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Abstract

Background: Complex patients requiring operations on the left ventricular outflow tract, aortic
valve, or thoracic aorta after previous repair of aortopathy constitute a challenging group, with
limited information guiding decision-making. We aimed to use our institutional experience to
highlight management challenges and describe surgical pearls to address them. Methods: Forty-
one complex patients with surgery on the left ventricular outflow tract, aortic valve, or aorta at
Cleveland Clinic Children’s between 2016 and 2021 following previous repair of aortic pathol-
ogy were retrospectively reviewed. Patients with known connective tissue disease or single ven-
tricle circulation were excluded. Results: Median age at index procedure was 23 years (range
0.25-48) with median of 2 prior sternotomies. Previous aortic operations included subvalvular
(n=09), valvular (n = 6), supravalvular (n = 13), and multi-level surgeries (n = 13). Four deaths
occurred in median follow-up of 2.5 years. Mean left ventricular outflow tract gradients
improved significantly for patients with obstruction (34.9 +17.5 mmHg versus 12.6 + 6.0
mmHg; p < 0.001). Technical pearls include the following: 1) liberal use of anterior aortoven-
triculoplasty with valve replacement; 2) primarily anterior aortoventriculoplasty following the
subpulmonary conus in contrast to more vertical incision for post-arterial switch operation
patients; 3) pre-operative imaging of mediastinum and peripheral vasculature for cannulation
and sternal re-entry; and 4) proactive use of multi-site peripheral cannulation. Conclusions:
Operation to address the left ventricular outflow tract, aortic valve, or aorta following prior
congenital aortic repair can be accomplished with excellent outcomes despite high complexity.
These procedures commonly include multiple components, including concomitant valve inter-
ventions. Cannulation strategies and anterior aortoventriculoplasty in specific patients require
modifications.

Operations to address the left ventricular outflow tract, aortic valve, or thoracic aorta are fre-
quent, and definitive correction often requires multiple re-interventions. Cardiac re-operation
has become more common as life expectancy of patients with CHD has increased due to
improvement of surgical imaging, techniques, and outcomes.!* However, multiple previous
repairs of challenging congenital pathology pose a series of unique anatomic, physiological,
and perioperative challenges that may increase incremental risk for mortality.’”
Furthermore, many of these patients have complex histories, multiple diagnoses, and pre-oper-
ative risk factors, defining a high-risk heterogeneous cohort that is difficult to study.>~> Other
factors including loss to follow-up and later presentation are increasingly recognised as detri-
mental to these patients’ risk profiles.® Therefore, cataloguing the scope of these anatomies and
procedures is critical in order to optimise outcomes in both the short and long term.

We recognised an opportunity given the integrated nature of our quaternary care centre that
cares for congenital patients from infancy to adulthood, to provide information regarding dis-
crete surgical strategies that may have the potential to reduce risk of re-operation and optimise
repair durability among this challenging population. Specifically, this case series was aimed to
accomplish the following three objectives: 1) characterise and group the majority of pathologic
entities among patients presenting for left ventricular outflow tract, aortic valve, or aortic sur-
gery after prior complex aortic intervention; 2) describe surgical approaches and techniques that
facilitate and expedite successful re-operations among these groups; and 3) trace time-related
outcomes and changes in relevant echocardiographic parameters over time.
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Patients with multi-level aortopathy undergoing left ventricular
outflow tract, aortic valve, or aortic operation between 2016 and
2021 at Cleveland Clinic Children’s or its affiliated hospital
Akron Children’s, following repair(s) of congenital aortic pathol-
ogy, were identified by retrospective chart review of institutional
operative records. All patients were operated on by the same group
of surgeons. These patients were identified as “complex” based on
documentation of complicated anatomy, multiple sternotomies,
operative challenges, or difficult re-operation type. Those with
known connective tissue disease (i.e. Marfan or Loeys-Dietz syn-
dromes) or single ventricle circulations were excluded. The oper-
ation targeting the left ventricular outflow tract, aortic valve, or
aorta within our study period is referred to as the “index” operation
in this study. We have elected to include all age ranges for this study
in order to maximise the number of patients for the study, and also
to describe the wide variation in surgical anatomy encountered.

In order to facilitate description of surgical approaches and
techniques amenable to specific, more frequently encountered
anatomies, patients were categorised based on the anatomic level
of aortic pathology that was surgically corrected in cardiac inter-
ventions prior to the index surgery. This categorisation was
selected to capture the status of each group’s aortic anatomy prior
to the index surgery. The groupings included post-subvalvular sur-
gery; post-valvular surgery; post-supravalvular surgery; and post-
multi-level surgery. "Multi-level" refers to operation(s) that tar-
geted a combination of subvalvular, valvular, and/or supravalvular
aortic pathology.

Data abstracted for each patient included pre-operative factors
included in the Society of Thoracic Surgery Congenital Heart
Surgery Database Mortality Risk Model,”® other co-morbidities
(e.g. hypertension, smoking history), prior cardiac surgical history,
and indication for index operation. Clinical data were collected
from review of pre-operative office evaluations, operative reports,
post-operative notes, and outpatient follow-up reports. Data relat-
ing to the index re-operation including pre-operative symptoms,
cardiopulmonary bypass time, aortic cross-clamp time, length of
hospital stay, and post-operative follow-up were also abstracted.
Surgical techniques used to address specific anatomic challenges
(i.e. cannulation strategies and re-do sternotomy), any unexpected
intraoperative findings, and technical manoeuvres specific to ana-
tomic entities, were catalogued in detail from the operative reports.
The Institutional Review Board approved this retrospective study
and waived the need for patient consent (IRB #20-168 approved on
2/11/2020).

Local echocardiographic data were collected and referenced to the
index surgery. Pre-operative, post-operative (closest to discharge),
and most recent follow-up echocardiogram reports were reviewed
to assess the haemodynamic status of the left heart structures over
time. Variables collected from each echocardiogram included out-
flow tract gradient, grade of systolic ventricular function, grade of
aortic valve regurgitation, grade of aortic valve stenosis, presence of
subvalvular left ventricular outflow tract obstruction, aortic pres-
sure half time, left ventricular end-systolic and end-diastolic
dimensions, posterior wall thickness, left ventricular end-systolic
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and diastolic volume, ejection fraction, left ventricular mass, aortic
annulus and aortic root diameters, maximum aortic dimension,
mitral valve mean gradient, mitral valve annulus diameter, grade
of mitral valve regurgitation, and grade of mitral valve stenosis.
Both mean and peak gradients were recorded, and left ventricular
volumes were recorded in both m-mode and four-chamber view.
In order to describe patients according to their predominant
hemodynamic lesions, we divided patients into two groups: 1) pri-
marily aortic regurgitation without obstruction defined as moder-
ate/severe aortic regurgitation with peak gradients <35 mmHgand
2) left ventricular outflow tract/aortic valve/aortic stenosis without
primarily aortic regurgitation.

Standard summary statistics appropriate for the normality of the
data were performed. Time-related survival and re-interventions
were traced by the Kaplan-Meier method. Line graphs were used
to demonstrate echocardiographic parameters at cross-sectional
time points. Paired t-tests compared pre- and post-operative echo-
cardiographic changes in relevant parameters over time. A p-
value <0.05 was considered significant.

Forty-one complex patients with biventricular circulation under-
went surgery to address the left ventricular outflow tract, aortic
valve, or aorta at our institution during the study period after prior
congenital aortic operation of any type. The post-subvalvular
group included 9 patients (22.0%), the post-valvular group
included 6 patients (14.6%), the post-supravalvular group included
13 patients (31.7%), and the post-multi-level group included 13
patients (31.7%). The most common complex operations prior
to index surgery included surgical aortic valve replacement/repair
(n = 16), subaortic resection (n = 10), arterial switch (n =7), Ross
(n=3), and truncus arteriosus repair (n = 3). Table 1 showcases a
summary of each group’s most common anatomies, prior opera-
tions, and current index surgery types. Supplemental Table S1
includes a more detailed description of each patient in this study.
Unspecified aortic valve replacement/aortic valve repair designates
isolated operation on the aortic valve. Several of the operation types
included in Table 1 and Supplemental Table 1 include multiple
other components of obstruction as follows: a modified Konno
procedure includes relief of subaortic stenosis while preserving
the native aortic valve, a Konno procedure includes anterior aortic
annulus enlargement and replacement of the aortic valve, a Konno-
Rastan procedure includes anterior aortoventriculoplasty and
replacement of the aortic valve with the aim of relieving all levels
of aortic obstruction, a Ross procedure includes replacement of the
aortic valve with the native pulmonary valve, a Ross-Konno pro-
cedure is a Ross procedure with the addition of enlargement of the
left ventricular outflow tract, and a Bentall procedure includes
replacement of the aortic root, valve and proximal ascending aorta.

A total of 96 re-interventions addressed cardiac pathologies up
to (and including) the index operation with a median pre-index
number of sternotomies of two per patient (range 1-6). Most
common indications for re-intervention were worsening aortic
valve regurgitation, recurrent aortic valve stenosis or left ventricu-
lar outflow tract obstruction, and biventricular dysfunction in the
presence of important obstruction or valve regurgitation. Table 2
describes age at index operation, follow-up time, and hospital
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Group

Cardiac diagnoses

Common prior surgeries

Common index surgeries

Post-subvalvular

)

SubAS w/o Shone’s (6)
Al (4)

Shone’s Syndrome (2)
AV Canal Defect (2)
Dilated AA (1)

BAV (1)

SubAS resection (7)

Modified Konno (3)

LVOT membrane resection (2)
AV canal repair (2)

SubAS resection (4)
Konno-Rastan (4)

Unspecified surgical AVr/AVR (2)
LVOT resection (1)

Aortoplasty (1)

Post-valvular (6)

Shone’s Syndrome (3)
BAV w/o Shone’s (2)

Unspecified surgical AVr/AVR (5)
Ross (2)

Unspecified AVr/AVR (2)
SubAS resection (2)

Al (2) ToF repair (1) Bentall (2)
ToF (1) Balloon aortic valvuloplasty (1) Konno-Rastan (1)
Dilated AA (1) Ross-Konno (1)
LVOT resection (1)
Post- Al (6) ASO (6) Unspecified surgical AVr/AVR/truncal valve
supravalvular (13) TGA (5) TA repair (3) replacement (5)
TA (3) RV-PA conduit (re)placement (3) RV-PA conduit (re)placement (4)
Dilated AA (5) Repair of LV to aortic tunnel (2) AA replacement (3)
DORV (2) AA replacement (1) SubAS resection (3)
Supravalvar AS (3) CoA repair (1) Aortoplasty (2)
SubAS (2) Supravalvar AS repair (1) Supravalvar AS repair (1)
Aorto-left ventricular Ozaki (1)
tunnel (1) Modified Konno (1)
Shone’s Syndrome (1) Bentall (1)
Post-multi-level Al (8) Valvular + Supravalvular (8) Konno-Rastan or reconstruction (7)

(13)

AS w/o Shone’s (6)
CoA w/o Shone’s (5)

Subvalvular + Valvular + Supravalvular (3)Subvalvular
+ Valvular (2)

Unspecified surgical AVr/AVR (4)
SubAS resection (2)

Shone’s Syndrome (3)
SubAS w/o Shone’s (3)
TA (2)

Dilated AA (2)

TGA (1)

Interrupted aortic arch

(1)

Bentall (2)
Hemi-arch or AA replacement (2)
RV-PA conduit replacement (2)

AA = ascending aorta, Al = aortic incompetence, AS = aortic stenosis, ASO = arterial switch operation, AVr = aortic valve repair, AVR = aortic valve replacement, CoA = coarctation,
DORV = double outlet right ventricle, LVOT = left ventricular outflow tract, RV-PA =right ventricle to pulmonary artery, TA = truncus arteriosus, TGA = transposition of great arteries, ToF =

Tetralogy of Fallot, w/o = without

Common diagnoses, prior surgeries, and type of index surgery are summarised for each group. Numbers in parentheses indicate the number of patients in each category and are not mutually
exclusive. Unspecified aortic valve replacement (AVR)/aortic valve repair (AVr) designates isolated operation on the aortic valve. Several of the operation types included in the above table may
address multiple other components of obstruction as follows: a modified Konno procedure includes relief of subaortic stenosis while preserving the native aortic valve, a Konno procedure
includes anterior aortic annulus enlargement and replacement of the aortic valve, a Konno-Rastan procedure includes anterior aortoventriculoplasty and replacement of the aortic valve with
the aim of relieving all levels of aortic obstruction, a Ross procedure includes replacement of the aortic valve with the native pulmonary valve, a Ross-Konno procedure is a Ross procedure with
the addition of enlargement of the left ventricular outflow tract, and a Bentall procedure includes replacement of the aortic valve as well as a component of the aortic root and/or aorta.

length of stay for index surgery for groups by level of aortic path-
ology targeted by prior operation(s).

Overall survival was excellent at 97.5%, 97.5%, and 90.0% at 3
months, 1 year, and 3 years, respectively (Fig 1). There was one
patient (2.4%) lost to follow-up and four total deaths (9.8%) in a
median follow-up time of 2.5 years after index surgery. One patient
died in the first month, after presenting in cardiac arrest but an
autopsy was not performed. Late deaths (3) after 3 years were sec-
ondary to cardiopulmonary infections. Specifically, late mortality
was due to sepsis from prosthetic aortic valve endocarditis (1),
multi-organ dysfunction with acute respiratory failure secondary
to bacterial pneumonia (1), and one unknown cause of death.
Four patients had complete heart block post-index surgery.
Eight patients required re-interventions after index operation, with
two patients having heart transplantation. Re-interventions
included incision and drainage of sternal wound after wound site
infection, excision of aortic and pulmonary valves following
Konno-Rastan due to endocarditis, re-do sternotomy for
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evacuation of a mediastinal haematoma, washout for chest cavity
thrombus, first-time tricuspid valve valvuloplasty with ring inser-
tion for severe tricuspid regurgitation, and mitral valve replace-
ment/tricuspid repair for moderate/severe mitral and tricuspid
regurgitation following Konno-Rastan.

The group with primary aortic regurgitation consisted of 12
patients, and the aortic stenosis group consisted of (n=29).
Mean gradients across the outflow tract improved significantly fol-
lowing index surgery for those with stenosis (34.9 £ 17.5 mmHg
versus 12.6+6.0 mmHg; p<0.001) (Fig 2a) (Supplemental
Table S2). Grade of aortic valve regurgitation similarly improved
from mainly moderate/severe grade pre-index surgery to none/
trivial/mild grade post-index surgery, as expected given that all
but one patient in this group had prosthetic aortic valve replace-
ments (Fig 2b) (Supplemental Table S2).

Overall, diastolic left ventricular diameters at discharge
decreased following index surgery (5.02+1.29cm versus
4.83 +1.27 cm; p =0.013). Similarly, median and full data range


https://doi.org/10.1017/S1047951122003936
https://doi.org/10.1017/S1047951122003936
https://doi.org/10.1017/S1047951122003936

2562

Table 2. Demographics and others.
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Pre-index number of sternoto-

Age at index surgery

Duration of hospital stay for index surgery Follow-up time

Group mies (years) (days) (years)
Post-subvalvular (9) 2 [1-3] 22 [8-36] 7.5 [5-24] 3.3 [1.4-6]
Post-valvular (6) 1[1-4] 32.5 [0.25-48] 8.5 [4-20] 2.4 [0.5-3.4]
Post-supravalvular 1.5 [1-3] 19 [0.4-33] 8 [2-233] 2 [0.1-5.5]
(13)

Post-multi-level (13) 3 [1-6] 24 [9-35] 8 [5-42] 2.9 [0.1-6.1]
Total (41) 2 [1-6] 23 [0.25-48] 8 [2-233] 2.5[0.1-6.1]

Median and range are recorded for pre-index number of sternotomies, age at index surgery, hospital duration for index surgery, and follow-up time for each group designated by level(s) of aortic

pathology targeted by prior operation(s).

1.0

Kaplan-Meier Plot

0.9

0.8

0.7

o
)

Survival Probability
© © © o o
- N w =y w

o
o

Fig. 1 Kaplan-Meier plot demonstrating the 0
survival probability of the entire cohort (Y-axis)
as a function of time (X-axis).

of left ventricular end-diastolic volumes at discharge decreased fol-
lowing index surgery (131.55 [6.4-217] versus 106.00 ml [1.2-
243.1]; p=0.041). Left ventricular ejection fraction decreased
slightly as well (57% + 15% versus 53% + 13%; p =0.015).

Technical manoeuvres were tailored to the unique pathology, and
our group utilised comprehensive pre-operative planning that was
multi-modal. Cross-sectional imaging using CT enhanced by 3D
virtual techniques was used to identify sternal re-entry and medi-
astinal anatomy as well as tailor aortic/left ventricular outflow tract
approaches. More recently, we have developed a three-dimensional
approach utilising pre-surgical cardiac computed tomographic
data of assessing gross anatomical structures related to the triangle
of Koch and left ventricular outflow tract in order accurately to
predict the location of the ventricular components of the conduc-
tion axis related to the aortic root and left ventricular outflow tract.
In our early experience applying this novel approach, our occur-
rence of conduction damage during these higher-risk procedures
has decreased below commonly reported incidences. Imaging of
the femoral and upper extremity arterial and venous systems were
routinely performed to identify, proactively, those patients who
were likely to require peripheral cannulation and/or placement
of endo-aortic balloon with peripheral retrograde cardioplegia
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cannula insertion. Meticulous dissection of para-aortic adhesions
enabled standard aortic cannulation in 34 patients; however, pro-
active peripheral cannulation strategies included one patient with
axillary, one patient with femoral, and one patient with multiple
peripheral arterial sites (Fig 3). Notably, due to the high number
of substernal adhesions, aortic calcification or body habitus, three
patients were cannulated in Zone 2 of the arch with a high cross-
clamp applied. Venous cannulation was performed in standard
bicaval or right atrium dual stage in 38 patients, peripheral cannu-
lation included femoral cannulation or multiple cannulation sites
in 1 patient each. Cardioplegia was delivered in the standard fash-
ion with majority of cases utilising both antegrade and retrograde
cardioplegia (35/40). Endo-aortic balloon was available, but not
used in lieu of aortic cross-clamping in this series.

In addition to the pre-operative planning of complex cannula-
tion and myocardial protection strategies, this patient population
often requires multi-level “definitive” left ventricular outflow tract
solutions. Our group also has utilised preferential use of anterior
aortoventriculoplasty with valve replacement for complex or
multi-level left ventricular outflow tract obstruction to adequately
address all levels of obstruction rather than using a modified
Konno approach or other posterior aortic annular enlargement
techniques. >'° In order to reduce the risk of heart block, we have
described directing the primary anterior aortoventriculoplasty left-
ward to the left ventricular apex, following the subpulmonary
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(@) Echocardiogram Measured Mean LVOT Gradient for Patients with LVOTO
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(b)
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Fig. 2 (a) Longitudinal trajectories of the measured echocardiographic mean gradient acriss the left ventricular outflow tract for patients at baseline (pre-index), discharge after
index procedure (discharge) and at most recent follow-up; (b) Orange histograms demonstrate the number of patients with different degrees of aortic regurgitation (AR) pre-
operatively and the green histograms demonstrate the number of patients in different degrees of AR postoperatively.

conus, for most anatomic pathologies, except for post-arterial
switch patients, in which this incision is more vertical.

Choice of valve prosthesis and anticoagulation strategy

In general, bioprosthetic aortic valve replacement has been the
preference at our centre for some time for adult patients, women
of childbearing age, albeit with known limitations of age-related
valve durability.!! We have previously demonstrated in-hospital
outcomes including stroke, infection, re-operation for bleeding
and risk-adjusted survival at 18 years (60% bioprosthetic, 58%
mechanical, p=.2) were similar between bioprosthetic and
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mechanical valves in a propensity-matched comparison of 527
patients.!! For young patients (and the notion of "young" is cer-
tainly not well-defined), we would encourage mechanical valve
placement with an On-X valve™ to lower the need for full antico-
agulation. Our anticoagulation strategy is to utilise antiplatelet
agents for 6 months following bioprosthetic aortic valve replace-
ment and warfarin for On-X valves to maintain an international
normalized ratio between 2 and 2.5 depending on other risk
factors.

Selection criteria and decision to offer the Ross procedure was
referring cardiologist, patient and, surgeon-specific, have been era
dependent at our centre. Initially after introduction, Ross was
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Fig. 3 Schematic demonstrating a complex cannulation and perfusion strategy used for one of the patients.

offered less selectively. Similar to other centres, we have become
more selective regarding patient suitability for the Ross procedure
which has been reflected in the improved survival at our centre
with no deaths since 2000. Our ideal patient for Ross procedure
includes younger patients (less than 55 years) with isolated aortic
stenosis versus aortic regurgitation (AR) or mixed aortic stenosis/
AR pathology, including patients with bicuspid valves and mildly
dilated roots. Moreover, we would recommend a Ross operation
for patients with good pre-operative functional status, though
there are no absolute exclusions in terms of age or clinical features.
Patients with a bicuspid aortic valve or predominant aortic regur-
gitation versus stenosis may have worse autograft durability over
time and are not favourable for the Ross procedure if the aortic
annulus and root or ascending aortic dilation are dilated or with
suspected aortopathy. The Ozaki procedure is gaining traction
at our centre as well. Shared decision-making with the patient
and the family are critical for any prosthesis choice, and this is rou-
tine before any selection for valve type is made.

Discussion

With improving survival after complex congenital cardiac surgery
over the last three decades, more patients are presenting for re-
operations. This case series specifically describes the clinical out-
comes of complex operations involving the left ventricular outflow
tract, aortic valve, or thoracic aorta after previous aortic opera-
tion(s) in this heterogeneous patient population. There are various
factors which make these procedures inherently high-risk. First,
patients may present with multiple previous operation as recur-
rence is common in subaortic and supra-aortic lesions.> Our
patients underwent 96 total re-interventions to address cardiac
lesions prior to (and including) index operation, with a median
number of two pre-index sternotomies per patient (range 1-6).
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Second, suboptimal relief of subaortic obstruction in previous
operations would automatically translate to a need for further
re-do interventions. Re-operations including those on the left ven-
tricular outflow tract from prior reports have shown 7-10% early
mortality and 24% incidence of major morbidity.>'? Small size of
the aortic annulus and limited accessibility due to anatomical fac-
tors also contribute towards the difficulty in achieving required left
ventricular outflow tract relief at an early age.!* Third, previous
repair of cardiac lesions, for example, transposition of great arteries
and truncus arteriosus, make approach to the left ventricular out-
flow tract, aortic valve, or aorta more challenging due to overlying
pulmonary arteries, coronary anastomoses or extra-cardiac con-
duits. Fourth, abnormal septal attachments of the mitral valve con-
tribute to left ventricular outflow tract obstruction in some patients
and may not have been fully addressed.'* Finally, this hetero-
geneous patient population represents a cohort at relatively higher
risk for atrioventricular block and need for permanent pacemaker
insertion compared to many other common CHD populations.'®

Despite these complexities, we have demonstrated excellent
outcomes for these patients with a survival of 97.5% and 90.0%
at 1 and 3 years, respectively, compared to other previous
reports.>!> Our approach towards this challenging group of
patients is to aim for adequate relief of obstruction at all levels.
We have favoured using anterior aortoventriculoplasty with valve
replacement using our modified incision to completely address
multi-level obstruction. This approach reduces the risk of heart
block as noted in our prior report detailing the Konno-Rastan
operation.!® Moreover, we have also found that anterior enlarge-
ment of the aortic annulus by aortoventriculoplasty is more versa-
tile than other conventional approaches because it also provides
direct exposure of the inter-ventricular septum and mitral valve.

We achieve septal enlargement by a leftward vertical incision to
avoid conduction tissue and use generous pericardial patches to
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achieve enlargement of the sub-valvular area and aortic annulus.
We use continuous sutures for patch placement and valve replace-
ment and use teflon pledgets at transition points. As anterior aor-
toventriculoplasy causes the left ventricular outflow tract to bulge
into the right ventricular outflow tract, the subpulmonary area
should also be enlarged antero-laterally by a generous pericardial
patch to avoid right ventricular outflow tract obstruction. Lastly,
maximising the prosthesis effective orifice area for the patient’s
body habitus is crucial to prevent patient-prosthesis mismatch
and early re-intervention; generous pericardial patch allows
enlargement of the right ventricular outflow tract to accommodate
the larger prosthesis.

In view of the lengthy nature of these procedures, we endeavour
to minimise cardiopulmonary bypass time by carrying out the
majority of dissection before administration of heparin. Pre-oper-
ative planning facilitated by non-contrast CT imaging of the medi-
astinum improves the safety of sternal re-entry,’” and we tend to
carry out most of the retrosternal dissection under direct vision
using a Rul-tract retraction system ™ before sternal opening. For
patients with porcelain aortic or sternovascular adhesions, femoral
and axillary cannulation sites were prepared pre-operatively.
Meticulous attention towards myocardial protection is also key
to achieve good clinical outcome, and we utilise both antegrade
blood cardioplegia combined with intermittent administration
of retrograde blood cardioplegia through direct cannulation of
the coronary sinus.

For those patients primarily with aortic valve disease, we have
adopted an approach complimented by cardiac CT for detailed
pre-surgical planning of aortic valve repair, reconstruction, and
replacement strategies.'® This has also allowed us better to address
our incidence of conduction damage and need for permanent pace-
maker insertion following these higher-risk surgeries. A large
multi-centre study reported incidences between approximately
5-15% depending on the complexity and need for subvalvular
manipulation.!”® Our current report cites an incidence of approx-
imately 10%, in keeping with reported values of this higher-risk
population. In applying a predictive approach of estimating the
location of the ventricular components of the conduction axis
and how they relate to the aortic root, we have had a 0% incidence
in our 13 most recent surgical cases although those cases were not
available for descriptive analysis in this study. This approach uses
understanding of the relationship of the triangle of Koch to the left
ventricular outflow tract; specifically, the inferior pyramidal space,
inferoseptal recess, crest of the muscular inter-ventricular septum,
and inferior margin of the membranous septum, and how variation
in these components relate to variation in the conduction axis. 1°-2!

Exposure to the aorta should be adequate even if it entails divi-
sion of overlying pulmonary arteries or in situ conduits. In cases of
previous arterial switch procedure in which a LeCompte was per-
formed, generally the right pulmonary artery lies anterior to the
aorta and division of the right pulmonary artery, dissecting it
off the coronary anastomoses carefully and swinging the main pul-
monary artery leftwards provides excellent exposure to the entire
aortic root. After completion of the aortic procedure, the right pul-
monary artery can be repaired by direct anastomosis or using a
patch angioplasty. Similarly, a right ventricle to pulmonary artery
conduit lying in front of the aorta, as frequently encountered in
previous truncus arteriosus repair or Ross procedure patients, is
often "due" for replacement due to important stenosis or regurgi-
tation, and total removal of the conduit greatly facilitates aortic
exposure.
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In summary, this study shows the spectrum of complex path-
ologies and anatomic entities we have encountered at our centre
necessitating re-operations to address the left ventricular outflow
tract, aortic valve, and proximal thoracic aorta. Although this is a
limited, heterogeneous population, we demonstrate several tech-
niques that can be employed to deal with frequent perioperative
challenges. Intermediate results are promising, and most impor-
tantly, outflow tract gradients appear to be stable following hospital
discharge, which may suggest long-term durability using our com-
prehensive approach.

There are inherent limitations to a descriptive case series, including
the heterogeneity of the included cohort, limited sample size, and
need for longer-term follow-up. We have outlined our own
approach to operative techniques for these patients, but further
studies are required to directly compare outcomes of our tech-
niques to those of other institutional approaches. Given that our
objectives were to highlight some of our operative techniques
for this complex cohort and showcase successful mid-term out-
comes, we have also elected to minimise statistical analysis.
Additionally, we recognise that including a broad age range makes
this cohort difficult to study given the differing considerations for
operations based on age group. However, we have elected not to
limit inclusion of patients by age in order to maximise the number
of patients included in the study and to be able to follow patients’
operation and re-operation types over time.

To view supplementary material for this article,
please visit https://doi.org/10.1017/S1047951122003936

We have no additional acknowledgements.

This research received no specific grant from any funding
agency, commercial or not-for-profit sectors.

Dr Tara Karamlou acknowledges a consulting relation-
ship with Edwards Lifesciences. The remaining authors have no other
disclosures.

1. Warnes CA. The adult with congenital heart disease: born to be bad? ] Am
Coll Cardiol 2005; 46: 1-8.

2. Berdat PA, Immer F, Pfammatter JP, Carrel T. Reoperations in adults with
congenital heart disease: analysis of early outcome. Int J Cardiol 2004; 93:
239-245.

3. Holst KA, Dearani JA, Burkhart HM, et al. Risk factors and early outcomes
of multiple reoperations in adults with congenital heart disease. Ann
Thorac Surg 2011; 92: 122-130.

4. Russell JL, LeBlanc JG, Sett SS, Potts JE. Risks of repeat sternotomy in pedi-
atric cardiac operations. Ann Thorac Surg 1998; 66: 1575-1578.

5. Elahi MM, Kirke R, Lee D, Dhannapuneni RR, Hickey MS. The complica-
tions of repeat median sternotomy in paediatrics: six-months follow-up of
consecutive cases. Interact Cardiovasc Thorac Surg 2005; 4: 356-359.

6. Dearani JA, Connolly HM, Martinez R, Fontanet H, Webb GD. Caring for
adults with congenital cardiac disease: successes and challenges for 2007
and beyond. Cardiol Young 2007; 17: 87-96.

7. O’Brien SM, Jacobs JP, Pasquali SK, et al. The Society of Thoracic Surgeons
congenital heart surgery database mortality risk model: part 1—statistical
methodology. Ann Thorac Surg 2015; 100: 1054-1062.

8. Jacobs JP, O’Brien SM, Pasquali SK, et al. The Society of Thoracic Surgeons
congenital heart surgery database mortality risk model: part 2—clinical
application. Ann Thorac Surg 2015; 100: 1063-1070.


https://doi.org/10.1017/S1047951122003936
https://doi.org/10.1017/S1047951122003936

2566

9.

10.

11.

12.

13.

14.

Roeser ME. The Konno-Rastan procedure for anterior aortic
annular enlargement. Oper Tech Thorac Cardiovasc Surg 2015;
20: 219-233.

Karamlou T, Pettersson G, Najm HK. Avoiding left ventricular outflow
tract obstruction after commando operation: a conversation between sur-
geons. Ann Thorac Surg 2022; 113: 2111. DOI 10.1016/j.athoracsur.2021.
06.010.

Attia T, Yang Y, Svensson LG, et al. Similar long-term survival after isolated
bioprosthetic versus mechanical aortic valve replacement: a propensity-
matched analysis. ] Thorac Cardiovasc Surg 2021; 164: 1444-1455.e4.
DOI 10.1016/j.jtcvs.2020.11.181.

Monro JL, Alexiou C, Salmon AP, Keeton BR. Reoperations and survival
after primary repair of congenital heart defects in children. J Thorac
Cardiovasc Surg 2003; 126: 511-519.

Hirata Y, Quaegebeur JM, Mosca RS, Takayama H, Chen JM. Impact of
aortic annular size on rate of reoperation for left ventricular outflow tract
obstruction after repair of interrupted aortic arch and ventricular septal
defect. Ann Thorac Surg 2010; 90: 588-592.

Garrett HE Jr, Spray TL. Accessory mitral valve tissue: an increasingly rec-
ognized cause of left ventricular outflow tract obstruction. J Cardiovasc
Surg (Torino) 1990; 31: 225-230.

https://doi.org/10.1017/5S1047951122003936 Published online by Cambridge University Press

15.

16.

17.

18.

19.

20.

21.

D. L. Tucker et al.

Romer AJ, Tabbutt S, Etheridge SP, et al. Atrioventricular block after con-
genital heart surgery: analysis from the Pediatric Cardiac Critical Care
Consortium. ] Thorac Cardiovasc Surg 2019; 157: 1168-1177.

Najm HK, Karamlou T, Ahmad M. Combined aortic and mitral annular
enlargement with fibrous skeleton reconstruction. Ann Thorac Surg
2021; 111: e177-€180.

Said SM, Dearani JA. Strategies for high-risk reoperations in congenital
heart disease. Semin Thorac Cardiovasc Surg Pediatr Card Surg Annu
20145 17: 9-21.

Tretter JT, Izawa Y, Spicer DE, et al. Understanding the aortic root using
computed tomographic assessment: a potential pathway to improved cus-
tomized surgical repair. Circul Cardiovasc Imag 2021; 14: e013134.
Tretter JT, Mori S, Anderson RH, et al. Anatomical predictors of conduc-
tion damage after transcatheter implantation of the aortic valve. Open
Heart 2019; 6: €000972.

Macias Y, Tretter JT, Sanchez-Quintana D, et al. The atrioventricular con-
duction axis and the aortic root—inferences for transcatheter replacement
of the aortic valve. Clin Anat 2022; 35: 143-154.

Tretter JT, Spicer DE, Sanchez-Quintana D, Back Sternick E, Farré J,
Anderson RH. Miniseries 1—Part III: behind the scenes in the triangle
of Koch. EP Europace 2022; 24: 455-463.


https://doi.org/10.1016/j.athoracsur.2021.06.010
https://doi.org/10.1016/j.athoracsur.2021.06.010
https://doi.org/10.1016/j.jtcvs.2020.11.181
https://doi.org/10.1017/S1047951122003936

	Surgical strategies to address re-operative complex left ventricular outflow tract and thoracic aortic pathology: Cleveland Clinic children's experience
	Materials and methods
	Patient inclusion & exclusion criteria
	Data collection
	Echocardiographic data
	Statistical analysis

	Results
	Survival and follow-up
	Echocardiographic variables
	Index surgery technical strategies
	Choice of valve prosthesis and anticoagulation strategy

	Discussion
	Limitations

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


