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BACKGROUND: Pectus excavatum is the most common chest wall deformity. There is still controversy about cardiopulmonary
limitations of this disease and benefits of surgical repair. This study evaluates the impact of pectus excavatum on the cardio-
pulmonary function of adult patients before and after a modified minimally invasive repair.

METHODS AND RESULTS: In this retrospective cohort study, an electronic database was used to identify consecutive adult
(aged >18 years) patients who underwent cardiopulmonary exercise testing before and after primary pectus excavatum repair
at Mayo Clinic Arizona from 2011 to 2020. In total, 392 patients underwent preoperative cardiopulmonary exercise testing;
abnormal oxygen consumption results were present in 68% of patients. Among them, 130 patients (68% men, mean age,
32.4+10.0 years) had post-repair evaluations. Post-repair tests were performed immediately before bar removal with a mean
time between repair and post-repair testing of 3.4+0.7 years (range, 2.5-7.0). A significant improvement in cardiopulmonary
outcomes (P<0.001 for all the comparisons) was seen in the post-repair evaluations, including an increase in maximum, and
predicted rate of oxygen consumption, oxygen pulse, oxygen consumption at anaerobic threshold, and maximal ventilation.
In a subanalysis of 39 patients who also underwent intraoperative transesophageal echocardiography at repair and at bar
removal, a significant increase in right ventricle stroke volume was found (P<0.001).

CONCLUSIONS: Consistent improvements in cardiopulmonary function were seen for pectus excavatum adult patients undergo-
ing surgery. These results strongly support the existence of adverse cardiopulmonary consequences from this disease as well
as the benefits of surgical repair.
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genital chest wall deformity with symptoms af-

fecting patients at different ages.! In many cases,
symptoms including dyspnea, tachycardia, dizziness,
and chest pain manifest during exertion and exercise.?
Some evidence suggests that symptoms may prog-
ress as the patient ages.® Adverse cardiopulmonary
effects of PE may be underestimated by many physi-
cians, in part because of the contradictory findings of
previously published data.?*°

Pectus excavatum (PE) is the most common con-

Patients frequently report subjective symptom reso-
lution and improvement in exercise tolerance following
surgical repair.%” However, there are few objective and
consistent publications documenting improvement in
cardiopulmonary function following surgical repair, es-
pecially on the ability to exercise.?*® The existing liter-
ature is inconclusive, hampered by small, statistically
underpowered patient cohorts, short- versus long-
term results, rest versus exercise studies, and incon-
sistent testing measures.?*
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CLINICAL PERSPECTIVE

What Is New?

e This study demonstrates that external cardiac
compression from the pectus excavatum de-
formity can cause negative cardiopulmonary
consequences.

e More than two thirds of adult patients studied
showed abnormal cardiopulmonary function
before undergoing surgical repair.

e A consistent improvement in cardiopulmonary
outcomes was demonstrated after the mini-
mally invasive repair of pectus excavatum.

What Are the Clinical Implications?

e Pectus excavatum is not merely a cosmetic
disorder and symptomatic patients should
be thoroughly evaluated to assess cardiopul-
monary deficits associated with the cardiac
compression.

e When cardiopulmonary implications are sus-
pected or detected, surgical correction should
be considered to provide functional benefits.

Nonstandard Abbreviations and Acronyms

CPET cardiopulmonary exercise testing

HI Haller index

MIRPE minimally invasive repair of pectus
excavatum

PE pectus excavatum

TEE transesophageal echocardiography

VO, max maximum rate of oxygen
consumption

Cardiopulmonary exercise testing (CPET) is an es-
tablished clinical tool for evaluating exercise capacity
and provides assessment of the integrative exercise re-
sponses involving the pulmonary, cardiovascular, and
skeletal muscle systems.? Data documenting improve-
ment in CPET outcomes in the pediatric PE population
after surgery are compelling®'®; however, it is unclear
if adult patients would equally benefit from surgery.'?

Our previous studies using intraoperative transe-
sophageal echocardiogram (TEE) showed significant
and immediate improvements in anatomic and func-
tional cardiac parameters following pectus repair (in-
cluding right and left ventricular dimensions, stroke
volume, and speckle tracking strain).'®'* This study
was performed as a next step to evaluate the effects of
PE on cardiopulmonary function and exercise in adult
patients, and to assess whether a minimally invasive
“Nuss” surgical repair (MIRPE) offers significant benefit.
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METHODS

Study Design, Data Sources, and
Population

A retrospective cohort study was designed including
patients identified in an electronic database at a sin-
gle institution (Mayo Clinic, Phoenix, AZ). Consecutive
adult patients (aged >18 years) with PE who underwent
MIRPE between January 1, 2011 and December 31,
2020 and who underwent pre- and postoperative CPET
performed at our institution were included. Patients
with only preoperative CPET were used to identify the
prevalence and severity of PE-related cardiopulmonary
compromise. Exclusion criteria included patients un-
dergoing revision surgery rather than primary repair;
patients with additional conditions other than PE (pul-
monary, cardiovascular, and musculoskeletal diseases)
that could affect CPET results; patients with CPET eval-
uations performed with non-standardized protocols or
at other institutions; or patients who experienced post-
operative complications that could affect cardiopulmo-
nary function.

Electronic medical records were used to collect
baseline demographic characteristics, pre-, intra-,
and postoperative testing, surgical information, and
postoperative complications. Pre- and postoperative
CPET outcomes were compared. Prespecified sub-
group analysis of changes in the percentage of pre-
dicted maximum rate of oxygen consumption (VO,
max) was stratified according to demographic char-
acteristics, anatomical PE indices as assessed by
cross sectional imaging, and cardiopulmonary basal
parameters. Institutional review board approved ret-
rospective review of patients’ medical charts and
studies as well as the waiver of informed consent. The
data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

Surgical Procedure

Surgical correction of PE was performed using a modi-
fied minimally invasive “Nuss” procedure as previously
described.”® The indications for surgical repair included
Haller index (HI) >3.25; Correction index >20%; sig-
nificant or progressing cardiopulmonary symptoms,
and/or evidence for right heart compression.'s-""
Intrathoracic pectus bars were recommended for re-
moval 3 to 3.5 years following surgery.'®

Cardiopulmonary Exercise Testing

The predicted values for CPET parameters were based
on age, sex, height, and weight. Both CPET and sur-
gery were performed at a single institution/surgeon
(D.E.J.). Cardiopulmonary tests were performed with
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the same equipment and identical protocols during the
entire study period.

Incremental exercise tests were performed using a
calibrated electromagnetically upright cycle (Corival,
Lode, Groningen, The Netherlands) with a non-invasive,
photo-acoustic  gas-rebreathing analyzer (Ultima
Series, MGC Diagnostics Corporation, Saint Paul,
MN). Surface electrocardiography, blood pressure
measurements, pulse oximetric signals, and end-tidal
CO, tracing were monitored during the entire study. A
standardized 1-minute step protocol at 25 W/min was
used. The participants were asked to pedal at a steady
pace of 60 rpm. Maximal incremental exercise was per-
formed until exhaustion. Peak exercise was defined as
the highest work level reached during the incremental
exercise test. CPET results were defined as abnor-
mal (VO, max <80% of predicted) or normal (VO, max
>80% of predicted).

Before and After Correction TEE Image
Analysis

When available, intraoperative TEE image analysis was
performed. Digital images stored on the institutional
server were retrieved and displayed in an image viewer
(FUJIFILM, Indianapoalis, IN). Measurements were made
using electronic calipers. For 2-dimensional images and
for Doppler, an average of 2 measurements was used.
All patients were in sinus rhythm and all measurements
were performed by a single experienced observer
(J-M.F). Right ventricular stroke volume was assessed by
pulsed-wave Doppler of the right ventricle outflow tract
in the deep transgastric view with as parallel alignment
to right ventricle outflow tract as possible. Velocity time
integral and right ventricle outflow tract diameter were
used to measure right ventricle stroke volume at the time
of MIRPE (before sternal elevation) and at the time of bar
removal.

Statistical Analysis

Statistical comparison between preoperative and
postoperative results was performed using Student
paired t-test for continuous variables and McNemar
test for categorical variables comparison. Statistical
comparison between baseline results of patients with
and without postoperative tests was done using inde-
pendent sample t-test for continuous variables and x2
for categorical variables. To determine or evaluate the
association between independent variables (baseline
computed tomography and magnetic resonance imag-
ing findings) and the dependent variable (improvement
in VO, max outcomes, with a binary variable created
to indicate whether or not there was an improvement
in the percentage of predicted VO, max) binary logistic
regression was performed.
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Statistical analyses were conducted using IBM
SPSS Statistics, version 25.0 (IBM Corporation,
Armonk, NY). Data were presented as mean+SD for
continuous variables and frequencies and percent-
ages for categorical variables; P values of <0.05 were
considered statistically significant for all analyses.

RESULTS

Study Participants

A total of 392 patients underwent preoperative CPET
at our institution; baseline characteristics and preop-
erative CPET results are depicted in Table 1. A high
proportion of patients (68%) had abnormal preopera-
tive VO, max results.

Among patients with a preoperative CPET, 130
(68% men, mean HI 4.7+2.5, mean Correction index
36.7+13.8%) underwent postoperative CPET and were
included in the cohort. Postoperative tests were per-
formed at evaluations immediately before bar removal
procedure. In this cohort group, preoperative symp-
toms included dyspnea (96%), difficulty keeping up
with peers (84%), palpitations (72%), and syncopal ep-
isodes (4%). A large proportion of patients (91%) noted
progression of symptoms as they aged. Mean time be-
tween MIRPE and post-repair CPET was 3.4+0.7 years
(range, 2.5-7.0). Two bars were placed in 69% of pa-
tients and 3 bars in 31%.

Among cases not completing a postoperative
test, 184 patients (184/262, 70.2%) did not undergo
the bar removal procedure by the end of the study
period and 78 patients (78/262, 29.8%) underwent
a bar removal procedure during the study period
but declined to undergo a postoperative CPET eval-
uation because of personal reasons that included
costs, timing constraints, scheduling conflicts,
and insurance issues. Comparison of preoperative
CPETs results between patients who underwent a
postoperative CPET and those who did not can be
found in Table S1.

Comparison Between CPET Outcomes
Before and After Surgical Repair

A significant postoperative improvement in all CPET
parameters was noted (Table 2), including an increase
(P<0.001 for all the comparisons) in the relative VO,
max, absolute VO, max, O, pulse, VO, at anaerobic
threshold, and maximal ventilation. Forty patients (31%)
had normal VO, max values preoperatively, whereas 76
postoperative patients (58%) showed normal VO, max
values (P<0.001 for the comparison). Both in preopera-
tive and postoperative tests mean respiratory exchange
ratio was >1.15 (Table 2). A significant improvement in
the percentage of predicted VO, max value was found
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Table 1. Baseline Characteristics and Cardiopulmonary
Exercise Testing Results of 392 Patients Undergoing
Preoperative Cardiopulmonary Evaluation

n=392
Sex, n (%)
Men 267 (68.1%)
Women 125 (31.9%)
Age, y 31.0+9.8
Height, cm 178.4+8.9
Weight, kg 72.5+26.1
Body mass index, kg/m? 22.7+8.5
Anatomical parameters
Haller index 4.6+2.2
Correction index (%) 35.4+14.1
Preoperative CPET
Estimated METS 9.2+1.8
Actual METS 7.6+1.8
Work, W 167.9+45.8
Work (W per kg body weight) 2.3+0.6
RER 1.2+0.1
DBP at rest, mm Hg 80.4+10.3
DBP at peak exercise, mm Hg 83.5+12.0
SBP at rest, mm Hg 121.5+14.5
SBP at peak exercise, mm Hg 163.6+£25.9
Heart rate at rest, bpm 90.4+£15.2
Maximum heart rate, bpm 161.6+16.1
VE/VCO, slope 27.6+4.9
VO, max
Relative VO, max, mL/kg per 26.5+6.2
min
Relative VO, max/predicted, % 73.6+15.8
% of patients with abnormal 67.9%
VO, max results
O, pulse
O, pulse, mL/beat 11.7+3.5
O, pulse/predicted, % 86.0+17.3
% of patients with O, pulse 34.4%
values <80% of predicted
Anaerobic threshold
VO, at anaerobic threshold, 15.8+5.0
mL/kg per min
Peak ventilation
VE BTPS, L/min 67.2+£19.5
VE BTPS/predicted, % 43.4£14.0

CPET indicates cardiopulmonary exercise testing; DBP, diastolic blood
pressure; RER, respiratory exchange ratio; SBP, systolic blood pressure;
VE BTPS, ventilation at body temperature ambient pressure, saturated;
VE/VCO, slope, slope of the relationship between ventilation and carbon
dioxide output from start of exercise until the respiratory compensation point
if reached; VO, max, maximum rate of oxygen consumption; and W, Watts.

across all prespecified subgroups, including patients
with pre-operative normal VO, max values and HI <3.25
(Table 3).
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TEE Evaluation Before and After
Correction in a Subgroup of Patients
Thirty-nine patients had intraoperative TEE imaging
available for both MIRPE and bar removal and were
included in a subanalysis of CPET results and TEE
findings (Figure). Mean time between intraoperative
TEE performed at the time of MIRPE and during bar
removal was 3.4+0.6 years (range, 2.8-5.5). In this su-
banalysis the significant improvement in postoperative
CPET outcomes was supported by a significant in-
crease in right ventricle velocity time integral and stroke
volume at the time of bar removal when compared with
presurgical assessment (Table 4).

Association Between Baseline
Characteristics and CPET Results

The association between cardiopulmonary outcomes
and baseline anatomical indices as assessed by cross-
sectional imaging was investigated. Inspiratory imaging
was performed in all the patients, with end-expiratory
imaging available in 85 (65%) of the 130 patients in the
cohort. No significant association (P>0.05 for all as-
sociations) was found in a univariate analysis between
the improvement in VO, max and anatomical variables
(HI, Correction index, sternal tilt, or cardiac compres-
sion index) (Table 5).

DISCUSSION

Opinions differ on whether patients with PE suffer car-
diopulmonary limitations.?4® This controversy affects
referral of patients for evaluation to centers experienced
with this disease and impacts the ability to obtain in-
surance coverage for surgical correction. The National
Health Service, the publicly funded healthcare system
of the United Kingdom, has recently made the deci-
sion that treatment for PE will no longer be funded,'®
adversely impacting the quality of life for patients suf-
fering cardiopulmonary limitations.19-2"

The debate about whether surgical PE repair pro-
vides cardiopulmonary improvement remains unset-
tled owing to the limitations of previous work in this
area, including small underpowered studies showing
contradictory results and the use of heterogeneous
diagnostic methods and outcomes to determine the
presence of cardiopulmonary deficits.>* Our previ-
ous studies examining >160 patients who underwent
intraoperative TEE showed significant and immediate
improvements in anatomic and functional cardiac pa-
rameters following repair.'®™* The TEE improvement in
adults aged >30 years was also striking with a >65%
increase in right ventricular output seen following sur-
gical PE correction.® Others have reported similar pos-
itive outcomes by TEE, and improvement in cardiac
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Table 2. Cardiopulmonary Exercise Testing Results Comparison Before and After Pectus Excavatum Repair (n=130)

P value (95% CI for the
Variable Preoperative CPET Postoperative CPET difference)
Demographics
Age, y 32.4+10.0 35.5+14.2
Weight, kg 72.8+15.4 75.3+15.4 <0.001 (1.3t0 3.5)
Body mass index, kg/m? 22.5+3.6 23.0+3.5 0.002 (0.21t0 0.9)
Maximum workload
Estimated METS 9.4£1.5 9.7£1.7 0.032 (0.02 to 0.50)
Actual METS 7.4+1.7 8.1+2.0 <0.001 (0.5t0 1.0)
Work, W 174.5+44.8 185.2+441 <0.001 (5.9 to 15.5)
Work (W per kg body weight) 2.410.5 2.5+0.5 0.040 (0.0to 0.1)
Heart rate at rest, bpm 90.8+13.9 83.4+15.3 <0.001 (4.8 t0 10.0)
Maximum heart rate, bpm 161.6+15.4 164.7+14.3 0.013 (0.6 t0 5.4)
RER 1.22+0.1 1.24+041 0.029 (0.0to 0.1)
DBP at rest, mm Hg 82.1+10.7 78.9+8.8 0.003 (1.1 to 5.4)
DBP at peak exercise, mm Hg 84.4+11.9 83.8+11.7 0.600 (-2.8to 1.7)
SBP at rest, mm Hg 124.9+14.7 123.6+13.6 0.376 (-4.4 to 1.6)
SBP at peak exercise, mm Hg 164.5+26.2 180.6+26.7 <0.001 (11.7 to 20.3)
VE/CO, slope 27.0£5.2 26.1+3.5 0.075 (-1.9t0 0.1)
VO, max
Relative VO, max, mL/kg per min 25.9+6.0 28.5+7.0 <0.001 (1.6 t0 3.5)
Relative VO, max/predicted (%) 72.8+15.4 84.2+20.6 <0.001 (8.6 to 14.1)
Absolute VO, max, L/min 1.9+0.6 2.1+0.6 <0.001 (0.2t0 0.3)
Normal VO, max values (n) 30.8% (40) 58.5% (76) <0.001
O, pulse
O, pulse, mL/beat 11.7+3.6 12.9+3.7 <0.001 (0.8 to 1.6)
O, pulse/predicted, % 84.5+16.9 94.3+21.4 <0.001 (6.9 to 12.6)
Anaerobic threshold
VO, at anaerobic threshold, mL/kg 14.6+4.3 16.9+6.4 <0.001 (1.2t0 3.3)
per min
Maximal ventilation
VE BTPS, L/min 67.5+18.8 73.3+17.7 <0.001 (8.1t0 8.4)
VE BTPS/predicted, % 39.2+9.8 48.7+12.4 <0.001 (7.6 to 11.5)

DBP indicates diastolic blood pressure; METS, metabolic equivalents; RER, respiratory exchange ratio; SBP, systolic blood pressure; VE BTPS, ventilation at
body temperature ambient pressure, saturated; VE/VCO, slope, slope of the relationship between ventilation and carbon dioxide output from start of exercise
until the respiratory compensation point if reached; and VO, max, maximum rate of oxygen consumption.

magnetic resonance imaging functional parameters
has also been reported 1 year after PE repair.?>?3
Nevertheless, validation of anatomical and functional
imaging parameters using direct physiological assess-
ment, such as CPET, is important. This study was per-
formed to take the next step in documenting gains in
exercise function following surgical PE correction.
CPET is an established diagnostic test capable
of determining exercise capacity and providing infor-
mation about pulmonary and cardiovascular systems
function. Therefore, it is an appropriate method to as-
sess the physiologic impact of PE and the potential im-
provement in deficits following surgical correction.®2*
Although some studies have showed no changes
or only mild improvements in CPET results following

J Am Heart Assoc. 2022;11:022149. DOI: 10.1161/JAHA.121.022149

surgical repair,?>2® most studies have shown postsur-
gical improvement in cardiopulmonary parameters in
pediatric patients.®°

Compared with pediatric patients, the cardiopulmo-
nary impact of PE surgical repair in adult patients is
less well studied. In our study, 68% of the 392 adult
patients with preoperative evaluations had measurable
cardiopulmonary deficits. In the 130 patients with post-
repair CPETs, a significant improvement was seen in
all cardiopulmonary parameters. To the best of our
knowledge, only 2 related publications have addressed
the physiologic impact of PE surgical repair in adult
population."? An underpowered prospective study
showed a non-significant trend towards improvement
in VO, max in 15 patients following MIRPE."" A second
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Table 3. Changes in Percentage of Predicted Relative VO, Max According to Prespecified Subgroup Analysis

Preoperative % of predicted Postoperative % of predicted P value (95% Cl for the

Subgroup VO, max VO, max difference)
Sex

Women 75.4+15.3 90.4+17.0 <0.001 (10.7-19.2)

Men 71.6+15.5 81.4+21.6 <0.001 (6.2-13.2)
Age, y

<32 68.5+13.7 79.3+19.8 <0.001 (6.4-15.0)

>32 77.0+16.0 89.0+20.4 <0.001 (8.5-15.6)
Inspiratory Haller index

>3.25 721+15.1 83.3+20.2 <0.001 (8.3-14.2)

<38.25 76.8+17.1 88.9+22.5 0.005 (4.0-20.9)
Basal % of predicted VO, max

Abnormal (<80%) 64.8+9.3 77.4+17.0 <0.001 (9.2-15.8)

Normal (=80%) 90.8+10.7 99.6+19.9 0.001 (3.8-13.8)

VO, max indicates maximum rate of oxygen consumption.

prospective study including 70 patients documented
significant improvements in CPET parameters follow-
ing surgical repair using an open modified Ravitch pro-
cedure.”? In at least 1 study, the Nuss procedure has
been associated with greater pulmonary function im-
provements following bar removal compared with the
Ravitch procedure.?” Because there is a greater loss of
chest wall pliability associated with the Ravitch proce-
dure as compared with the Nuss procedure, the Nuss
procedure has been proposed as the superior method
of surgical PE correction.?”?8 In addition, this improved
chest wall pliability may contribute to the significant im-
provements detected by CPET despite the presence of
the intrathoracic bars in our study.

Our post-repair CPETs were performed before bar
removal. The presence of 2 (69%) and 3 (31%) intratho-
racic bars may have significantly limited the physiologi-
cal improvements detected in our patients, and further
improvements may be possible with CPET evaluations
performed at 6 months to 1 year after bar removal.
In this investigation, the percentage of patients who
reached normal VO, max values increased significantly
after surgical correction (31% before surgery versus
58% after surgery, P<0.001). Nevertheless, nearly half
of patients did not reach normalization while their bars
were still in place. Our study found consistent CPET
improvements in both younger adults (aged <32 years)
and older adults (aged >32 years) suggesting that PE
correction may be equally beneficial to older patients.
Although it is possible that some level of incomplete re-
covery occurs because of structural damage resulted
from long periods of cardiac compression and/or dis-
placement caused by the PE defect, the improvements
seen in all age groups argued against this. Whether or
not further improvements in CPET parameters may be
realized at longer term evaluation following bar removal
remains a subject for future investigation.

Another important finding in the subgroup analyses
was the significant improvement in the percentage of
predicted VO, max even in patients with apparently
normal preoperative cardiopulmonary function (95%
were symptomatic). Therefore, even patients with pre-
operative normal CPET parameters should be consid-
ered for repair if symptoms or other factors support
surgery.

In a subset of patients undergoing CPET before
and after surgical repair and with intraoperative TEE
imaging available both at the time of MIRPE and at bar
removal, there was a significant increase in TEE car-
diac functional parameters at the time of bar removal.
These improvements parallel the physiologic benefits
assessed by CPET, further support the implications
of our findings, and support the observations of pre-
viously published TEE studies in this population.'314:22

The relationship between anatomic parameters as-
sessed by cross-sectional imaging and cardiopulmonary
impact is controversial. Some investigators found that
anatomical variables, such as HI, Correction index, ster-
nal tilt, or the site of maximum compression may predict
the adverse physiologic impact of PE on cardiopulmo-
nary function.?®=%2 In contrast, other reports found no
association between cross-sectional indices and cardiac
function.’®33 In our study, an association between the
preoperative cross-sectional imaging anatomic parame-
ters and the improvement in VO, max was not detected,
probably as a result of the wide heterogeneity of PE mal-
formations (including differences in the depth of the de-
pression, location of the site of maximum depression, and
severity of heart displacement)* which may contribute to
the inability of standard imaging indices to consistently
capture the severity of the adverse physiological impact
of PE. Based on our data, we suggest that the approach
to assessment of PE severity should not be based on a
single diagnostic test or parameter, which clearly carries
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Figure. Forty-two-year-old male patient with severe pectus excavatum presenting dyspnea and chest pain.

A, Front photo of the patient before repair. Note the sternal depression and the distorted anatomy of the chest wall. B, Axial chest
computed tomography through the site of maximal posterior sternal displacement shows focal compression of the base of the
right ventricle and the tricuspid annulus with leftward displacement of the heart (inspiratory Haller index 4.4). C, Intraoperative
transesophageal echocardiography images show compression at the tricuspid annulus and at basal level of the right ventricle before
sternal elevation. D, Complete release and improvement of tricuspid annulus and right ventricle diameters after Nuss repair, which
correlated with an improvement in VO, max at postoperative cardiopulmonary exercise testing (from 23.80 to 27.40 mL/kg per minute).

implications given that specific anatomical parameters,
such as Hl, are used as criteria for surgical intervention
insurance coverage.®® Indeed, our study shows that the
surgical eligibility HI threshold of >3.25 did not segregate
patients who experienced physiologic improvement as
assessed by the percentage of predicted VO, max fol-
lowing surgery, from those who did not.

The strengths of this study include the use of phys-
iologic, as opposed to anatomic, assessment of car-
diopulmonary function using CPET parameters as well
as a larger cohort of patients than previous published
literature. Nevertheless, our conclusions may be lim-
ited by the retrospective nature of the study and the
lack of formal estimation of patients’ physical activity
before and after surgical repair. Additionally, there was

J Am Heart Assoc. 2022;11:022149. DOI: 10.1161/JAHA.121.022149

a statistically significant increase in patients’ weight
and body mass index between the pre- and postsur-
gical assessment; to minimize the impact of this limita-
tion we also compared the absolute VO, max values.
Furthermore, the greater patient weight in postopera-
tive testing would theoretically limit our ability to detect
physiological improvement.

Our study carries implications on the needs for
future investigations. First, CPET assessment of the
long-term durability of the positive physiologic im-
pact as well as the time required to peak realization
of physiologic improvement following PE repair re-
quires study. Such a study may provide insight as to
whether cardiopulmonary improvement requires addi-
tional time following bar removal for patients who failed



220z ‘2T |udy uo Aq Bio'sfeuinofeye/:diy wouy pspeojumoq

Jaroszewski et al

Cardiopulmonary Outcomes After Nuss Procedure

Table 4. Transesophageal Echocardiography and Cardiopulmonary Exercise Testing Outcomes in the Subanalysis of 39
Patients Who Underwent Intraoperative Transesophageal Echocardiography at Primary Surgery (Before Sternal Elevation)

and at Bars Removal

P value (95% CI for the

Variable Preoperative Postoperative difference)
VO, max

VO, max, mL/kg per min 26.1£6.8 29.118.5 <0.001 (0.9-5.0)

VO, max/predicted (%) 70.8+17.0 82.5+22.0 <0.001 (6.6-16.9)

Absolute VO, max, L/min 1.9+£0.5 2.2+0.6 <0.001 (0.1-0.4)
O, pulse

O, pulse, mL/beat 11.8+3.4 13.1+3.8 0.009 (0.3-2.3)

O, pulse/predicted, % 83.0+£17.4 92.2+24.2 0.008 (2.6-15.8)
Anaerobic threshold

VO, at anaerobic threshold, mL/kg per min 14.4+4.4 17.5+7.5 0.006 (0.9-5.3)
TEE

RVOT VTI, cm 14.2+3.3 16.3+3.4 0.005 (0.7-3.5)

Right ventricle SV, mL 41.1+13.2 54.6+15.6 <0.001 (7.3-17.6)

RVOT indicates right ventricle outflow tract; SV, stroke volume; TEE, transesophageal echocardiography; VO, max, maximum rate of oxygen consumption;

and VTI, velocity time integral.

to reach normal VO, max values at pre-bar removal
CPET evaluation. An additional research focus should
include identification of the combination of anatomical
and functional parameters most capable of predicting
the greatest improvement in cardiopulmonary function
following surgical repair. Identification of such param-
eters would be highly useful for identifying patients in
whom corrective surgery will have the most substantial
impact and for calculating the risk-benefit ratios for op-
erative repair in an aging population.®

CONCLUSIONS

To our knowledge, this investigation is the first to dem-
onstrate a consistent improvement in cardiopulmonary
function as assessed by CPET for adult patients with

Table 5. Association Between Baseline Anatomical
Characteristics and Cardiopulmonary Improvement

95% ClI
P for for odds
Variable association Odds ratio | ratio
Inspiratory measurements
Haller index 0.12 1.27 0.94-1.71
Correction index 0.12 1.03 0.99-1.06
Sternal tilt 0.57 1.01 0.97-1.05
Cardiac 0.20 1.37 0.84-2.24
compression index
Expiratory measurements
Haller index 0.56 1.06 0.88-1.27
Correction index 0.48 1.01 0.98-1.04
Sternal tilt 0.86 1.01 0.95-1.06
Cardiac 0.94 1.02 0.64-1.63
compression index

J Am Heart Assoc. 2022;11:022149. DOI: 10.1161/JAHA.121.022149

PE undergoing MIRPE. Results strongly support the
existence of adverse cardiopulmonary consequences
of PE as well as the benefits of surgical repair, even for
patients with apparently normal baseline cardiopulmo-
nary function and without severe anatomical defects.

There is an urgent need for a more holistic approach
to PE that emphasizes physiologic disability and is not
focused solely on the cosmetic consequences. Further
investigations into the long-term physiological effects
of PE repair as well as the predictors of improvement
of adverse physiology will be important for optimizing
patient selection for correction.
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Table S1. Comparison of preoperative CPET results between 130 patients with pre- and

post-operative CPET and 262 with only preoperative CPET.

Variable Patients with only a Patients with p value (95%CI for
preoperative CPET | preoperative and the difference)
(n=262) postoperative CPET
(n=130)

Demographics
Age (years) 30.4+9.7 32.4+10.0 0.065 (-4.0-0.1)
Height (cm) 177.9 8.6 179.4 9.6 0.105 (-3.4-0.3)
Weight (Kg) 72.3+30.0 72.8+15.4 0.836 (-6.1-4.9)
Body Mass Index (Kg/m?) 22.8+10.1 22.5+3.6 0.732 (-1.5-2.1)
CPET results
Estimated METS 9.141.9 94+15 0.103 (-0.7-0.1)
Actual METS 7.6+1.8 7417 0.199 (-0.1-0.6)
Work (Watts) 164.6 +46.0 174.5 +44.8 0.045 (0.2-19.5)
Work (Watts per Kg body weight) 2.3 0.6 2.4 0.5 0.077 (-0.2-0.0)
RER 1.2+0.1 1.2+0.1 0.079 (-0.1-0.0)
DBP at rest (mmHg) 79.6 £10.1 82.1£10.7 0.033 (0.2-4.7)
DBP at peak exercise (mmHg) 83.0£12.0 84.4+11.9 0.278 (-3.9-1.1)
SBP at rest (mmHg) 119.9 +14.2 124.9 +14.7 0.002 (1.9-8.2)




SBP at peak exercise (mmHg) 163.2 +25.8 164.5 +26.2 0.629 (-6.9-4.2)
Heart rate at rest (bpm) 90.1 +15.8 90.8 £13.9 0.658 (-3.9-2.4)
Maximum heart rate (bpm) 161.5 +16.8 161.6 +15.4 0.921 (-3.6-3.3)
VE/VCO:; Slope 28.1+4.7 27.0+5.2 0.059 (-0.1-2.4)
Relative VO, Max (ml/Kg/min) 26.7+6.3 25.9 +6.0 0.199 (-0.4-2.2)
Relative VO, Max/Predicted (%) 73.9+16.0 72.8+154 0.513 (-2.2-4.4)
Absolute VO, Max (L/min) 1.9+09 1.9+0.6 0.570 (-0.1-0.2)
% of patients with abnormal VO, Max results 176 (67.1%) 90 (69.2%) 0.682

O pulse (ml/beat) 11.7 +3.4 11.7 +3.6 0.951 (-0.7-0.8)
O pulse/Predicted (%) 86.8 +17.5 84.5 +16.9 0.232 (-1.4-5.9)
VO, at Anaerobic Threshold (ml/Kg/min) 16.4 5.2 14.6 +4.3 <0.001 (0.8-2.9)
VE BTPS (L/min) 67.1+19.9 67.5+18.8 0.827 (-4.6-3.6)
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CPET: cardiopulmonary exercise testing. METS: metabolic equivalents. VO, Max: maximum rate of oxygen
consumption. VE BTPS: ventilation at body temperature ambient pressure, saturated. RER: respiratory exchange
ratio. VE/VCO: slope: slope of the relationship between ventilation and carbon dioxide output from start of exercise

until the respiratory compensation point if reached. DBP: diastolic blood pressure. SBP: systolic blood pressure.



