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There is a paucity of cardiac surgery outcomes data for patients with Noonan
syndrome (NS). Our objective was to evaluate early results in these patients.
Between January 1999 and December 2015, 29 patients (18 males, 62%)
with NS underwent cardiac surgery at our institution. Mean age was 23 +
17.9 years; 12 (41%) were under 18 years of age. Fourteen patients (48%)
had prior sternotomies. The primary operations for the main diagnosis were
pulmonary valve/conduit replacement/repair (n = 14, 48%), septal myectomy
for obstructive hypertrophic cardiomyopathy (n=7, 24%), aortic valve
replacement/repair (n =4, 14%), atrial septal defect (ASD) repair (0 =2, 7%),
and cardiac transplantation (n =2, 7%). Concomitant procedures were per-
formed in 24 patients (83%), most commonly right ventricular outflow tract
reconstruction (n=13, 45%), mitral valve repair/replacement (n=7, 24%),
and ASD repair (n =6, 21%). Mean bypass and cross-clamp times were 88.8
4+ 51 minutes and 54.7 + 67 minutes, respectively. There was 1 early death
(8%). Postoperative morbidity occurred in 18 patients (62%), most commonly
arrhythmias (n = 14, 48%) or respiratory insufficiency/pneumonia (n = 6, 21%).
There were 2 early reoperations and 4 early readmissions. Univariate factors
associated with morbidity included male gender (P = 0.03) and longer cross-
clamp time (P = 0.02). Median length of hospital stay was 6 days (interquartile
range 5—10.5 days). Patients with NS frequently have multiple cardiac lesions
requiring a broad spectrum of operations. Early mortality is low despite proce-
dure complexity. Although early postoperative morbidity is common, patients
overall do well with reasonable hospital lengths of stay. Additional studies are
needed to evaluate long-term outcomes and quality of life.
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Septal myectomy approaches for biventricular
obstruction in hypertrophic cardiomyopathy.

Central Message

Patients with Noonan syndrome frequently
have multiple cardiac lesions and can undergo
complex cardiac surgery safely.

Perspective Statement

Noonan syndrome is the second most common
genetic syndrome associated with congenital
heart disease. Our study shows that complex
cardiac surgery to address multiple cardiac
defects can be performed safely with low early
mortality. A multidisciplinary approach to pre-,
intra-, and postoperative care is essential to
optimize outcomes.
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BACKGROUND

Noonan syndrome (NS) is the second most common genetic
syndrome associated with congenital heart disease. This auto-
somal dominant disorder has an incidence of 1:1000—2500
live births.” Over 80% of patients with NS have cardiac
involvement and the most common lesions are pulmonary ste-
nosis, atrial septal defects (ASD), and hypertrophic cardiomy-
opathy (HCM)."” Most patients have multiple congenital
cardiac defects that may require complex cardiac operations.'*
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The most common genetic anomaly in NS, found in 50% of
patients, is a germline mutation of the protein tyrosine phos-
phatase PTPN11.” This is associated with classic NS with fea-
tures of widely spaced eyes (hypertelorism), low-set ears, short
stature, and chest deformities. The PTPN11 mutation results in
the highest incidence of pulmonary stenosis and ASD.” The
other known NS genetic mutations are typically in Ras/mito-
gen-activated protein kinase pathway proteins, such as RAF1
and MRAS, which are both associated with HCM.”

Despite the strong association of NS with congenital cardiac
disease, there is a paucity of outcomes data for cardiac surgery
in these patients. Our objective was to evaluate the early results
of cardiovascular surgery in patients with NS, focusing on indi-
cations for surgery, the spectrum of cardiac operations and con-
comitant procedures, and risk factors for early morbidity and
mortality. This is the largest cohort of patients with NS and early
cardiac surgical outcomes data reported in the literature.

METHODS

Following approval by the Mayo Clinic Institutional Review
Board (July 20, 2017), the Mayo Clinic congenital and adult car-
diac surgery research databases were searched for patients with a
diagnosis of NS who had provided research authorization.
Between January 1, 1999, and December 31, 2015, there were
585 cardiac operations performed on patients with genetic syn-
dromes at the Mayo Clinic in Rochester, Minnesota. Patients with
a documented clinical (phenotypic) and/or genetic (genotypic)
diagnosis of NS prior to cardiac surgery were included. We
excluded patients with ambiguous (“possible diagnoses” noted in
the chart) or those with other concomitant genetic syndromes.

We identified 29 patients with NS who underwent cardiac
surgery. Data were extracted on demographics, cardiac diagno-
ses, related symptoms, comorbidities, types of primary opera-
tions (for the primary cardiac diagnosis) and concomitant
procedures (for additional cardiac lesions or diagnoses), early
morbidity and mortality (less than 30 days postoperatively
and/or in-hospital), and early readmissions. The techniques of
some of the individual surgical procedures were straightfor-
ward (ASD closure, aortic valve replacement, etc.) but the tech-
nique for myectomy, particularly biventricular myectomy, has
not been previously described and deserves further comment.

Technique of Left Ventricular Septal Myectomy

Transaortic extended septal myectomy is most effective for
left-sided basal septal hypertrophy with systolic anterior
motion-mediated left ventricular outflow tract (LVOT) obstruc-
tion and mitral regurgitation. The apical extent of the muscular
resection is crucial and should mirror the anterior mitral leaflet,
chordal apparatus, and papillary muscles. The size of the aortic
annulus dictates the feasibility of how far down into the ventricle
(ie, apical extent) the resection can be performed.

In situations when muscular resection in the mid-ventricle
cannot be safely reached from a transaortic approach, a concomi-
tant left ventricular (LV) apical ventriculotomy can be performed.
This is accomplished with a small LV apical incision lateral and

parallel to the left anterior descending coronary artery. A gener-
ous septal and free wall resection can be performed depending
on the degree of hypertrophy. The most important technical
maneuver is to avoid injury to the papillary muscles, which are
commonly displaced closer to the apex of the LV cavity. The pap-
illary muscles always arise from the free wall of the LV. Muscle
resection is initiated along the septum that is free of chordal
structures, and once intracavitary visualization is optimized,
additional resection is done on the anterolateral and posterolat-
eral free walls. Further resection can also be performed on hyper-
trophied papillary muscles. It is important not to perform
muscle resection along the ventriculotomy in order to minimize
the development of late apical aneurysm formation.

Technique of Right Ventricular Septal Myectomy

In contrast to left-sided myectomy, the strategy to relieve
right-sided obstruction is different. The approach to right-
sided myectomy includes a high right ventriculotomy begin-
ning just inferior to the pulmonary valve. The distal extent
down the anterior free wall of the right ventricle (RV) is deter-
mined by the extent of hypertrophy. Muscle resection through
the ventriculotomy along the RV free wall is straightforward;
care is taken to avoid injury to the tricuspid valve apparatus.
Only a limited resection on the right side of the ventricular sep-
tum can be performed since the chordal support of the tricus-
pid valve is present along the ventricular septum. The
combination of severe, diffuse hypertrophy of the RV free wall
and ventricular septum, in combination with a variable tricus-
pid subvalvar apparatus with attachments to both the free wall
and septum, make transatrial muscular resection rarely ade-
quate. Importantly, the ventriculotomy is closed with a patch
in order to completely alleviate and prevent recurrent right
ventricular outflow tract (RVOT) obstruction (see framed illus-
trations in Fig. 1). Figure 1 also summarizes the approaches
and areas of resection for right- and left-sided myectomies.

Statistical Analysis

Categorical variables are reported as frequencies with per-
centages and continuous variables are reported as mean =+
standard deviations or median (interquartile range). To test the
association of pre- and perioperative factors with presence of
postoperative morbidity, univariate logistic regression models
were used to determine odds ratios with 95% confidence inter-
vals and P values. The Kaplan-Meier method was used to esti-
mate survival at 1, 5, and 10 years. The reverse Kaplan-Meier
method (where death is considered censored) was used to
summarize the median follow-up time. All statistical tests were
two-sided with the alpha level set at 0.05 for statistical signifi-
cance. Analyses were carried out in SAS version 9.4M5 (SAS
Institute, Cary, NO).

Patient Population

Mean age of the patients was 23 £ 17.9 years (range:
2 months to 63 years) and 12 patients (41%) were under
18 years of age. The most prevalent preoperative symptoms
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Figure 1. Myectomy approaches (arrows) include transaortic (purple) and transapical (blue) for the LV, and transventricular (green) for the
RV. The associated areas of resection are shown with dotted lines. The framed illustrations show the transventricular right-sided
approach with patch reconstruction of the RVOT. (Color version of figure is available online at http://www.semthorcardiovascsurg.com.)

were fatigue (55%) and dyspnea (48%). None of the patients
had a documented diagnosis of hypertension, coronary artery
disease, or diabetes mellitus. Nearly half of patients had a prior
sternotomy prior to the study period (n = 14, 48%). Other rele-
vant comorbidities and preoperative information are outlined
in Table 1 and the primary cardiac diagnoses are shown in
Table 2.

Table 1. Patient Demographics and Preoperative
Comorbidities

Variable Frequency (%) or
Mean + SD
Age (y) 23.0+17.9
Male gender 18 (62%)
Premature* 4 (15%)
Arrhythmia 8 (28%)
History of stroke 2 (7%)
Previous sternotomy 14 (48%)
Ejection fraction (%) 65+10
Creatinine (mg/dL) 0.7+0.3
Hemoglobin (g/dL) 12.8+2.6

SD, standard deviation.
*Premature defined as born before 39 weeks’ gestation.

RESULTS

All patients had a median sternotomy and underwent hypo-
thermic or normothermic cardiopulmonary bypass with aortic
occlusion and cardioplegic arrest. Mean cardiopulmonary
bypass and aortic cross-clamp times were 88.8 & 51 minutes
and 54.7 & 67 minutes, respectively. The primary operations,
outlined in Table 3A, were defined as the main procedures per-
formed for patients’ primary diagnoses during the study period
at Mayo Clinic. Of the 29 patients, 24 (83%) required concom-
itant procedures, which are outlined in Table 3B. Concomitant
procedures included any operative intervention for secondary
diagnoses or additional cardiac lesions at the time of the pri-
mary operation.

There was 1 in-hospital death, secondary to multiple organ
failure. The patient was a 13-month-old child who was born at
29 weeks gestation with NS (RAFI missense mutation). The
patient was diagnosed with biventricular HCM and restrictive
cardiomyopathy, severe pulmonary stenosis, single coronary
artery arising from the right sinus, and transitional atrioventric-
ular septal defect (primum ASD and inlet ventricular septal
defect). Given the extent of the cardiac pathologies with restric-
tive cardiomyopathy, failure to thrive, failed balloon pulmo-
nary valvuloplasty, and single right coronary artery, the patient
underwent cardiac allotransplantation. The operation was
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Table 2. Preoperative Primary Cardiac Diagnoses

Table 4. Early Postoperative Morbidity

Diagnosis Frequency % Morbidity Frequency % Patients”

PV stenosis/regurgitation 15 52  Arrhythmia 14 48

Obstructive HCM 8 28  Respiratory 6 21

AV stenosis/regurgitation + aortopathy 4 14 Chylothorax 3 10

Atrial septal defect 2 7 Dialysis 3 10

AV, aortic valve; HCM, hypertrophic cardiomyopathy; PV, pulmonary Stroke 2 7
Pericardial effusion 2 7

valve/conduit.

uneventful but the child required significant inotropic support
for systemic vasoplegia. Despite adjusting inotropic support,
persistent and progressive vasoplegia with hypotension
occurred in the ICU and cardiac arrest ensued. The patient
required open cardiac massage several hours after transplanta-
tion and was placed on extracorporeal membrane oxygenation.
Renal and respiratory failure eventually developed and the care
team and the family decided to have extracorporeal circulatory
support withdrawn on postoperative day 49.

Two patients underwent delayed sternal closure. There were
2 early reoperations; 1 for sternal dehiscence and the other for
epicardial permanent pacemaker placement. Postoperative
morbidity was documented in 18 patients (62%) and subtypes
are shown in Table 4. Univariate analysis of pre- and periopera-
tive factors determined that male gender and longer cross-

Table 3. (A) Primary Operations, (B) Concomitant Procedures

Primary Operation Frequency % Patients
(n=29)

PV replacement/repair 14 48

Septal myectomy' 7 24

AV replacement/repair 4 14

Atrial septal defect repair 2 7

Cardiac transplant 2 7

Concomitant Procedure Frequency % Patients

(n=41) (n=29)*

RVOT reconstruction 13 45

MV replacement/repair 7 24

Atrial septal defect repair 6 21

Ascending aortic replacement 3 10

TV replacement/repair 3 10

Ventricular septal defect repair 2 7

Other operation 7 24

AV, aortic valve; MV, mitral valve; PV, pulmonary valve/conduit; RVOT,
right ventricular outflow tract; TV, tricuspid valve.

Primary operations are defined as the main operation performed during
the study period at Mayo Clinic for the primary cardiac diagnosis. A
total of 41 concomitant procedures were performed for additional diag-
noses/lesions at the time of the primary operation in 24 of 29 patients
(83%).

*The total of the percentages exceeds 100% because some patients
had multiple concomitant procedures.

"Two patients underwent biventricular myectomies.

Overall, 18 patients (62%) experienced some type of postoperative
morbidity. All 14 patients with arrhythmia had atrial arrhythmias and 3
also had ventricular arrhythmias. Respiratory complications included
respiratory insufficiency (prolonged ventilation) and/or pneumonia
(1 patient experienced both).

*The percentage refers to percentage of total patients and exceeds
100% as some patients had more than 1 type of morbidity.

Table 5. Risk Factors Associated With Early Morbidity

Predictor OR 95% CI P Value
Male gender 6.13 1.17-32.10 0.03
Cross-clamp time (per 10 min)  1.53  1.07-2.21 0.02
Age <18 5.63 0.94-33.76 0.06
Age (y) 0.97 0.93-1.02 0.25
Bypass time (per 10 min) 1.19 0.96-1.48 0.12
Previous sternotomy 0.36 0.08-1.72 0.20

Cl, confidence interval; OR, odds ratio.
Univariate logistic regression; P values <0.05 were deemed to be sta-
tistically significant.

clamp times were associated with higher frequency of postop-
erative morbidity (Table 5).

Median length of hospital stay was 6 days (interquartile range
of 5—10.5 days). There were 4 early readmissions that occurred
for the following indications: atrial fibrillation, ventricular tachy-
cardia, gastrointestinal bleeding, and unspecified abdominal
pain. In addition to early results, we determined late survival for
these patients. Median follow-up time was 5.3 years (interquar-
tile range of 1.8—13.0 years). Survival at 1, 5, and 10 years was
97%, 97%, and 80%, respectively (Fig. 2).

Of note, 1 patient required late cardiac transplantation. He
was a 51-year-old male with restrictive cardiomyopathy, end-
stage biventricular failure, and severe pulmonary stenosis with
associated severe RV hypertrophy. The patient initially under-
went pulmonary valvotomy with subtotal ASD closure at
8 years of age. Given the patient's progressing restrictive car-
diomyopathy, dyspnea with oxygen dependency, and severe
diastolic dysfunction with biatrial enlargement, the patient
subsequently underwent cardiac transplantation. The postop-
erative course was notable for early reoperation for sternal
dehiscence, pericardiocentesis for symptomatic pericardial
effusion, and temporary dialysis catheter placement for acute
renal failure. After resolution of these issues, the patient was
dismissed home on postoperative day 23 with improving renal
function and is alive 15 years after transplantation.
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Figure 2. Long-term survival is shown using the Kaplan-Meier method with 1-, 5-, and 10-year rates at 97%, 97%, and 80%,

respectively.

DISCUSSION

This study cohort is one of the largest groups of cardiac sur-
gery patients with NS and the largest with early outcomes data
analysis. The congenital heart defects in these patients may
require multiple cardiac procedures at the time of operation.
This study demonstrates that isolated and multiple cardiac sur-
gical procedures can be performed safely in this patient popu-
lation.

Limited data on results of interventions performed in
patients with NS are available elsewhere in the literature. In a
large retrospective review, patients with NS with pulmonic ste-
nosis had higher reintervention rates than patients without NS
who had undergone prior percutaneous balloon valvulo-
plasty." The authors attribute this to the dysplastic nature of
the valve. In addition, patients typically require RVOT recon-
struction (due to subpulmonic stenosis) in addition to pulmo-
nary valve intervention, which was concordant with our study
results.

Patients with NS, left ventricular hypertrophy, and LVOT
obstruction present with symptoms at an earlier age compared
to nonsyndromic patients with HCM.” A study from the Mayo
Clinic in 2015 evaluated 12 patients with NS and symptomatic
isolated LVOT obstruction.” In this earlier study, we concluded
that septal myectomy was safe and effective with improved
New York Heart Association functional class and successful
reduction in LV intracavitary gradients. In addition, we noted
that these patients with NS had more mitral valve interventions
due to structural mitral abnormalities. As a result, longer

bypass and cross-clamp times secondary to increased need for
papillary muscle bundle resection and concomitant mitral
valve repair were noted. In this current group of patients, the
indication for mitral valve intervention was most commonly
severe mitral regurgitation.

Another important observation in the 2015 study of patients
with NS was higher frequency of endocardial fibrosis (moder-
ate or greater) compared to nonsyndromic patients. This path-
ologic finding was correlated with higher mean grade of mitral
regurgitation. We suggested that subendocardial fibrosis was a
result of both shear stress forces from systolic anterior motion
at the point of mitral-septal contact and a more advanced
restrictive cardiomyopathy.

HCM in this patient population with NS presents other chal-
lenges, such as biventricular outflow tract obstruction,
increased likelihood of congestive heart failure at time of diag-
nosis, and increased incidence of other structural cardiac mal-
formations. In 1 series of 30 children with NS and HCM, 57%
had a second, coexisting congenital heart defect (compared to
2.5% in nonsyndromic HCM) and had an overall worse risk-
adjusted survival rate."'” When the diagnosis was made in
infancy (57% of NS-HCM patients present before the first year
of life), 1-year mortality rates exceeded 30% and more than
doubled when class TV heart failure was present.” In summary,
the authors reported that risk factors for mortality in NS and
HCM were the diagnosis of HCM in the first 6 months of life
and congestive heart failure at the time of diagnosis. In addi-
tion, they also emphasized that the higher prevalence of
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multiple congenital cardiac diagnoses in patients with NS (83%
in our study, which was even higher as we included patients
with HCM and other diagnoses as well).

Given the need to address multiple abnormalities in these
syndromic patients, especially when pathology involved both
ventricles, we anticipated longer bypass and cross-clamp times.
Importantly, most patients (83%) required multiple proce-
dures. Patients with pulmonary valve/conduit stenosis or
regurgitation most often required repair or replacement of the
pulmonary valve in addition to RVOT reconstruction. When a
septal myectomy was performed for HCM, all but 1 patient
required a concomitant procedure. This was most commonly a
mitral valve repair (for known mitral regurgitation preopera-
tively) and/or ASD closure. Four patients required operations
on the right side of the heart as well (1 tricuspid valve repair
for preoperative tricuspid valve regurgitation, 1 RVOT recon-
struction, and 2 biventricular myectomies). In general, we
make a concerted effort to offer conventional cardiac surgery
to address the structural defect(s) present, particularly when
obstructive lesions are the primary abnormality (eg, right- or
left-sided outflow tract obstruction). However, it is important
to be cautious when evaluating significant (isolated or concom-
itant) regurgitant lesions, as this may represent an underlying
restrictive cardiomyopathy that may be better treated with
transplantation.

In the current review, it is not surprising that morbidity was
more common relative to rates in nonsyndromic patients
undergoing congenital cardiac surgery. Reports in patients
with 22q11 deletion and DiGeorge syndrome demonstrated
longer mechanical ventilation times and hospital and ICU
lengths of stay, higher early reoperation rates, and more sub-
specialty consultations for noncardiac organ system dys-
function."'”"” Down syndrome has been associated with
longer ventilation times and ICU lengths of stay, but no signifi-
cant increase in early mortality rates.' " '°

As outlined in Table 4, over 60% of patients had some type
of postoperative morbidity, predominantly related to arrhyth-
mias or respiratory/pulmonary issues (prolonged ventilation or
pneumonia). The finding of increased atrial arrhythmias was
unexpected in this relatively younger patient population, in
contrast to older patients (greater than 70 years of age) where
atrial fibrillation, depending on the operation, can occur more
than 50% of the time.'” Whether this increased susceptibility
to atrial arrhythmias is related to some degree of diastolic dys-
function with atrial dilation is not clear. While the majority of
patients in our series were discharged on beta blocker therapy,
we are now more aggressive with the short-term use of periop-
erative amiodarone therapy in an effort to avoid early hospital
readmission for control of atrial arrhythmias. Despite a higher
incidence of atrial tachyarrhythmias and some episodes of pro-
longed ventilatory requirement, patients with NS overall did
well. The median hospital length of stay of 6 days was compa-
rable to congenital cardiac surgical patients without genetic
syndromes.

Limitations of Study

This study is a relatively small retrospective case series given
the focus on 1 genetic syndrome. Genotypic evaluation was not
performed on every patient and inclusion criteria relied on clinical
diagnosis of NS. Moreover, given the 17-year span of the study,
many of the patients were operated on prior to the discovery of
newer genes associated with NS and gene panels. Also, the results
from this case series should not be generalized to every healthcare
system. This study was conducted at 1 institution with a long,
experienced track record of medical and surgical expertise in
adult congenital heart disease, HCM, and the surgical procedures
performed, particularly septal myectomy. Finally, the importance
of an integrated, multidisciplinary approach to the care of this
patient population cannot be overemphasized and was present
throughout the duration of the study.

CONCLUSIONS

Patients with NS frequently have multiple cardiac lesions
that need to be repaired with a broad spectrum of operations.
Early mortality is low despite procedure complexity. Although
early postoperative morbidity is common in this relatively
younger population, patients overall do well with reasonable
hospital lengths of stay. Additional studies are needed to inves-
tigate long-term outcomes and quality of life.

SUPPLEMENTARY MATERIAL
The following is the supplementary data to this article:

Operative Technique

* Transaortic

* Transapical

« Transventricular (right)
* Biventricular myectomy
*RVOT reconstruction

o2

@

Video 1. This video highlights the importance of this study and
outlines the background, objectives, operative techniques dis-
cussed, and conclusions derived from the analysis.
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