonary atresia 2% (3)
with MAPCAs
Tetralogy of Fallot with absent pulmonary 2% (4)
valve
Tetralogy of Fallot with AVSD 1% (1)
Other 4% (7)
Syndrome
Trisomy 21 1% (2)
22ql1 deletion 6% (10)
Other 3% (5)
Region*
Nova Scotia 2% (4)
Quebec 16% (26)
Ontario 74% (123)
Alberta 8% (14)
British Columbia 0% (0)
Manitoba 0% (0)
Ethnicity
White 78% (119)
Asian 15% (23)
Black or African American 2% (3)
Hispanic or Latino 1% (2)
First Nations 1% (1)
Multiple 3% (5)
Specific activity scale (SAS) functional
classificationf
I 75% (82)
I 9% (10)
aI-1v 16% (18)
NYHA self-reported classification for ACHD{
I 43% (51)
II 40% (48)
(Continued)

Hancock 81
Carpentier-Edwards 28
Mosaic 38
Contegra
St Jude 1
Unknown 10
Transcatheter pulmonary valve implantation 5% (8)
(mean age 28 y at intervention)
Melody 1
Sapien 1
Unknown 6
Additional interventions at the time of PVR 49% (78)
VSD/ASD closure 15
Tricuspid valve intervention 23
Aortic valve intervention 5
Coronary artery intervention 7
RVOT aneurysm repair 5
Cryoablation of the RVOT (for spontaneous or 19
inducible ventricular arrhythmia)
Maze procedure of the atrium (for atrial 4
arrhythmia)
Cardiovascular medications
Diuretics 12% (10)
ACEI/ARB 18% (15)
Antiarrhythmics 21% (17)
Anticoagulation 4% (3)
Antiplatelet 22% (18)
None 23% (19)
Exercise parameters
Peak aerobic capacity, mL/kg/min 26 £ 12
Anaerobic threshold, mL/kg/min 16 = 8
Predicted anaerobic threshold, % 48 +£ 21
Ventilatory efficiency (VE/VCO, slope) 277
Maximum predicted heart, % 84 + 11
O, pulse, mL/beat 12+3
Percent predicted O, pulse, % 91 £24
ECG characteristics
Mean QRS duration, msec 151 £ 26
(Continued)
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TABLE 1. Continued

% (n) or
Characteristic mean + SD
Echocardiographic parameters
TR, moderate or severe 11% (18)
RVOT gradient, more than mild 6% (10)

SD, Standard deviation; PVR, pulmonary valve replacement; MAPCA, major aorto-
pulmonary collateral; AVSD, atrioventricular septal defect; SAS, specific activity
scale; NYHA, New York Heart Association; ACHD, adult congenital heart disease;
VSD, ventricular septal defect; ASD, atrial septal defect; RVOT, right ventricular
outflow tract; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin IT re-
ceptor blocker; VE, ventilation; VCO,, exhaled carbon dioxide; O,, oxygen; ECG,
electrocardiogram; TR, tricuspid regurgitation. *In the larger CORRELATE registry,
3% (15) of participants were from Nova Scotia, 16% (79) from Quebec, 66% (327)
from Ontario, 9% (47) from Alberta, 2% (11) from British Columbia, and 4% (19)
from Manitoba. fThe Specific Activity Scale was administered to adults® and is
shown in Table El. For the New York Heart Association Functional Classification
for Adults Congenital Heart Disease, patients were asked “To consider limitations
that you believe are caused by your congenital heart defect”: Class I. T am not limited
during physical activities. Ordinary physical activities do not cause extraordinary fa-
tigue, palpitations or shortness of breath. Class II. I am slightly limited during phys-
ical activities. I do not experience any symptoms at rest but ordinary physical
activities cause extraordinary fatigue, palpitations or shortness of breath. Class III.
I am considerably limited during physical activities. I do not experience symptoms
at rest but less than ordinary activities cause extraordinary fatigue, palpitations or
shortness of breath. Class IV. I am unable to be physically active without experiencing
discomfort. I experience one or more of the following complaints at rest: fatigue, pal-
pitations or shortness of breath.'

Statistical Analysis

For the purposes of the present study, “guideline indications” for PVR at
the patient level were defined according to contemporaneous guidelines,
which varied according to year of patient enrollment and timing of cardio-
vascular investigations (Figure E1).* Thresholds for ventricular dilation
and systolic dysfunction were determined in accordance with recommen-
dations deemed to be current for each patient based on year of study en-
try™>’ Right ventricular systolic pressure estimated by tricuspid
regurgitation velocity greater than 4 m/s on echocardiogram, and percent
predicted peak aerobic capacity of less than 70% were considered clini-
cally relevant.'”'” Longitudinal clinical and imaging data were
considered whenever available. Where 2 criteria were required in order
to qualify as a guideline indication for PVR (ie, right ventricular end-
diastolic volume indexed [RVEDVi] >160 mL/m? and RV ejection fraction
[RVEF] <47%), patients were considered as meeting guideline indications
for PVR at the point in time where both criteria were satisfied. A “last-
observation-carried-forward” method was used to account for missing
data (for example, if a patient had an RVEDVi >160 mL/m? on a first im-
aging study and RVEF <47% on a second imaging study but RVEDVi was
missing, this patient would be considered to have met guideline indications
at the time of the second imaging study by carrying forward the previous
RVEDVi measurement; in the same example, if at the second imaging
study the RVEDVi was <160 mL/m? and the RVEF was >47%, this patient
would not be considered to have met guideline criteria at this time point). A
sensitivity analysis was conducted to study the effect of inclusion of pedi-
atric patients on study results.

Clinical characteristics were summarized using descriptive statistics.
Continuous variables were characterized using mean and standard deviations,
or median and interquartile ranges where appropriate; dichotomous or polyt-
omous variables were characterized using frequencies and proportions.
Between-group comparisons were evaluated using the Wilcoxon rank-sum
test for continuous variables and the Fisher exact test for dichotomous and
polytomous variables. The cumulative proportion of PVR, adjusted for mor-
tality, was summarized using a competing risk model, and comparisons be-
tween those who were indicated by year of enrollment versus those who
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were not was conducted using the Gray test. Univariable cause-specific haz-
ard models were conducted to explore baseline factors associated with PVR.

A multivariable model of sex along with variables used as indication
criteria for PVR was generated with the outcome of PVR receipt in order
to specifically explore the impact of sex on PVR. To mitigate the exclusion
of patients due to missing data, multiple imputations by chained equations
was conducted by constructing 5 imputed datasets and separately perform-
ing the analysis on each imputed dataset. Variables used for indication of
PVR and the estimated cumulative hazard of PVR for each patient was
included in the imputation models. The results of the multivariable regres-
sions were pooled and reported using Rubin’s rule.

Statistical analyses considered a P < .05 to be statistically significant
and were performed with SAS, version 9.4 (SAS Institute Inc) and R,
version 3.3.2 (The R Project for Statistical Computing).

RESULTS
Study Population

In total, 498 Canadian patients with rTOF were prospec-
tively enrolled in the CORRELATE study across 14 Cana-
dian centers between 2013 and 2020. Of these, 167
participants (34%) had a first-time prosthetic pulmonary
valve inserted following study enrollment (detailed baseline
characteristics for those who underwent PVR are summa-
rized in Table 1). Follow-up was complete in 95%
(n = 470) of the study population (n = 28 patients were
lost to follow-up at study closure in 2020).

Characteristics of Those Who Received PVR

Patients who underwent PVR were predominantly male
(67%) (Table 1) and in their fourth decade of life (mean
age 34 + 14 years). Children (<18 years) comprised a mi-
nority of those receiving PVR (n = 28/167, 17%). The
SAS instrument was only used for symptom assessment in
the adult population, and the majority of those who received
a score were asymptomatic at the time of PVR (SAS class I;
[n =82/110, 75%]). The mean QRS duration on electrocar-
diogram was 151 + 26 milliseconds. On cardiopulmonary
exercise testing, the mean aerobic capacity was
73 £+ 19% predicted. The cumulative proportions of those
meeting guideline indications (at enrollment and year 1,
Figure 1, A and B) and those receiving PVR during study
follow-up (Figure 1, C) are shown (Gray test P < .001,
P <.001, and P = .023, respectively). Notably, 39 adults
not referred for PVR were symptomatic according to their
SAS class (Table 2).

CMR Imaging

The CMR characteristics for the entire cohort, including
stratification by receipt of PVR following enrollment, are
shown (Table 2, Figure 2, A). Those who underwent PVR
had larger biventricular volumes, biventricular mass, right
ventricular stroke volumes, and PR fraction as compared
with those who did not. The recipients of PVR also had
lower RVEF. Over the years of study, we did not detect a
statistically significant change in the threshold for right
ventricular enlargement that prompted referral for
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Proportion of patients meeting guideline
criteria for PVR at the time of enroliment
according to contemporaneous
guideline criteria

Proportion of patients meeting guideline
criteria for PVR one year after enroliment
according to contemporaneous
guideline criteria
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FIGURE 1. Time-to-event analysis demonstrating indications for and receipt of pulmonary valve replacement (PVR) stratified by year of enrollment.
Shown are the proportion of subjects who met guideline criteria for PVR over the entire follow-up period (A), within the first year after enrollment (B),
and the proportion of patients who received PVR (C) with 95% confidence intervals (shaded regions).
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TABLE 2. Baseline clinical and imaging characteristics stratified by pulmonary valve replacement

Baseline parameter Total (n = 498) PVR+ (n = 167) PVR- (n = 331) P value

Male 279 (56.8%) 111 (66.5%) 168 (51.9%) 49
Age at study entry, y 32+ 14 32+ 14 31£15 .29
Age at PVR, y 34+ 14 34+ 14 - -
Age <18y at study entry 94 (18.9%) 28 (16.8%) 66 (19.9%) -
Height, cm 166 + 12 166 + 12 165 + 12 .54
Weight, cm 70 £ 12 70 £ 19 70 £ 20 92
Body surface area, m? 1.78 + 0.29 1.78 +£0.28 1.78 £+ 0.30 93
Enrollment year .05

2013 44 (8.8%) 23 (13.8%) 21 (6.3%)

2014 180 (36.1%) 69 (41.3%) 111 (33.5%)

2015 124 (24.9%) 33 (19.8%) 91 (27.5%)

2016 69 (13.9%) 21 (12.6%) 48 (14.5%)

2017 28 (5.6%) 8 (4.8%) 20 (6.0%)

2018 6 (1.2%) 2 (1.2%) 4 (1.2%)

2019 42 (8.4%) 10 (6.0%) 32 (9.7%)

2020 5 (1.0%) 1 (0.6%) 4 (1.2%)
SAS functional classification .002

I 253 (50.8%) 82 (49.1%) 171 (51.7%)

I 41 (8.2%) 10 (6.0%) 31 (9.4%)

I-1v 26 (5.2%) 18 (10.8%) 8 (2.4%)
Peak aerobic capacity, mL/kg/min 27 £ 11 26 + 12 27 £ 10 .69
Anaerobic threshold, mL/kg/min 18 +9 16 + 8 19+ 9 .02
Predicted peak aerobic capacity, % 73 £ 19 73 £ 19 73 £ 20 73
Predicted anaerobic threshold, % 53 +23 48 + 21 56 + 24 .004
Ventilatory efficiency (VE/VCO, slope) 27+£6 27 £17 26 £5 .66
Predicted maximum heart rate, % 85+ 12 84 + 11 86 + 12 32
O, pulse, mL/beat 11 +3 12+ 3 11+3 24
Predicted O, pulse, % 88 £ 21 91 +24 87 £ 19 22
Sustained arrhythmia 9 (1.8%) 5 (3.0%) 4 (1.2%) 17
Mean QRS duration, ms 146 + 25 151 + 26 144 + 24 .002
RVEDVi, mL/m* 160 + 42 191 £ 41 143 + 31 <.001
RVESVi, mL/m? 90 + 29 111 £ 30 79 £22 <.001
RV stroke volume, mL/beat 123 + 35 142 £ 36 113 + 29 <.001
RVEEF, % 44 +£7 4247 45 £ 7 <.001
RV mass, g/m2 34 + 8 39 + 8 31 +6 <.001
RV mass to volume ratio, g/mL 0.21 £ 0.03 0.20 £ 0.04 0.22 + 0.03 <.001
Right atrial area, cm? 21 +£7 23 + 8 21 +6 .01
LVEDVi, mL/m? 84 £ 18 89 £ 21 82 £ 15 <.001
LVESVi, mL/m* 39+ 12 42 + 14 37 £ 10 <.001
LV stroke volume, mL/beat 81 +£22 84 + 24 80 £+ 20 .07
LVEE, % 54+7 53 £8 55+6 .01
LV mass, g/m> 50 + 10 52 4+ 12 4849 <.001
LV mass to volume ratio, g/mL 0.60 £ 0.14 0.60 £+ 0.14 0.60 £+ 0.13 98
Left atrial area, cm? 17+ 5 18 +6 17 +5 .06
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TABLE 2. Continued

Baseline parameter Total (n = 498) PVR+ (n = 167) PVR- (n = 331) P value
RVEDV:LVEDV 1.94 + 0.53 2.22 +0.59 1.78 + 0.42 <.001
Pulmonary regurgitant fraction, % 40 £ 14 46 + 12 37+ 14 <.001
RVp, mm Hg 30 £ 19 36 + 23 28 £ 16 15
RVOT peak gradient, mm Hg 26 (15-35) 28 (17-45) 25 (15-32) 18
RVOT mean gradient, mm Hg 13 (7-19) 13 (12-22) 8 (5-16) .26

PVR, Pulmonary valve replacement; SAS, specific activity scale; VE, ventilation; VCO,, exhaled carbon dioxide; O,, oxygen; RVEDV, right ventricular end diastolic volume
index; RVESVi, right ventricular end systolic volume index; RV, right ventricular; RVEF, right ventricular ejection fraction; LVEDVi, left ventricular end-diastolic volume index;
LVESVi, left ventricular end-systolic volume index; LV, left ventricular; LVEF, left ventricular ejection fraction; RVEDYV, right ventricular end-diastolic volume; LVEDV, left ven-
tricular end-diastolic volume; LVSV, left ventricular stroke volume; RVp, right ventricular systolic pressure; RVOT, right ventricular outflow tract.

PVR (mean RVEDVi of 178 mL/m? in 2013-2014 vs
169 mL/m? in 2019-2020, P = .279, Figure 2, B). Linear
regression modeling was used to explore the relationship
between year of receipt of PVR and RVEDVi threshold
for PVR referral, with similar results when measured at
the time of enrollment in (hazard ratio [HR], 2.16; confi-
dence interval [CI], —5.46 to 1.14, P = .20) and at the
time when indication for PVR was met (HR, 2.37; CI,
—5.41 to0 0.68, P = .20).

Clinician-Reported Indications for Referral for PVR

Clinician-reported indications for PVR referral, where
available, are illustrated (Figure 3). Abnormal cardiovas-
cular imaging characteristics represented the most
commonly reported indication for PVR by clinician and
was documented as the primary driver of intervention
for 50% (n = 61/124) of PVR referrals. Patient-reported
cardiovascular symptoms as interpreted by their clinician
prompted intervention in 14% (n = 18/124).

Guideline Indications for PVR

When guideline indications were systematically applied
to the entire Canadian cohort, a total of 422 (85%) of 498
patients enrolled met contemporary guideline criteria for
PVR; however, 256 (51%) did not undergo this intervention
over the study period. Cause-specific hazard regression for
clinical and imaging factors associated with pulmonary
valve intervention (Table 3) demonstrated that male sex
and SAS class were statistically significant (HR, 1.60; CI,
1.16-2.21, P = .004 and HR, 1.66; CI, 1.08-2.56,
P = .021), although age was not (HR, 1.08; CI, 0.97-1.20,
P = .16). On CMR, patients with larger biventricular vol-
umes (end-systolic and end-diastolic), lower biventricular
systolic function, larger biventricular mass, and larger bia-
trial areas were more likely to receive PVR (Table 3). In
addition, patients with longer QRS duration on electrocar-
diogram and greater right ventricular outflow tract peak gra-
dients on echocardiography had a greater likelihood of
receiving a PVR, whereas measures of objective functional

capacity aside from anaerobic threshold did not reach statis-
tical significance (Table 3).

Multivariable analysis of sex and the covariates used as
criteria for PVR suggested that the association between sex
and PVR is not an independent effect (Table 4); independent
predictors of PVR were SAS functional class (HR, 3.33; CI,
1.92-5.8, P <.0001) and ratio of right to left end-diastolic
volumes (HR, 2.78; CI, 2.18-3.55, P < .0001). Sensitivity
analysis excluded a statistically significant effect of enroll-
ment before age 18 years on study results (as children are
not directly addressed in current guidelines).

DISCUSSION

This study uniquely reflects a nationwide cohort of rTOF
pediatric and adult subjects with contemporary CMR imag-
ing and significant PR. Notable observations of this study
included the following: (1) a large proportion of our cohort
met guideline indications for PVR but were not referred for
intervention; (2) use of a validated classification system (the
specific activity scale) allowed for differentiation between
asymptomatic and symptomatic patients with rTOF; and
(3) the most common indication for PVR referral, as re-
ported by clinicians, was abnormal cardiovascular imaging.

Referral Practices

While the majority (85%) of the patients enrolled met
guideline indications for PVR, a minority (34%) received
the intervention over the study period (Figure 4, Graphical
abstract). Imaging findings were identified as the primary
driver for PVR referral among Canadian providers in this
study. Our analysis, however, suggests that the volumetric
thresholds triggering referral in day-to-day practice are
more conservative than those put forth by contemporary
guidelines. Mean right ventricular dimensions of those
referred for PVR exceeded those thought to be amenable to
remodeling following intervention.'*'> Moreover, the
mean RVEDV of individuals undergoing PVR did not change
significantly over time, as might have been expected in the
case of a practice shift among providers between the begin-
ning and end of the study period. It is unclear whether this
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FIGURE 2. A, Classification of right ventricular end-diastolic volume indexed (RVEDVi) stratified according to indication for versus receipt of pulmonary
valve replacement (PVR). Scatter and box plots to depict right ventricular end-diastolic volume indexed (RVEDVi) stratified by indication for PVR and
referral for intervention. The cohort of 498 patients was classified as follows: PVR+/indication+ (n = 166), PVR—/indication+ (n = 256), and PVR—/indi-
cation— (n = 75). Box borders represent the 25th percentile and 75th percentile respectively. The horizontal line represents the median. B, Trends in right
ventricular end-diastolic volumes closest to the time of PVR according to year of referral. Trends in RVEDVi at the time of PVR according to year of inter-
vention. Comparison is made between volumes at the beginning and end of the study period (2013-2014 vs 2019-2020). Of note, publication of the American
Heart Association/American College of Cardiology Guidelines occurred in 2018,” as detailed in the text. *P value comparing RVEDVi 2013-2014 versus
2019-2020; shown are 25%ile and 75%ile at borders with median (central bar).

approach reflects conservativism among Canadian providers the PVR referral practices and reasons underlying observed
in the absence of high-grade evidence to guide clinical care, patterns are beyond the scope of the current study design.

or whether issues with access to care or other health care— Although indications for PVR in rTOF have been pub-
related factors account for it. Further characterization of  lished in formal guideline documents, the benefits of this
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FIGURE 3. Indications for pulmonary valve replacement referral among patients who underwent intervention, as reported by referring physician. Bars
shown in blue represent actual indications. Bars shown in orange represent predicted indications based on guidelines. Portions of this figure created

with BioRender.com.

222 JTCVS Open ¢ February 2024


https://biorender.com

Massarella et al

Congenital: Tetralogy of Fallot

TABLE 3. Cause-specific hazard regression for factors associated with pulmonary valve intervention

Baseline parameter before enrollment Hazard ratio (95% CI) P value
Male (reference female) 1.60 (1.16-2.21) .004
Age at enrollment per 10-y increase 1.08 (0.98-1.20) 13
Weight (kg) per 10-unit increase 1.00 (0.93-1.09) 91
Height (cm) per 10-unit increase 1.04 (0.92-1.19) .53
Body surface area, m> 1.07 (0.64-1.80) .79
SAS class above 1 (compared with SAS class 1) 1.66 (1.08-2.56) .021
Peak aerobic capacity (% predicted) per 10-unit increase 0.99 (0.89-1.09) 78
Anaerobic threshold (% predicted) per 10-unit increase 0.88 (0.79-0.98) .019
Ventilatory efficiency (VE/VCO, slope) per 10-unit increase 1.63 (0.66-4.02) .29
Oxygen pulse (% predicted) per 10-unit increase 1.33 (0.69-2.58) 40
Heart rate maximum predicted (%) per 10-unit increase 0.9 (0.77-1.05) 18
Sustained arrhythmia identified 1.26 (0.38-4.17) .70
QRS duration (ms) per 10-unit increase 1.12 (1.05-1.20) .001
RVEDVi (mL/m?) per 10-unit increase 1.17 (1.14-1.19) <.0001
RVESVi (mL/m?) per 10-unit increase 1.24 (1.20-1.28) <.0001
RVEF (%) per 10-unit increase 0.61 (0.48-0.77) <.0001
RVSV (mL/beat) per 10-unit increase 1.20 (1.16-1.24) <.0001
RV mass indexed (g/mz) per 10-unit increase 2.44 (2.10-2.84) <.0001
RV mass: volume ratio per 10-unit increase 0.00 (0.00 — 0.00) <.0001

Right atrial area (cm?) per 10-unit increase
LVEDVi (mL/m?) per 10-unit increase

LVESVi (mL/m?) per 10-unit increase

LVEF (%) per 10-unit increase

LVSV (mL/beat) per 10-unit increase

LV mass indexed (g/m?) per 10-unit increase

LV mass: volume ratio per 1-unit increase

Left atrial area (cm?) per 10-unit increase

Ratio of right: left ventricular end diastolic volume
Pulmonary regurgitant fraction (%) per 10-unit increase
RVOT peak gradient (mm Hg) per 10-unit increase
RVp (mm Hg) per 10-unit increase

1.46 (1.18-1.8) .0005

1.26 (1.15-1.38) <.0001
1.4 (1.24-1.58) <.0001
0.72 (0.58-0.89) .003
1.07 (1.00-1.15) .057
1.37 (1.19-1.57) <.0001
1.08 (0.33-3.51) .90
1.44 (1.07-1.94) .016
1.14 (0.56-2.33) 72
1.43 (1.29-1.59) <.0001
1.23 (1.00-1.51) .054
1.18 (0.97-1.43) 11

CI, Confidence interval; SAS, specific activity scale; VE, ventilation; VCO,, exhaled carbon dioxide; RVEDVi, right ventricular end-diastolic volume index; RVESVi, right ven-
tricular end-systolic volume index; RVEF, right ventricular ejection fraction; RVSV, right ventricular stroke volume; RV, right ventricular; LVEDVi, left ventricular end-diastolic
volume index; LVESVi, left ventricular end-systolic volume index; LVEF, left ventricular ejection fraction; LVSV, left ventricular stroke volume; LV, left ventricular; RVOT, right

ventricular outflow tract; RVp, right ventricular systolic pressure.

therapy in asymptomatic patients remain poorly defined in
the published literature to date.”'® No randomized control
trials or prospective cohort studies are available to inform
decision-making regarding the clinical impact of interven-
tion."” In those who have undergone PVR, improvements
in right ventricular volumes and QRS duration, though
apparent, confer uncertain value in clinically meaningful
outcomes such as morbidity and mortality.'”'” This lack
of demonstrable benefit begs the question of whether the

criteria for intervention are entirely appropriate.
Particularly since differences in right ventricular
dimensions have been discovered in those with

structurally normal hearts, it seems an oversimplification
to apply a single cutoff for intervention in patients with
rTOF without reference to age, sex or ethnicity.””*' Sex-
based differences in RV-predominant disease states such
as pulmonary hypertension and arrhythmogenic right ven-
tricular dysplasia have been observed.”” While it seems
probable that demographic characteristics would similarly
impact congenital cardiac disease states, and specific pat-
terns have been elucidated in the rTOF population, these ob-
servations have been slow to translate into clinical
practice.””” In our population, male sex was associated
with PVR in cause-specific hazard regression, but this
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TABLE 4. Multivariable analysis examining the association between sex and criteria for pulmonary valve replacement

Hazard ratio

Baseline parameter before enrollment (95% CI) P value
Male (reference female) 1.23 (0.86-1.77) 25
Age at enrollment per 10-y increase 0.96 (0.83-1.1) .53
Sustained arrhythmia identified 0.93 (0.32-2.68) .89
Peak aerobic capacity (% predicted) per 10-unit increase 1.12 (0.93-1.35) 22
SAS class above 3 or 4 (compared with SAS class 1) 3.33 (1.92-5.8) <.0001
SAS class above 2 (compared with SAS class 1) 1.38 (0.67-2.82) .37
RVEF (%) per 10-unit increase 0.83 (0.61-1.12) 23
LVEF (%) per 10-unit increase 0.91 (0.7-1.2) 52
Ratio of right: left ventricular end diastolic volume 2.78 (2.18-3.55) <.0001

CI, Confidence interval; SAS, specific activity scale; RVEF, right ventricular ejection fraction; LVEF, left ventricular ejection fraction.

was not borne out in subsequent multivariate analysis exam-
ining the relationship between sex and receipt of PVR. Re-
finements in future guidelines concerning individual patient
characteristics such as age and sex as well as outcomes may
shape referral practices further. As seen in our cohort, the
most common indication for pulmonary valve intervention
was made on the basis of imaging criteria. As such, volu-
metric and functional cutoffs should have the highest fidel-
ity possible. We identified a large subgroup of the rTOF
population who met guideline indications for PVR but did
not go forward for intervention. Several possible explana-
tions for this finding have been suggested earlier in this dis-
cussion; it is also possible that some proportion of
individuals may have been referred for PVR and await their
procedure. For example, elective procedures were deferred
in the context of the coronavirus disease 2019 pandemic in
the latter year of this study, and this may contribute to an in-
terventional delay, and consequently an overestimation of
the number of patients in this cohort who did not receive
PVR despite meeting guideline indications.

Symptom Status

Symptom status in our study was based on a validated
scoring system (SAS) that is believed to be more reliable
than the widespread New York Heart Association functional
classification in that it converts simple, patient-selected de-
scriptions of functionality into quantifiable metrics rather
than relying on the clinician interpretation of patient-
provided history. Symptoms related to PR remain the only class
Iindication for PVR according to contemporary guidelines, yet
only a minority of those who ultimately underwent PVR were
identified as having been symptomatic following subjective
self-report to clinicians. The application of the SAS score
improved objectivity in the functional assessment of the adult
subset of this population. Underestimation of symptom severity
is a well-described phenomenon in the ACHD population,
highlighted by our observation that nearly 60% (39/67) of
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those with abnormal SAS classification did not undergo
PVR.”" Reliance upon standardized self-reported symptom
assessment tools rather than clinician-driven classification
may further refine our methods for identification of patients
with rTOF who could benefit from PVR in clinical practice.

Study Limitations

Some limitations intrinsic to the CORRELATE study
apply to the current work, including the observational study
design and the ability to undergo cardiac CMR as a necessary
criterion for inclusion, resulting in obligate exclusion of those
unable to undergo CMR. It may be that those with greater risk
of having sequelae of significant PR are more likely to be
referred for CMR by their care team; however, the well-
recognized natural progression of right ventricular disease
necessitates routine CMR assessment regardless of baseline
features.” Despite an element of selection bias as the CORRE-
LATE cohort is a CMR-eligible population, contemporary
guidelines include CMR for routine surveillance in rTOF
such that virtually all able patients undergo at least one sur-
veillance CMR during their adult life.”*** Notwithstanding
these limitations, the CORRELATE registry is built prospec-
tively and allows for comprehensive data analysis.

Though the operational definitions of “guideline indica-
tions” developed for the purposes of this study are based
on available evidence, the interpretation of current guide-
line documents is to some degree subjective. Therefore,
the grouped comparisons presented in the current study,
while based on current evidence, may have been influenced
by the imposition of our guideline interpretation. In accor-
dance with existing guidelines, we applied the same thresh-
olds of ventricular volume and function across age group
and sex, with the understanding that this is likely an over-
simplified approach to management of significant PR in
the r'TOF population. As suggested elsewhere, it is unlikely
that the same thresholds for intervention will apply across
ethnicities and ages, to male and female patients, especially
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FIGURE 4. Graphical abstract. What is clinician adherence to guidelines for pulmonary valve replacement (PVR) after tetralogy of Fallot repair? In this
study of 498 individual enrolled across 14 Canadian centers, guideline indications for PVR were met in the majority of patients, but only a minority were
referred for PVR. Independent predictors of receipt of PVR were symptoms and right ventricular size. ECG, Electrocardiogram; EDV, end-diastolic volume;
EF, ejection fraction, ESV, end-systolic volume; LV, left ventricle; RV, right ventricle; RVp, right ventricular pressure; VO,, aerobic capacity. Portions of this

figure created with BioRender.com.

given the known baseline differences across these
groups.”?">* We anticipate that as guidelines continue to
evolve over time, criteria for intervention in the rTOF
population will become more individualized and less
institutionalized.

The true impact of the contemporary guidelines is diffi-
cult to fully appreciate given the year of publication relative
to the end of the study (for instance, the American Heart As-
sociation/American College of Cardiology guidelines were
published toward the end of the study in 2018 and the Cana-
dian Cardiovascular Congress guidelines were only pub-
lished in 2022 following the conclusion of the study). In
addition, we observed a temporary decrease in elective pro-
cedures during the years of the coronavirus disease 2019
pandemic. Finally, the regional distribution of subjects
was skewed such that the practice patterns of a minority
of centers may alter the generalizability of results, given
relative overrepresentation from a select number of sites.

CONCLUSIONS

The optimal timing of PVR in asymptomatic patients
with chronic PR following primary repair of TOF has yet
to be defined. The most common driver for PVR in this pop-
ulation among clinicians practicing in Canadian centers re-
lates to abnormalities on cardiovascular imaging. A large
proportion of the Canadian rTOF population met guideline
criteria for PVR but did not receive an intervention. The un-
derlying explanation for this observation remains unclear.
Further research into the outcomes of PVR in the rTOF pop-
ulation is needed in order to demonstrate the longer-term
clinical impact of Canadian referral practices in this cohort.
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Guideline indications for pulmonary valve

2013-2017 intervention by era 2018-2020
1. Symptoms (SAS > 2) 1. Symptoms (SAS > 2)
or any 2 of the following: or any 2 of the following:
2. RVEDVi > 160 ml/m2 2. Ventricular dysfunction
3. RVESVi > 80 ml/m2 mild or moderate:
g- E‘\\/’EEFR ;57 // (a) RVEF 30-46% or
o < ()
6. RV:LV ratio > 2 (5)) BYISF E0a it
7. RVp > 64 mmHg 3. Ventricular dilation:
8. VO2 < 70% predicted (a) RVEDVi > 160 ml/m2 or
(b) RVESVi > 80 ml/m2 or
or. (c) RV:LV ratio > 2
9. Sustained arrhythmia a = 64_ mmHg. .
on ECG, Holter or device 5. Progressive decline in
interrogation VO2 on exercise tests

'

Refer for pulmonary valve intervention

FIGUREE1. Guideline indications defined in alignment with contemporaneous guidelines which varied according to year of patient enrollment and timing
of cardiovascular investigations. RVEDVi, Right ventricular end-diastolic volume indexed; RVESVi, right ventricular end-systolic volume indexed; RVEF,
right ventricular ejection fraction; LVEF, left ventricular ejection fraction; RV:LV, right ventricular:left ventricular; RVp, right ventricular pressure; VO,,
aerobic capacity; ECG, electrocardiogram.
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TABLE E1. SAS functional class

Answer the following questions in sequence to arrive at the SAS class

Any YES

NO

5.

. Can you walk down a flight of steps without stopping?

. Can you carry anything up a flight of 8 steps without stopping or can you do any of the following:

(a) have sexual intercourse without stopping

(b) garden, rake, weed

(c) roller skate, dance

(d) walk on level ground at a rate of 4 miles per hour

. Can you carry at least 24 1bs up 8 steps or can you do any of the following:

(a) carry objects that are at least 80 Ibs

(b) outdoor work—shovel snow, spade soil
(c) recreational activities such as skiing,
basketball, touch football, squash, or handball
(d) jog or walk at 5 miles per hour

. Can you shower without stopping, or can you do any of the following:

(a) strip and make bed

(b) mop floors

(c) hang washed clothes

(d) clean windows

(e) walk slowly

(f) bowl

(g) play golf (walk and carry clubs)
(h) push power lawn mower

Can you dress without stopping because of symptoms?

Goto#2
Go to #3

Class [

Class III

Class IIT

Goto#4
Class III

Class 1T

Goto#5

Class IV

SAS, Specific activity scale. This SAS algorithm has been validated against the New York Heart Association Functional Classification as defined as: Class I: Patients with cardiac
disease but without resulting limitations of physical activity. Ordinary physical activity does not cause undue fatigue, palpitations, dyspnea, or anginal pain. Class II: Patients with
cardiac disease resulting in slight limitations of physical activity. They are comfortable at rest. Ordinary physical activity results in fatigue, palpitations, dyspnea, or anginal pain.
Class IIT: Patients with cardiac disease resulting in marked limitations of physical activity. They are comfortable at rest. Less-than-ordinary physical activity results in fatigue,

palpitations, dyspnea, or anginal pain. Class IV: Patients with cardiac disease resulting in inability to carry on physical activity without discomfort. Anginal syndrome may be
present at rest.

228

JTCVS Open ¢ February 2024



	Adherence to clinical practice guidelines for pulmonary valve intervention after tetralogy of Fallot repair: A nationwide c ...
	Methods
	Study Population
	Data Collection
	Statistical Analysis

	Results
	Study Population
	Characteristics of Those Who Received PVR
	CMR Imaging
	Clinician-Reported Indications for Referral for PVR
	Guideline Indications for PVR

	Discussion
	Referral Practices
	Symptom Status
	Study Limitations

	Conclusions
	Conflict of Interest Statement

	References


