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Abstract

Background: Tetralogy of Fallot (TOF) repair is a frequent procedure, and although
valve-sparing (VS) repair is preferred, determining which patients can successfully
undergo this operation remains controversial. We sought to identify parameters to
determine a selective, accurate indication for VS repair.

Methods: We reviewed 71 patients (82%) undergoing VS repair. We analyzed
hemodynamic data, intraoperative reports, and follow-up echocardiography results to
identify acceptable indications. Patients requiring pulmonary valve (PV) reintervention
versus no reintervention were compared.

Results: PV annulus size at repair was z-score of -2.0 (-5.3, 1.3). Approximately half
(51%) had a z-score less than —2. Cox regression results showed this was not a risk
factor for reintervention (p =.59). Overall, 1-, 3-, 5-, and 10-year freedom from PV
reintervention rates were 95.8%, 92.8%, 91% and 77.8%, respectively. Residual
pulmonary stenosis (PS) at initial repair was relatively higher in the reintervention
group compared with no reintervention group (40 [28, 51] mmHg vs. 30 [22, 37]
mmHg; p=.08). For patients with residual PS, pressure gradient (PG) was
consistent over time across both groups (PV reintervention: -3 [-15, 8] mmHg vs.
no reintervention: 0 [-9, 8] mmHg). The risk of PV reintervention is 3.7-fold higher
when the PG from intraoperative TEE is greater than 45 mmHg (p = .04).
Conclusions: Our review of the midterm outcomes of expanded indication for VS
suggests intraoperative decision to convert to transannular patch is warranted if
intraoperative postprocedure TEE PG is greater than 45 mmHg or RV pressure is

higher than half of systemic pressure to prevent reintervention.
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1 | INTRODUCTION

Tetralogy of Fallot (TOF) is the most common cyanotic heart disease
with an estimated incidence of about 1660 babies per year in the
United States, approximately 0.19 to 0.26 in 1000 livebirths.> The
optimal surgical approach for complete repair of TOF is valve-sparing
(VS) repair, but the criteria for selecting which patients can undergo
VS and which will require transannular patch (TAP) reconstruction
are controversial. The spectrum of residual hemodynamic lesions
ultimately depends on the initial surgical approach utilized for the
complete primary repair, with the goal being the absence of both
pulmonary stenosis (PS) and pulmonary regurgitation (PR). Many
studies have sought to identify key factors that influence these
surgical techniques.?™*

Historically, TAP reconstruction of the right ventricular outflow
tract (RVOT) was more frequently performed.5 This procedure was
thought to be more benign at the time, but the development of
chronic right ventricular volume overloading from progressive
pulmonary insufficiency is now a well-established complication of
this technique.® Often late sequelae encountered with this surgical
approach include right ventricle (RV) dilation, RV diastolic dys-
function, RV fibrosis, tricuspid regurgitation, arrhythmias, and RV
ventricular dysfunction.” More recently there has been a tendency
towards preservation of the pulmonary valve (PV) function to protect
RV function.®? Recent studies, such as that by Bacha et al., showed
that the PVS approach in well-selected patients significantly
reduced the incidence of moderate to severe PR and other related
complications of TAP repair and would have acceptable PS.1°-*3

However, there are unanswered questions of how much residual
PS is too much to leave behind, and how much PR is acceptable when
the indication of VS procedure is stretched.* Moderate to severe PS
is poorly tolerated in infants and children and needs relatively early
interventions to relieve this obstruction at PV level.'®> TOF surgical
strategy has improved over the years due to an acute cognizance of
the harmful effects of large RV incisions, including myocardial
and coronary injury, RV dysfunction, and arrhythmias.'® Moreover,
MRI has been used as an earlier indication for pulmonary valve
reintervention (PVR).21® These historical changes in the manage-
ment of TOF could affect the indication of pulmonary VS repair.
Parameters to decide whether to opt for VS repair or aTAP repair still
largely remain to be determined and so the predictors of future
PV intervention in these patients. Expanded indications are less
selective, leading to a higher rate of VS procedures for a broader
variety of patients. The goal of this study is to reconsider the
indication of PVS by reviewing the midterm outcomes of our

expanded indication of VS procedure for complete TOF repair.

2 | METHODS

This single-center, retrospective study was approved by Advocate
Christ Hospital internal review board. The need for written informed
consent was waived for the retrospective nature of this study.

CARDIAC SURGERY
2.1 | Surgical technique

Overall, there have been no significant changes in our surgical technique
in complete TOF repair in recent years. We attempt VS repair whenever
possible with resection of septal and parietal muscle bands obstructing
the RVOT. This often also involves careful inspection of the tricuspid
valve, pulmonary valvotomy and commissurotomy, main pulmonary
artery patch plasty for supravalvular stenosis and reevaluation of the PV
annulus diameter using the Hegar dilator. Further resection of abnormal
muscle band at RVOT is performed as much as possible through a
separate RV incision extended close to annulus if needed. Finally, decision
on what approach for complete repair is often taken intraoperatively
based on PV annulus after dilation with Hegar dilator. The morphology of
the PV is also evaluated intraoperatively. Mild to moderate residual
stenosis or regurgitation by transesophageal echocardiogram (TEE) and
RV pressure of less than 75% of systemic pressure were accepted at the
end of the procedure. Two cases with dysplastic PV and one case of
systemic RV pressure due to small annulus after PV repair were
converted to transannular patch. For one patient, part of the annulus
was divided to gain good visualization of the subpulmonary area, and this
was reapproximated with two interrupted 6-O Prolene sutures.

If patients have an RVOT stent or an extremely small annulus, the
surgeon will proceed straight to TA patch. A patient may be returned
to bypass and switched to TA patch if right ventricular pressure (RVP)
is greater than 75% of systemic pressure after coming off pump. If
the annulus size is less than 6 mm, we convert it to TA patch. Original
leaflet structure was not a relevant component of our decision-
making process. We did not use balloon valvuloplasty during surgery.

In cases with residual subvalvular obstruction despite maximal
muscle resection, the superior edge of the RV incision extends the
annulus as much as possible. A T-shaped incision parallel to the
annulus is added to remove subvalvular obstruction for patients with

small PV annulus.

2.2 | Patients

All patients with TOF who underwent pulmonary VS repair at the
Advocate Children's Heart Institute, Oak Lawn between February
2009 and November 2018 were identified from the cardiac surgical
electronic database. Patients for whom adequate echocardiographic
and clinical data follow-up were available were included in the study.

The data collection was performed between February 2021 and
May 2021. Exclusion criteria involved patients with TOF with
pulmonary atresia, absent PV, or placement of right ventricle to
pulmonary artery conduit in case of large coronary artery branch

crossing RVOT or unavailability of adequate follow-up data.

2.3 | Endpoints

Primary outcome of interest was identified as surgical, or catheter-

based PV intervention or mortality. Secondary outcome of interest
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included the development of moderate to severe PV stenosis or

insufficiency.

2.4 | Statistical analysis

A retrospective chart review of 71 patients who underwent VS TOF
repair (82% of all TOF repairs) was performed. We analyzed the
hemodynamic data, intraoperative reports, and follow-up echo-
cardiography results to identify the acceptable indication for a VS
procedure. A comparison of patients requiring PV reintervention
(surgical or transcatheter) versus no reintervention was performed.
Numeric data were compared using means and standard deviations
and categorical data using frequency/percentages. Statistical analy-
ses were performed with IBM SPSS Statistics v. 26.0 (IBM, Armonk,
NY). Two-sided p values <.05 were considered statistically significant.
Continuous variables were compared using Mann-Whitney U test
and expressed as median and interquartile range. Categorical
variables were expressed as numbers and percentages and compared
with Fisher's exact test. Survival times were compared using log-rank
tests and presented in Kaplan-Meier curves. Using Cox's propor-
tional hazard model, we compared the rates of PV intervention
between both groups when TEE PG > 45.

2.5 | Z-score calculation

The preoperative pulmonary annulus z-score for all study patients
was determined using the online calculator based on the Detroit

score.19

3 | RESULTS
3.1 | Patient characteristics

Baseline characteristics are shown in Table 1. The mean age of VS
patients at TOF repair was 4 (0.75, 18) months old with a mean PV
size z-score of -2.0 (-5.3, 1.3). After commissurotomy, the mean PV
size z-score was -0.93 (-3.25, 1.35). Nearly 78% of our study
population had a bicuspid PV at the time of repair. The median post-
PV commissurotomy annulus size was 8 mm, and less than half (44%)
of the patients required additional PV intervention. Almost half of our
patients (47%) had a z-score less than -2 and RVP less than 50% of
systemic pressure.

For one patient, it was believed that the valve could be
spared, so a VS procedure was attempted. However, by the end of
the procedure, the pressure in the right ventricle was systemic.
Echocardiogram further confirmed the presence of severe
hypoplasia at the annulus as well as the aforementioned gradient.
Therefore, it was decided to return to bypass and make a
transannular incision. This patient was not included in the present

analysis as they were converted to TA patch. In total, six patients

SIDDIQI ET AL
TABLE 1 Baseline characteristics at index surgery
Valve

Characteristic sparing (N =71)
Age, months 4 (0.75, 18)
Weight, kg 5.9 (3.1, 9.6)
Height, cm 59 (47, 79)
PV annulus size, mm 7.2 (4.4, 12)
Z-score -2 (-5.3, 1.3)
Post PV commissurotomy annulus size, mm 8 (5.5, 12)
Valve cusps 2.2(2,3)
Pre- or peri-operative palliative surgery

Yes 7 (10%)

No 63 (90%)
Additional pulmonary valve procedure

Commissurotomy, dilation with Hegar 31 (44%)

None 39 (56%)

Note: Continuous variables expressed as mean (range).
Abbreviation: PV, pulmonary valve.

(2, dysplastic valve + 4, small annulus) converted to TAP after

trying VS.

3.2 | Freedom from reintervention
and hemodynamics

Freedom from reintervention for PV including catheter procedure
and surgical valve replacement is displayed in Figure 1. Estimates of
freedom from PVR at 1, 3, 5, and 10 years were 95.8% (95%
confidence interval [CI] 91.2-100), 92.8%, (95% Cl 86.9-99.1), 91%
(95% Cl 84.3-98.2), and 77.8% (95% Cl 66.1-91.4), respectively. The
median time of follow-up was 6.28 years.

Approximately half of the patients (51%) had a z-score less
than -2. Cox regression results using this score as a cutoff found
comparable freedom from reintervention in the two groups: HR 1.41
(95% ClI 0.4-5), p =.59 (Figure 2).

Residual PS at the time of initial TOF repair, as measured by
RVOT flow acceleration echocardiography on intraoperative TEE, was
relatively higher in the reintervention group compared with no-
reintervention group (40 [28, 51] mmHg vs. 30 [22, 37] mmHg;
p =.088). Likewise, patients requiring reintervention had significantly
higher direct pressure measurement of the ratio for RV/Ao at the
initial TOF repair than those who did not (0.5 [0.5, 0.54] vs. 0.33
[0.33, 0.5], p =.02), which is shown in Figure 3.

There was limited change of the PV pressure gradient (PG) over
time across both groups (PV reintervention: -3 [-15, 8] mmHg vs. no-
reintervention: 0 [-9, 8] mmHg; see Figure 4). Using a cox regression
model, the risk of PV reintervention was 3.7-fold (95% CI 1.1-13)
higher when the PG from intraoperative echo is greater than
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FIGURE 1 Freedom from pulmonary valve reintervention. Freedom from reintervention was favorable. Ten-year freedom was 77.8%
(95% Cl 66.1-91.4). Median follow-up time was 6.28 years.
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FIGURE 2 Freedom from reintervention by z-score. Patients were divided into (1) z-score > -2 or (2) z-score < -2. Freedom from pulmonary
valve reintervention was statistically comparable between the two groups.
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FIGURE 3 Postoperative right ventricular
pressure (RVP) in pulmonary valve
re-intervention group and no reintervention
group. RVP after the operation was
significantly lower in patients who did not
require reintervention compared to those who
did. RV, right ventricle.
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FIGURE 4 Change in pressure gradient
(PG) between initial postoperative ECHO and
outpatient follow-up ECHO. The change in PG
was statistically comparable for patients who
required reintervention as well as those

who did not. ECHO, echocardiogram.
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45 mmHg (p = .04; Figure 5). Most patients (61.7%) had none to mild
regurgitation at follow-up.

Freedom from more than moderate pulmonary regurgitation
is displayed in Figure 6. The median follow-up time for echo-
cardiography was 5.44 years. The median time to event for patients
who experienced the endpoint was 6.48 years. Freedom from more
than moderate PS is shown in Figure 7. The median time to event for

patients who experienced the endpoint was 2.05 years.

4 | DISCUSSION

Overall survival after complete repair of TOF has significantly
improved over the last few decades (>90% 20-year survival), with
improvement of management especially preserving right ventricle

function.?° A recent study by Smith et al. found excellent survival in

Reintervention

patients undergoing simple TOF procedure, including 94.5% survival
at 25-year post-surgery.?! This is a dramatic improvement relative to
the 77% 30-year survival reported in 1986.22

One of the significant advancements in management over time
has been VS procedure to prevent PV insufficiency. Progressive PV
insufficiency caused by loss of integrity of PV annulus has been
shown to be the main culprit leading to adverse physiological
sequelae such as RV dilation, dysfunction, and mortality.>®> More
recent studies continue to prove that the PV annulus can be
preserved in a selective group of patients with favorable PV anatomy
with acceptable residual PS.1° However, preservation of PV function
without leaving significant PV stenosis continues to be the biggest
challenge in patients undergoing pulmonary VS repair. Whether
surgical approach has a large impact on clinical outcomes remains
controversial as studies such as that of Hickey et al. suggest that
surgery type (i.e., VS or TA patch) does not affect long-term mortality
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FIGURE 5 Freedom from reintervention by residual stenosis. Patients were divided into (1) residual gradient <45 or (2) residual gradient
>45. Freedom from pulmonary valve reintervention was significantly lower in the group with residual gradient >45.
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FIGURE 6 Freedom from moderate + regurgitation. The endpoint was defined as either moderate or severe pulmonary regurgitation.
Freedom from greater than moderate regurgitation was much lower than that of reintervention.
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FIGURE 7 Freedom from moderate + stenosis. The endpoint was defined as either moderate or severe pulmonary stenosis. Freedom from

greater than moderate stenosis was acceptable.

or reintervention.? The important question of “what is an accurate,
selective indication for pulmonary VS procedure?” remains. Expand-
ing indication for VS leading has led to increased PS. The latter is
strongly associated with the need for reintervention, so the answer to
this question grows ever more important. Patients receiving TA patch
are typically younger, and this may be related to the difficulty of VS
with a smaller valve. With improvements due to early PVR based on
MRI and smaller RV incisions by the trans-RA approach, patients may
better tolerate PR. In this case, TAP might be a superior alternative as
leaving PR without PS would be preferable to the PS caused by
aggressive VS. This may be particularly true of patients with a smaller
annulus.

The size of PV annulus has been an important factor for the
decision of TA or VS procedures. Awori et al. found that a pulmonary
annular z-score less than -1.3 was associated with a 25% chance of
gradient >30 mmHg.2> The impact of annulus size on postoperative
gradients is therefore important to ascertain due to its potential
impact on operative mortality and usefulness in deciding between TA
patch and VS. Kasturi et al. found that combining either pulmonary
annulus index or pulmonary annulus z-scores with main pulmonary
artery z-scores were the most accurate methods of predicting the
need for TA patch in a large sample of infants undergoing TOF
(n=84).2% Further supporting the value of z-scores in predicting
clinically relevant outcomes post-TOF, Borodinova et al.'s study of 58
patients undergoing TOF repair found that the RVOT z-scores less
than -3.2 strongly predicted (AUC=0.979) significant RVOT
obstruction post-surgery.?” Stephens et al.'s recent retrospective

study of TOF patients found no significant differences in PV annulus
z-scores between TA patch patients and those undergoing VS, with
z-scores in the latter decreasing from a mean of -2.3 to 1.2 on
follow-up.?® Choi et al.'s investigation of morphological and tissue
characteristics in determining the surgical approach for 62 TOF
patients found the shortcoming of using echocardiographic parame-
ters due to lack of the characterization of RV anatomy and PV. They
reported that the sensitivity was 55.0% and the specificity was 77.0%
if the z-score cutoff value of PV annulus for TA patch repair was set
as -2.0.%% These findings suggest that a z-score of -2 provides stable
VS outcomes with PV growth and low reintervention. We have
expanded PVS as shown in this study. 82% of TOF patients in our
study had a VS procedure compared to 46% reported by the STS
database.® Additionally, 31 of 61 patients with z-score data (51%) had
a value less than -2, achieved by acceptance of RVP less than or
equal to 75%. As a result of these factors, we have an increased rate
of VS procedure. Yet, we surprisingly found no differences in
freedom from reintervention between those with this small annulus
and those with larger sizes in our analysis (p =.59). This suggests that
z-score measured by preoperative echocardiogram is not the best
indication for VS versus TA patch, particularly given that echo-
cardiogram measurements underestimate size relative to what is
observed in the OR.

We found a strong correlation between intraoperative PG at
RVOT measured by TEE and likelihood of having a PV replacement in
our VS repair population. The risk of having PV replacement was
nearly four times higher when the intraoperative PG was greater than
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45 mmHg following a VS repair. We propose that the indication for
the conversion to TAP should be greater than 45 mmHg of peak
RVOT PG in intraoperative TEE after weaning bypass. A study by
Hickey et al. found that right ventricular systolic pressure less than
50 mmHg during repair is associated with a lower less of recurrent
stenosis.®® This threshold is similar to the value of 45mmHg
identified by our study. Consistent with our findings, Gellis and
colleagues found that a residual gradient 240 mmHg after balloon
dilation was associated with significantly shorter freedom from
reintervention—no patients in the no-reintervention group (n =20)
had a residual gradient above this threshold, while 36% of the
reintervention group (n = 14) did.3! Hennein et al. similarly identified
residual right ventricular outflow obstruction 240 mmHg as a risk
factor in their 1995 manuscript.3? In contrast, Blais and colleagues
recommend tolerating moderate residual stenosis in patients with
smaller pulmonary annulus undergoing VS repair, rather than
pursuing a TA patch procedure, based on their propensity score-
matched, retrospective analysis of a large TOF patient population
between 1980 and 2015.32 Thirty-year survival and reinterventions
were both lower in the VS group.

Overzealous pursuit of VS is an area of contention, with several
studies suggesting suboptimal outcomes. The acceptance of increased
risk of reintervention for outflow track obstruction in exchange for
long-term improvement in RV function is a trade-off that remains
uncertain, particularly as the ostensible benefit remains to be tested.®*
Lozano-Balseiro et al.'s study of the midterm results for VS suggests
that the increased frequency of the procedure was not without
compromise, as over 20% of patients developed significant pulmonary
regurgitation.>®

It has been suggested that intraoperative high RV to LV pressure
ratios due to RVOT obstruction may be associated with higher rates
of reintervention.®® We also found a strong association between high
intraoperative RVP and likelihood of having a PV replacement in the
future following a VS complete repair. In our study, 87.5% of patients
who had RVP greater than or equal to half system pressures had a PV
replacement intervention. Our findings suggest that RV pressure
should be less than half of systemic pressure, which is supported by
Bacha et al.'s determination of cutoff for the RV pressure as 50%.°

Furthermore, unlike some studies previously reported,®>” we did
not see any change in the PG over time in our study population
following initial complete VS procedure. This finding was consistent
in both study groups (PV reintervention vs. no-intervention group),
and it underlines the point that there is minimal improvement in PS
over time. While Boni et al.'s study showed a decrease in LV/RV ratio
at follow-up, there was no improvement in TEE PG which is
consistent with our results. The importance of PG is highlighted by
Latus et al.'s findings that a higher RVOT gradient was associated
with a composite endpoint of ventricular tachycardia and cardiac
death and PG > 25 mmHg predicted adverse cardiovascular events.*®
When viewed together, these prior studies combine with our results
to demonstrate the value of PG as an indicator, as it is both clinically

meaningful and not resolved on its own.
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4.1 | Limitations

This is a single-center retrospective study including a limited number
of data points. We thoroughly analyzed all surgical operative and
echocardiography reports to obtain pertinent data. Second, our study
population is still growing, and long-term outcomes should be

reported in future studies.

5 | CONCLUSION

In summary, based on our study to reconsider the indication of PVS
by reviewing the midterm outcomes of our expanded indication
of VS procedure for complete TOF repair, intraoperative decision to
convert to transannular patch is warranted if intraoperative post-
procedure TEE PG is greater than 45 mmHg or RV pressure is higher
than half of the systemic pressure to prevent reintervention.
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