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Introduction

Background

Pectus comprises 90% of all chest wall deformities, with 
pectus excavatum (Pex) being the most common congenital 
deformity of the chest wall having an occurrence between 
1 in 400 and 1 in 1,000 live births (1,2). Pectus deformities 
have been reported to occur three to five times more often 
in males than in females (3); however, this may be due to a 
failure to diagnose in females as breast tissue may conceal 
the severity of the defect (4-6). A recent study involving 
over 2,600 thoracic computed tomography imaging studies 

highlights this point noting Pex being more prevalent in 
their female cohort (7). The deformity causes a backward 
displacement of the sternum compressing most commonly 
the right chambers of the heart, leading to reduced 
stroke volume and restrictive deficits (Figure 1) (8-11). 
Depending on the severity of the depression, presentation 
of Pex may range from a minor cosmetic issue to disabling 
cardiopulmonary symptoms (8,9,12). As the patient 
advances in age, the chest wall can become less flexible 
leading to progression of symptoms with patient maturing 
(13-15). Development of symptoms in the 4th and 5th decade 
was reported in nearly half of adult patients in one report, 
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with significant improvement after surgical repair (14).

Rationale and knowledge gap

Surgical correction of the deformity with open resection of 
cartilage goes back in history to the 1940’s with controversial 
outcomes especially in very young children (16). In 1998, 
the “Nuss” procedure or minimally invasive repair for 
pectus excavatum (MIRPE) was published (17). The 
procedure was quicker to perform with excellent cosmetic 
outcomes, rapidly making it the standard of care for 
treatment of pediatric and adolescent patients. Although 
the procedure has become standard of care in young 
patients, the use of MIRPE in adults has been slower to 
adopt and more controversial due to the increased difficulty 
of repair in this population and the higher reported rates 
of complications due to the less flexible mature chest wall 
(18-21). This is likely due to the increased calcification and 

rigidity of the chest wall that occurs with aging leading to 
more complicated and difficult sternal elevation, greater 
pressure levels distributed to bars, and higher risks of bar 
displacement. Despite these issues in the adult population, 
the use of MIRPE for adult pectus repair has continued to 
increase. Many surgeons have modified the original Nuss 
techniques to allow for safe and successful adult repair 
even in advanced patient ages. However, no comprehensive 
review of the most recent techniques and their impact on 
outcomes and complications has been performed and this 
review could provide practical information for surgeons 
performing MIRPE on the challenging adult population.

Objective

The aim of this manuscript was to perform a review of the 
major articles addressing surgical techniques and outcomes 
of adult patients undergoing MIRPE, as well as describe our 
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Figure 1 Real photographs of a 34-year-old male with pectus excavatum deformity before and after surgical correction. (A) Lateral view 
of the patient showing sunken chest and severe deformity of the sternal bone. (B) Top view of the same patient confirming severity of the 
deformity. Lateral (C) and top (D) view of the same patient after minimally invasive repair of pectus showing a complete correction of the 
deformity.
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institution’s experience.

Methods

Extensive literature review was performed including 
PubMed/MEDLINE publications that described surgical 
repair of Pex utilizing minimally invasive repair techniques 
in adult patients. Search terms (Nuss OR thoracoscopic 
pectus OR minimally invasive pectus) were utilized and 
the references from pulled publications were also reviewed 
for additional sources. Included manuscripts were both 
retrospective and prospective observational studies, 
randomized control trials, and large case series (more 
than 10 patients); timeframe considered was from January 
2004 until March 2023. According to the objectives of this 
review, authors MRA and JMF selected articles discussing 
the preoperative evaluation (including diagnostic strategies 
and cardiopulmonary evaluation), modifications and updates 
in the surgical techniques, surgical outcomes, quality of life 
evaluation, and pain management. Selected articles were 
conferred with author DEJ and discrepancies were solved 
by consensus among the authors.

Adult presentation: symptoms and 
cardiopulmonary effects of pectus excavatum

An adult patient presenting for surgery may do so secondary 
to a new onset of symptoms in adulthood after having been 
completely asymptomatic without noticeable physiologic 

effects from the defect when they were younger (22-26). 
Others may have had milder symptoms as an adolescent 
but developed definitive worsening of their symptoms with 
age (23). Adult symptoms most commonly include exercise 
intolerance, increasing levels of fatigue, dyspnea on exertion, 
tachycardia, and compensatory tachypnea (10,11,23,27-30). 
Most adult patients have lived with the cosmetic deformity 
for many years and the appearance of their chest generally 
was not the primary reason for undergoing surgical repair. 
Despite this, visible physical differences do increase the Pex 
patient’s risk for body image and interpersonal difficulties 
and should not be discounted (29,31).

The majority of patients complain of cardiopulmonary 
type symptoms including exertional dyspnea, tachycardia/
palpitations, and chest pain (32), yet the cardiopulmonary 
effects of Pex on adult patients remains a topic of debate 
(33-35) due to a paucity of reports evaluating adult patients 
(36,37). The inward deformity of the anterior chest 
wall causing right heart compression and displacement 
into the left chest to various degrees can have negative 
cardiopulmonary consequences on adult patients as 
supported by recent data (Figure 2) (9,25). Direct cardiac 
compression has been shown to not only reduce right 
heart chamber’s dimensions, but also stroke volume, 
cardiac output, and diastolic and systolic function as well as  
strain (38). This may explain the cause of accelerated fatigue 
and compensatory tachycardia (9,22,39-41). Mocchegiani  
et al. (42) reported that the right ventricular outflow tract in 
Pex patients was significantly narrower and right ventricle 
end-diastolic and-systolic areas were significantly smaller. 
Töpper et al. (43) evaluated cardiovascular function of adult 
Pex patients using cardiac magnetic resonance and found 
that right ventricle ejection fraction was reduced in this 
population, with a significant improvement after MIRPE. 
Chao et al. (9) demonstrated an immediate improvement in 
right heart chambers size, and right and left ventricle systolic 
function (using strain techniques) after surgical repair by using 
intraoperative transesophageal echocardiography. Negative 
cardiopulmonary effects of Pex in 68% (of 392 preop patients) 
had significantly improved physiological benefits of MIRPE 
[130 patients with post op cardiopulmonary exercise testing 
(CPET)]. This has been demonstrated by Jaroszewski et al. (44)  
in a recent publication using CPET in adult cases. One 
small underpowered study (only 15 patients completed 
follow up) by Udholm et al. (10) found no significant 
improvement (but a trend towards improvement) at one 
year after MIRPE in adult patients. Sternal compression 
is also suspected to decrease the thoracic volume, which 

Figure 2 CT chest without contrast of a 24-year-old female 
patient with pectus excavatum (HI measured at 7.14). Scan 
shows compression of the right side of the heart (right atrium 
and ventricle) with displacement of the heart to the left side. CT, 
computerized tomography;  HI, Haller index.
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can reduce the mixed venous oxygen saturation, exercise 
tolerance, tidal volume, and vital capacity (34,44,45). A 
summary of the major publications with evidence related to 
the effects of MIRPE on cardiopulmonary function in adult 
patients can be found in Table 1.

Diagnostic work up

The preoperative evaluation of an adult patient presenting 
with clinically symptomatic Pex warrants anatomical and 
functional workup to assess the significance of the defect 
and necessity for repair. Many of the presenting symptoms 
can be caused by a variety of cardiopulmonary diseases and 
a thorough workup to eliminate these causes is critical. 
Additional analyses based on patient comorbidities are 
obtained as deemed fit by the physician and symptoms 
dictate (32). A complete history and physical examination, 
including findings suggestive of connective tissue diseases 
such as Marfan Familial Syndrome is critical (17,23-26).

Thorac ic  imaging  wi th  e i ther  a  non-contras t 
computerized tomography (CT) or magnetic resonance 
imaging (MRI) is critical for a radiographic evaluation of the 
severity and characteristics of the deformity as well as any 
other intrathoracic pathology (18,49). Since the deformity 
may significantly worsen when a patient exhales, performing 
the imaging during both inspiratory and expiratory phases 
is recommended (31). Thoracic imaging also helps show 
the degree of cardiac compression, cardiac displacement, 
and pulmonary atelectasis if present. The deformity of 
the bony and cartilaginous skeleton can be visualized in a 
three-dimensional view which also helps patients visualize 
the extent of their deformity and the impact it has on 
the mediastinal structures (50). The measurement and 
calculation of the Haller Index is performed from imaging, 
which is the ratio of the lateral diameter of the chest to the 
distance between the sternum and spine, at the point of 
maximal depression). This is often requested by insurance 
companies for qualification of repair even though its 
relevance in the adult patient is undocumented. Despite 
the general acceptance of HI 3.2 as the cutoff for defining 
severe pectus, indexes of less than 3.2 do still represent 
significant variants from normal and may be associated with 
significant cardiopulmonary disability and symptoms as 
well as body image problems (18,26,31,49,51,52). A Haller 
index (HI) <3.2 should lead to evaluation by correction 
index which is a much better estimation of the severity of 
deformity with >10% being significant enough to consider 
surgery if symptomatic and compression is present (53).

Adult  pat ients  commonly present  with several 
cardiovascular conditions such as hypertension or coronary 
diseases. Depending on the patients’ cardiovascular risk 
profile, a 12-lead electrocardiogram (ECG) or more 
complex tests could be important to rule out the presence 
of such conditions. Right bundle branch block and other 
conduction abnormalities are commonly associated with 
the adult Pex patient (10,23,26) thus highlighting the 
importance of an ECG to exclude intracardiac conduction 
disorders and dysrhythmias.

An echocardiogram is performed to document the 
effects of the depressed sternum on the right heart 
chambers (as they are the most anteriorly located) as well 
as associated interference with diastolic or systolic function 
(22,26,39,41,51,54). It is recommended to be performed 
preoperatively; however, getting accurate transthoracic 
views can be difficult due to the displacement of the heart 
from the deformity (55,56). Compression by the chest 
wall is mainly in the anteroposterior plane and best seen 
in a transverse axis (39). The apical four-chamber view 
can also visualize any extrinsic compression to the right 
ventricle. A positional echo with imaging of the right 
ventricle and right outflow tract to look for significant 
decreases in cardiac output and right-sided hemodynamics 
due to increased compression in position change from 
supine to sitting or leaning forward is available at some 
institutions and we find it of great value in assessing low 
deformities (57). In adult patients with history of connective 
tissue disorders (which are commonly associated with Pex 
deformity), an echocardiogram is also critical to assess 
valvular abnormalities, including mitral valve prolapse, and 
evaluation of the aortic root size and valvular competency. 
In patients requiring cardiac surgery, concurrent repair 
of pectus is recommended and should be considered as 
subsequent repair may require a redo sternotomy with a 
higher risk of complications (58,59). In some patients, a 
transesophageal view may be necessary to better evaluate 
the right chambers of the heart and any outflow obstruction 
present, as well as to exclude some potential concomitant 
cardiac abnormalities (39).

Although not available in all institutions, CPET 
is used to help quantify how Pex affects a patient’s 
cardiopulmonary function and ability to exercise. Several 
studies implementing CPET measurement showed O2 pulse 
(a surrogate for stroke volume) and oxygen consumption 
(VO2max) significantly below predicted values in patients 
with Pex (7,31,34,44,45,52). More recent investigations 
demonstrated that almost 70% of adult Pex patients showed 
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Table 1 Clinical studies evaluating cardiopulmonary function of adult pectus excavatum patients before and after minimally invasive repair

Study N Age, year Haller index Test used Cardiopulmonary outcomes

Farina et al. 
(46), 2023

127 Median  
29.0 (IQR 15.4)

Median 4.2 
(IQR 1.7)

Intraoperative 
transesophageal 
echocardiography

Significant improvements in right ventricular stroke volume and 
diastolic function as measured by hepatic vein waves velocities 
were seen after pectus repair (P<0.001 for all comparisons)

Preoperatively, 5.5% of patients had constrictive-like 
physiology (end-diastolic retrograde flow) which normalized 
after surgical correction (P=0.016)

Patients with more proximal cardiac compression had greater 
improvements in hepatic vein velocities after repair

Jaroszewski  
et al. (44), 
2022

392 Mean 32.4 (SD 
10.0)

Mean 4.6  
(SD 2.2)

Cardiopulmonary 
exercise testing

Post-repair tests were performed immediately before bar 
removal procedure

130 completed 
pre- and post-
operative 
evaluation

Intraoperative 
transesophageal 
echocardiography

A significant improvement (P<0.001) in cardiopulmonary 
outcomes (VO2max, O2 pulse, anaerobic threshold, and 
maximal ventilation) was seen in the post-repair evaluations

In a sub-analysis of 39 patients who also underwent 
intraoperative transesophageal echocardiography at repair and 
at bar removal, a significant (P<0.001) increase in RV stroke 
volume was found

Skoczyński  
et al. (47), 
2022

55 Mean 21.1 (SD 
3.0)

NA Pulmonary function 
tests

Participants who underwent MIRPE had normal pulmonary 
function and exercise capacity 7 years after the intervention

Compared with matched controls, patients who underwent 
MIRPE had higher RV%, TLC, and FEV1/VC ratio

Chao et al. 
(38), 2018

165 Mean 33 (range, 
18–71)

Mean 5.7  
(SD 3.1)

Intraoperative 
transesophageal 
echocardiography

Right heart chambers size (right atrium, tricuspid annulus, 
and RVOT dimensions) significantly (P<0.001) increased after 
surgery

RV and LV systolic function (evaluated with strain techniques) 
significantly (P<0.001) improved immediately after surgical 
repair

Udholm et al. 
(10), 2016

19 Mean 32 NA Cardiopulmonary 
exercise testing

Surgical correction in adult patients did not improve the 
cardiopulmonary function (VO2max, cardiac output, FEV1) one 
year after surgery

15 completed 
follow-up

Töpper et al. 
(43), 2016

38 Mean 21 (SD 8.3) Mean 9.64 Cardiac magnetic 
resonance

Pectus was associated with reduced RVEF in the preoperative 
tests, which significantly (P<0.001) improved after surgical 
correction (mean follow-up 472 days after surgery)

LVEF was between normal limits before surgery, but also 
increased significantly after correction (P=0.016)

Chao et al. (9), 
2015

168 Mean 33 (range, 
18–71)

Mean 5.7 
(SD 3.1)

Intraoperative 
Transesophageal 
Echocardiography

Surgical correction caused a significant (P<0.001) improvement 
in right heart chambers size (right atrium, tricuspid annulus and 
right ventricle outflow tract) and cardiac output immediately 
after surgical repair

Szydlik et al. 
(48), 2013

44 Mean 16 (range,  
10–32)

NA Pulmonary function 
test

A significant improvement (P<0.001) in lung function (FVC, 
FEV1, FEF25, and FEV1/VC ratio) was seen in patients who 
underwent Nuss procedure

IQR, interquartile range; SD, standard deviation; NA, not applicable; VO2max, maximal oxygen consumption; RV, right ventricle; MIRPE, minimally 
invasive repair of pectus excavatum; RV%, residual volume; TLC, total lung capacity; FEV1, forced expiratory volume in 1 s; VC, vital capacity; 
RVOT, right ventricle outflow tract; LV, left ventricle; RVEF, right ventricle ejection fraction; LVEF, LV ejection fraction; FVC, forced vital capacity; 

FEF25, forced expiratory flow for 25%.
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preoperative abnormal oxygen consumption as assessed 
by CPET. The statistically significant improvement 
seen in patients CPET after surgical correction, makes 
this test an important indicator for strongly supporting 
the need for surgery in this population (44). A normal 
VO2max should not preclude repair as this study also noted 
significant improvement in patients that had normal (>80%) 
preoperative VO2 max values.

Pulmonary function tests (PFT) could help detect 
restrictive respiratory impairment due to the reduction of 
internal thoracic volume caused by the deformity (1). In 
general, PFTs should be obtained in adult patients with 
symptoms of significant dyspnea or history of asthma or 
smoking to rule out underlying emphysema (50). Most 
Pex patients are expected to have normal or low normal  
PFTs (26,51).

Indications for surgery

The indications for intervention are not fully standardized 
in the adult population, yet from our experience and from 
other experts in the field, corrective surgery should be 
considered in patients with two or more of the following 
criteria. Individual insurance companies have different 
criteria for coverage and should be reviewed:

(I) Haller index of 3.2 or greater or Correction index 
of 10% or greater (53,60);

(II) Cardiac compression, displacement, mitral valve 
prolapse, or conduction abnormalities (16);

(III) Pulmonary function testing showing restrictive 
respiratory disease (61);

(IV) Cardiopulmonary deficits assessed by CPET;
(V) Symptoms, especially progression;
(VI) Psychosocial effects (12,14,62).
In summary, consideration of surgical treatment of 

the adult Pex patient should be given for severe anatomic 
deformities and patients with symptoms or cardiopulmonary 
deficits attributable to the deformity. As more experience 
with adult pectus repair accumulates, criteria for repair are 
likely to evolve.

Preparation for surgery

For our patient cohort, posture training exercises are 
highly recommended preoperatively. These exercises aim 
to strengthen the upper back muscle groups including 
latissimus dorsi, trapezius, and rhomboids. As for the 
front of the chest, we encourage patients to stretch using a 

foam thoracic spine roller which helps to open and loosen 
the chest as much as possible. After pectus surgery, back 
spasms and pain are common and these measurements 
can be helpful when done in the weeks to months prior 
to surgery. In addition, selective testing for metal allergy 
could be performed preoperatively based on personal or 
family history. In our cohort, adults have better history 
as to their known allergies and exposure to metal and 
jewelry. Implementing this method in our practice has 
been sufficient and we had no problems with allergy thus 
far. Other institutions have started utilizing selective 
testing with the aim of using titanium bars in patients with  
allergies (63). We also utilize titanium bars selectively in 
patients that weigh >85–90 kgs or have a rigid chest with 
a diameter wider than 14.5–15 inches to allow for greater 
support.

Pectus excavatum repair techniques

Over the years, a variety of techniques for surgical repair 
of Pex have been used on patients of all ages. The two 
most common methods used today for repair of the adult 
include modifications of the open Ravitch approach and the 
MIRPE.

The original open procedure was described by Ravitch 
in the 1940’s. The modified open technique has been 
used for several decades and is still in use to this day. It 
involves resection of the deformed costal cartilage to allow 
the return of the sternum to its normal position with or 
without sternal osteotomy (23,64-66). There are a variety 
of modifications reported including the use of mesh, others 
include placement of a metal strut, and plating to support 
the sternum which may be left in place for 6 months to 
1 year (67,68). The open technique may be for some 
surgeons better suited for patients who have a combination 
of Pex with pectus carinatum, significant asymmetry, or 
extensive defects involving the uppermost ribs and cartilage. 
Recurrence rates after repair of Pex using the open technique 
have been reported in 2–10% of patients (23,64,69).

The MIRPE was published in 1998 by Nuss and has 
since been implemented by most pediatric surgeons treating 
the pectus deformity. In the MIRPE technique, a plane is 
created behind the sternum with the help of thoracoscopy, 
and curved bars are inserted and rotated such that its curve 
elevates the area of deformity. The bars are secured to 
the chest wall and removed in 2–3 years after the chest 
wall cartilage have remodeled. This technique has gained 
widespread popularity because of its minimally invasive 
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approach, as evidenced by small skin incisions, no need for 
cartilage resection, short operative time, minimal blood 
loss (70) and comparable postoperative morbidity (71) 
with respect to the modified Ravitch procedure (18). The 
advantages of MIRPE include avoidance of rib cartilage 
resections, sternal osteotomies, conspicuous mid-chest 
scars, less blood loss, and an overall shorter operative time. 
Even adult patients with significant asymmetry associated 
with their deformity may benefit from MIRPE correction.

Since the original publication of the Nuss procedure, 
several modifications have been made to the MIRPE 
technique (72-80) (Table 2). Modifications involved various 
aspects of the surgery including use of thoracoscopy, 
patient positioning and location of incisions, methods of 
passing the bars across the chest and their guidance, details 
of the bars placed (size, shape, positioning, and number), 
and methods of bar fixation and stabilization (80). In our 
practice we have utilized several modifications which have 
allowed for successful extension of the procedure into even 
advanced aged adult patients. These modifications include 
(but are not limited to) use of multiple support bars, forced 
sternal elevation, reinforcement of intercostal spaces, and 
multi point fixation to secure the bars. With these technique 
modifications, successful MIRPE has been reported in 
adults up to the age of 72 years old (32), with surgery 
resulting in resolution of symptoms, improved quality of 
life, and satisfying results (59,80,103).

MIRPE technique for adult cases

In the adult patient, critical issues with MIRPE include 
safe dissection across the anterior mediastinum without 
inducing pericardial inflammation. Thoracoscopy via the 
right chest should be used in all cases. As discussed in  
Table 2, forced sternal elevation allows better visualization, 
which increases the safety of the procedure and decreases 
the force required to enter and rotate bars in the less 
flexible adult chest wall (80). We utilize a Rultract retractor 
(Rultract Inc., Cleveland, OH, USA) with an extension arm 
attached to the left side of the operating table at the level of 
the clavicle. Stab incisions are placed on the sternal defect a 
few cm apart and the tips of a perforating clamp (we utilize 
the Lewin Spinal Perforating Forceps, V. Mueller NL6960; 
CareFusion, Inc., San Diego, CA, USA) are manipulated 
into the anterior table of the sternum. The cable connector 
is then attached to the clamp and the sternum elevated 
(Figure 3). Other methods of sternal elevation have been 
described in Table 2.

It is critical that the bars enter and exit the thorax 
medially otherwise the defect and sternum will not be 
pushed anteriorly (Figure 4A,4B). The bar should be 
positioned approximately 1–1.5 cm lateral to the internal 
mammary artery (IMA). If it is not, the bar will not push the 
defect anteriorly, and the deformity will not be corrected. 
We routinely reinforce the intercostal spaces that will 
hold the bar with a figure-of-eight FiberWire “hammock” 
(Figure 5) which incorporates the rib above and below the 
interspace. The hammock is placed slightly lateral to the 
bar exit site to prevent the intercostal muscle stripping and 
the ribs and interspace from widening out and it allows the 
weight of the bar to rest on the suture versus the intercostal 
muscles as it exits the chest. A stabilizer could also be 
utilized medially (medial stabilizer) if deemed necessary. It 
is usually used in the low bars which are at a higher risk of 
displacement (Figure 6).

We place 2–3 bars to achieve complete correction. Bars 
should not be too long as to cross beyond the mid axillary 
line. Bars can be placed in multiple configurations. Cross 
bars are used by some surgeons; however, they have been 
reported to have an increased risk of pleural effusions (99). 
Over time and experience, we have increased the frequency 
of placing 3 bars (Figure 6). We have also noted an increase 
in the incidence of pleural effusions as our percentage 
of 3 bar cases has grown to >55% and routinely leave a 
chest tube thru the camera port site. Others have reported 
higher effusions in adult patients and there may be an 
increased inflammatory response (104). Multiple bars 
distribute the sternal pressure over a broader area and 
allow more complete correction in the adult patient. Using 
multiple bars may also decrease the risk of displacement 
(21,30,80). Placement of a second or even third bar is 
often necessary and desirable to achieve optimal cosmetic 
results and to fully elevate the chest in the adult patient 
(11,24,25,28,30,69,70,80). In our experience, indications for 
two or more bars in the adult included a depressed area >3 
intercostal spaces and a HI greater than 3.5.

Both IMA may be occluded out by the Nuss bars 
especially on an asymmetric side. This is a risk factor that 
should be explained to the patient and is part of the consent 
process. In patients with strong family history of coronary 
artery disease, we stress this and the potential that the vessel 
will likely not be usable in the future should they require a 
coronary artery bypass graft. Robotic takedown of a section 
of the IMA could be utilized to diminish the risk of injuring 
the artery (105) which was reported in 40% of patients by 
Yüksel et al. (106).
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Table 2 Surgical modifications that were implemented in MIRPE across the years

Surgical modification Study Description

Forced sternal elevation

Crane technique Park et al. (81), 2008, 
Kelly et al. (63), 2022

A percutaneous wire is passed through the bony tissue of the sternum and the wire is 
connected to a table-mounted crane system. This alleviates pressure on the hinge points 
which prevents tearing/stripping of intercostal muscles. The bar displacement rate, 
major complication rates and reoperation rates all decreased after implementing this new 
approach

Two Langenbeck handheld 
retractors

Tedde et al. (82), 2012 Incision made in the intercostal space adjacent to the sternum at the deepest portion of 
the defect. Enters the hemithorax from the left side first, position 1st retractor at the hinge 
point, followed by entering the right hemithorax to introduce a camera and 2nd retractor 
allowing safe retrosternal instrumentation

Horseshoe-shaped sternal 
elevator

Takagi et al. (83), 2012 No extra skin incision is needed for the elevator, its usage enlarges the retrosternal 
space for safer passage of thoracoscopically guided introducer and allows visualization 
of substernal tunneling

Vacuum bell Haecker et al. (84), 2012 Vacuum Bell is placed on the defect and suction is initiated to reduce defect. Applicable 
only to young and elastic chest wall defects

Subxiphoid incision/sternal 
lift + anchor

Johnson et al. (85), 2013 A subxiphoid incision is made and a retractor is placed under the sternum to assist with 
elevation of sternum

Subxiphoid incision allows access to create a plane between the posterior sternum and 
pericardium. Lift is inserted beneath the sternum, allowing sternal elevation and locked 
in place by anchor

Bone clamp and Rultract 
retractor

Jaroszewski et al. (79), 
2014

Incisions made either parallel or perpendicular to sternum, tips of bone clamp placed 
into anterior table of the sternum and attached to the cable coming off a table mounted 
Rultract retractor. This reduces risk of intercostal muscles stripping and reduces stress 
on intercostal spaces during bars insertion and rotation

T-fastener suture technique Kim et al. (86), 2014 Chest incisions are made lateral to the sternum, sutures are delivered outside the lateral 
chest and tied to a metal plate with 3 holes. T-fastener sutures are used to elevate 
the anterior chest from both sides of the sternum by tying them to a crank attached 
to a cross bar. No specialized equipment is required (metal plate commonly used in 
orthopedic practice), no incisions need to be made (needle holes created require no 
suture closures), and no fracture or tear occur to anterior chest. Metal plate must be 
retrieved at the end which presents difficulty after bars are positioned

Bar stabilization technique

Five-point fixation (multipoint 
suture fixation MPF), 
stabilizers, CFT and HP, and 
bridge technique

Park et al. (78), 2004, 
(81), 2008, (87), 2011, 
(88,89), 2015

MPF offered bar fixation to upper and lower ribs at the ends of the bar and a fifth wire 
at the hinge point medially with all sutures done through a single incision on each side. 
Attachment of stabilizers to both ends of the pectus bar to prevent bar flipping. CFT 
holds the bar to a rib by hooking it with a metal blade. HP reinforced the hinge points 
(the entrance points of the bar to the thoracic cavity) with a metal plate. Combining HP 
and CFT in adults: after bars insertion lifts the chest wall depression, both bar ends were 
fixed together by bridge plates and screws which enhances stability of the bars and 
eliminates need for suturing

Third point of fixation Hebra et al. (73), 2006 Alongside crossbars/lateral stabilizers, a third point of fixation consisting of absorbable 
suture is placed around the bar and around an anterior rib next to the right side of the 
sternum

Medial stabilizers and multiple 
PDS sutures

Pilegaard et al. (90), 
2008, Pio et al. (91), 2016

Stabilizer placed closer to the entrance of the bar into the thoracic cavity, thereby 
decreasing the risk of rotation/displacement as the stabilizer functions as a hinge

Table 2 (continued)
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Table 2 (continued)

Surgical modification Study Description

Unilateral stabilizer and 
multiple PDS sutures

Kelly et al. (92), 2010 Attaching a metal stabilizer on the left and placing multiple pericostal PDS sutures 
around the bar and underlying ribs

FiberWire multiple 
points fixations of bars 
circumferentially and bilaterally

McMahon et al. (75), 
2014

Multipoint fixation with FiberWire that are secured around ribs (lateral and medial), 
fixation on both sides of the bar, and utilizes the bar’s lateral holes to minimize lateral 
dislocation

Figure-of-eight FiberWire 
reinforcement, FiberWire 
multipoint fixation and sternal 
fixation 

Jaroszewski et al. (72), 
2016

“Hammock” Figure-of-Eight FiberWire tie that incorporates the rib above and below the 
interspace that the bar will be placed in to reinforce and prevent lateral posterior bar 
migration and intercostal muscle stripping. FiberWire multipoint fixation around ribs and 
bars medial and lateral, sternal holes drilled for suture that incorporates bar and sternal 
bone for medial fixation

Stabilizer secured with wire/
FiberWire + several pericostal 
PDS sutures 

Nuss et al. (17), 1998 Stabilizer is attached and secured to the bar with non-absorbable sutures on the left side 
+ multiple PDS sutures placed around the bar and the underlying rib on the right side

Bars configuration

Compound Park et al. (78), 2004, 
Yoon et al. (93), 2010

The compound bar presents a concept of exaggerated convexity in the center of the 
bar, with a smaller central arc between the hinge point and adjoining at either side by 
two larger arcs. The smaller central arc makes the bar convex enough to elevate the 
depression and the larger lateral arcs can adjust the width of the bar easily to fit the size 
of the chest

Multiple bars Nuss (94), 2008, 
Pilegaard et al. (90), 
2008, Nagaso et al. (95), 
2010, Stanfill et al. (96), 
2012

Using 2 bars have been implemented by surgeons treating adults with Pex to fully 
correct the deformity and decrease rate of recurrence/requirement of revision. Multiple 
bars allow for better distribution of pressure (decreasing risk of bar migration) and may 
also decrease the pain

Jaroszewski et al. (72), 
2016

>40% of patients required 3 bars to fully correct the deformity

New steel bar Li et al. (97), 2015 Introduced new steel bar through bilateral thoracic minimally invasive incisions using a 
thoracoscope for guidance. The bar was installed or removed by pushing and pulling 
without flipping it

Cross bar technique Park et al. (98), 2016, 
Sayan et al. (99), 2021 

Cross bars cover the promontory of the depression and the whole anterior chest wall 
(including lateral parts) by avoiding hinge compressions and residual depressions

Introducer bar complex Wang et al. (100), 2021 New kind of steel bar curved according to normal structure of the human anterior chest 
wall and includes 15 different specifications. One end designed to connect to introducer/
stabilizer. Connecting the bar to the stabilizer creates the introducer-bar complex which 
doesn’t require rotation or turning, it is pushed in our pulled out

Thoracoscopy

Unilateral thoracoscopy Croitoru et al. (101), 2002 Direct visualization of the mediastinal structures using right thoracoscopy via an 
additional small incision for thoracoscopic observation in the right pleural cavity under 
insufflation of CO2 made the procedure much safer

Bilateral thoracoscopy Cheng et al. (102), 2008 The modified bilateral thoracoscopy is utilized via the wound made for bar insertion 
without extra incisions for the thoracoscope. It allows for excellent visualization over 
each pleural cavity. It could eliminate the risk of cardiopulmonary injuries as it allows 
direct bilateral inspection of mediastinum and facilitate mediastinal dissection

Pectoscopy Park et al. (74), 2010 A specially designed video-scope approach to guide the introducer or the pectus clamp 
as it is passed through the mediastinum

MIRPE, minimally invasive repair for pectus excavatum; MPF, multipoint fixation; CFT, claw fixator; HP, hinge plate; PDS, polydioxanone; Pex, pectus 
excavatum.
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Premature removal of bars has shown a high incidence 
of recurrence in the adult population and a time frame 
between 2–3 years has been recommended for the adult 
patient by at least two publications; however, we have 
increased our recommended time for bars in the adults to 
3–3.5 years due to the more rigid chest wall and significant 
pressure that is on the bars (11,24). Recurrence rates as low 
as 2–5% have been reported for the MIRPE adult patients. 
However, follow-up is on a small number of patients for 
limited time periods (11,25,30,69,80).

Postoperatively, stretching is paramount in the early 
period starting on the second week. Initially, this can be 
accomplished by patients raising their arms above their 
heads and climbing the wall with full arm extension. 
Patients can anticipate return to full activity around  
6–8 weeks. There should be no heavy lifting for at least 6 
weeks (nothing greater than 10 pounds) and only after our 
team reviews the patients 6 weeks postoperative chest X-ray.

MIRPE outcomes

Concerns have been raised regarding a higher incidence 
of complications following the more complex MIRPE 
procedure in adults. Data regarding a direct comparison 
of complications between adult and pediatric population 
are not abundant and many of these reports are from early 
in the learning period of the procedure (72,107,108). 
Kim et al. documented a difference in their post operative 
complications with MIRPE in adults versus children of 
58.3% vs. 11.1% with bar displacement in up to 1/3rd 
of adult patients (109). These complications include an 
increased risk of bleeding, cardiac perforation, longer 

hospitalizations, greater postoperative pain, significant 
rates of bar migration, and a higher overall recurrence 
rate. The modifications of the procedure by different 
surgeons over the years (Table 2) have helped to reduce 
the rate of complications both in pediatrics and in adult 
cases. Complications and improvement in outcomes have 
been a large driving force for implementation of these 
modifications.

Understandably, experience weighs heavily on surgeon’s 
complication rates and much of the early reports on the 
Nuss procedures reported high rates of complications, 
including bar rotation. These outcomes have subsequently 
improved significantly in experienced hands; therefore, it is 
important when reviewing data to note the date range and 
the center the publication includes. There is a significant 
learned curve with the MIRPE (at least 25 pediatric cases 
and likely double for adults) (110) and with surgeon 
experience increased, the MIRPE has become a common 
procedure with life threatening complications occurring 
in less than 0.1% of cases (21,111). Table 3 reviews the 
outcomes in recent studies from 2010 onwards after MIRPE 
in larger studies of adult Pex patients.

Most recent publications by experienced centers 
have shown that MIRPE is safely performed in adult 
patients with minimal blood loss, shorter operating 
times, and relatively few postoperative complications 
(11,22,24,25,28,30,69,70,92). Pleural effusions were a 
common complication in most adult series (3–17%) with 
a number requiring thoracentesis or chest tube placement 
postoperatively (11,24,25,66,69,70,92).

Quality of life and patient satisfaction

The exercise limitations caused by the deformity along 
with the cosmetic disfigurement may cause a decrease in 
quality of life and alteration of patients’ social behavior  
(40,118-122). Lack of self-confidence, poor body-image, 
avoidance of social activities, and emotional difficulties 
are noted in Pex patients. Feelings of anxiety, depression, 
sadness, and frustration have also been reported (119). 
The importance of corrective surgery for improvement in 
psychological distress, quality of life, and exercise tolerance 
has been documented in the literature. The majority of 
these studies report a mixed population of children and 
adolescents with few adults; therefore, it is difficult to make 
broad based assumptions as to their application to the adult 
population (117,121,123,124).

Krasopoulos et al. (121) proposed the two-step Nuss 

Figure 3 Forced sternal elevation applied via the use of a Rultract 
retractor positioned on the left side of the patient with the Lewin 
bone clamp attached to the sternum.
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Questionnaire modified for Adults (NQ-mA) and a 
Single Step Questionnaire (SSQ). These questionnaires 
measured the disease-specific quality-of-life changes 
after surgery and assessed the impact of surgery on the 
physical and psychological well-being of postoperative 
patients. They noted a significant improvement in self-

esteem, social functioning, and a high level of satisfaction 
following surgery. Their questionnaire also included the 
impact of surgical wounds/scars on the overall cosmetic 
result, consciousness of the presence of metallic bar, the 
decision to have the operation again and questions about 
postoperative pain which may have limited the patient 
satisfaction after surgery. Most of the patients were very 
satisfied with their scars, almost all of them were conscious 
of the presence of bar, but none of them considered that to 
be a major inconvenience. Pain was a significant concern 

A B

Figure 4 An illustration depicting both the correct and incorrect positions of the Nuss bars in a pectus patient undergoing surgical repair. (A) 
Shows a Nuss bar that enters and exits the interspace laterally either due to stripping of the intercostal muscles or placement was too lateral. 
Bars in this position will not have anterior contact with the sternum and will thus fail to elevate the pectus excavatum deformity. (B) The 
correct position of the Nuss bar entering and exiting the interspace medially approximately 1–1.5 cm from the internal mammary artery and 
sternum with excellent elevation of the sternum and pectus deformity.

Figure 5 Figure-of-eight FiberWire incorporates the ribs above 
and below the interspace to provide reinforcement and prevents 
the displacement of the bar. FiberWire multipoint fixation are 
applied around ribs and bars (both medial and lateral). Sternal 
holes drilled for FiberWire suturing that incorporates bar and 
sternal bone for medial fixation.

Figure 6 Anteroposterior chest X-ray of a patient with 3 bars in 
place to ensure proper correction of the deformity and medial 
stabilizer on the lower bar.
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in the immediate postoperative period which decreased 
significantly after several weeks and none of their patients 
were on analgesics 4–5 months after surgery. Other 
surgeons have subsequently utilized this modified survey for 
postoperative assessment (116,117,123) (Table 3).

Pain control methods

Postoperative pain remains an ongoing concern for adults 
undergoing MIRPE (125). Many analgesic approaches 
have been implemented to minimize postoperative pain 
and decrease use of opioids. These approaches include 
thoracic epidural, patient-controlled analgesia (PCA), 
subcutaneous catheters and most recently cryoablation 
therapy, all which reported successful pain control in 
the immediate postoperative period (126-130). Current 
techniques are successfully managing perioperative 
pain with the majority of patients reporting resolution 
of significant pain one month after surgery (49). In our 
experience (Figure 7), a standardized protocol achieved 
good pain control and included gabapentin, ibuprofen, 
acetaminophen, and narcotics with local anesthesia through 
the use of cryoablation in the most recent years (21,119,123). 
Over the course of 11 years at our institution, we utilized 
epidural (90 patients), subcutaneous catheter (428 patients), 
and cryoablation (211 patients). All three groups compared 

together, patients who underwent cryoablation had the 
shortest length of hospital stay (1.9±1.5 days) and utilized 
the least amount of morphine equivalents. Neuropathic pain 
following cryoablation has been reported and is expected to 
emerge around 8 weeks postoperatively. In our experience, 
it would be difficult to distinguish the source of neuropathic 
pain whether it is from the cryoablation or secondary to 
the bars placed (131). There were minimal patients that 
experienced pain during this time frame and the cryoablation 
group was lower than other cohorts. At occasions, adjuvant 
medications for postoperative pain management have been 
deployed to help control the pain if continued to bother 
our patients, including the use of ketorolac, diazepam, and 
gabapentin (127,128). A randomized clinical trial including 
adult Pex patients (mean age 20.9 years) showed a decrease 
in hospital length of stay and opioids requirement in the 
Cryoablation group versus thoracic epidural analgesia, while 
offering equivalent pain control (132).

Conclusions

Minimally invasive repair of pectus excavatum in 
adult patients showed increased difficulty and higher 
complication rates when compared to pediatric and 
adolescent populations. Skilled surgeons with experience 
can perform the procedure safely and successfully using 

Figure 7 Pain control regimen used by our group.
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technique modifications to the original Nuss procedure. 
The published data supports the cardiopulmonary benefits 
of MIRPE repair in adults with Pex. Patients who have 
undergone surgery show good satisfaction, a significant 
improvement in self-image, and report surgery to have had 
a positive impact on their wellbeing and ability to exercise.
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