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Background. Successful repair of recurrent pectus
excavatum (PE) after failed open procedure has been re-
ported using minimally invasive repair (MIRPE) and
open approaches. Neither approach alone may be
adequate for some patients. A hybrid technique for repair
is presented for revision of recurrent PE.

Methods. A retrospective review of adults undergoing
repair for recurrent PE after prior open repair from
January 2010 to June 2014 was performed.

Results. Seventy-three adult patients underwent repair
for recurrent PE, with 48 patients (65.8%) undergoing
repair for recurrence after at least one prior open PE
repair. Mean patient age was 34.5 years (range, 19 to 54
years); mean Haller index was 4.7 (range, 2.8 to 14.7).
Fourteen (29%) recurrences with adequate chest wall
pliability and no malunion were repaired with MIRPE
alone; 34 patients (71%) underwent a hybrid procedure
for repair (20 for PE recurrence alone; 14 for PE with
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acquired thoracic dystrophy). All had at least two support
bars placed, and 11 patients (23%) had three bars placed.
Mean hospitalization for MIRPE was 5 days, for hybrid
was 7 days, and for hybrid because of acquired thoracic
dystrophy was 10 days. One patient died of unexpected
out-of-hospital arrest; there was one emergent conversion
to open sternotomy for bleeding.
Conclusions. Most recurrent PE may be repaired with

excellent results and minimal complications. Those with
adequate chest pliability and no malunion are candidates
for MIPRE alone. A hybrid procedure with thoracoscopic
support bars combined with sternal elevation, multiple
open osteotomies, and chest wall fixation is appropriate
for recurrences associated with malunion or fixation of
the anterior chest and failure to lift with MIRPE.
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ecurrence after open pectus excavatum (PE) repairs
Rsuch as the Ravitch procedure have been reported to
occur in 2% to 20% of patients [1–8]. The frequency may
be underreported as many patients with late recurrence
fail to follow up with their surgeon or may seek medical
care at another center for revision. Repair of recurrent PE
after open surgery is often complex with unique prob-
lems [2, 5, 9–13]. Extensive calcification, ossification, and
fusion of the anterior chest wall may prevent adequate
sternal elevation (Fig 1). Osteotomies of the sternum,
sternocostal junctions, and lateral ribs may be necessary
to mobilize the defect [1, 14]. Minimally invasive repair of
PE (MIRPE) may be more difficult as a result of chest ri-
gidity, and bar displacement is more likely [3, 8, 15].
Recurrence may also occur because of osteonecrosis,
malunion, and pseudoarthrosis with resulting instability
(Fig 2) [2, 10, 13–16]. For these cases, MIRPE alone will fail.
Excision of the fibrous malunion with stabilization is
necessary [11, 13, 17].

Both open and minimally invasive techniques have
been described for repair of recurrent PE, and both ap-
proaches offer advantages [3, 8, 12, 14, 18, 19]. A hybrid
application of both techniques may be advantageous to
achieve good outcomes in selected patients. A review of
our repairs of recurrent PE after prior open repair is
presented as well as a description of our current hybrid
technique.
Patients and Methods

Institutional review board approval was obtained, and a
retrospective review of all patients undergoing repair of
PE by a single primary surgeon between January 2010 and
June 2014 was performed. Follow-up of patients was
performed through January 2015. Patients were deter-
mined to have recurrent PE based on medical records.
Those with purely cosmetic prior surgeries (pectus im-
plants or breast augmentation) without attempt to correct
the pectus defect were excluded. For comparison, first-
time PE patients repaired by primary MIRPE without
additional surgical procedures were evaluated.
Patient demographics, type of previous repair, and in-

formation regarding the recurrent defect and symptom-
atology were abstracted from clinical notes. Patients
underwent echocardiographic, pulmonary function, car-
diopulmonary exercise testing and other evaluations for
documentation of symptoms and evidence for cardiac
compression or cardiopulmonary limitations. Operative
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Fig 1. Computerized tomography shows
areas of (A) extensive calcification along the
costosternal junctions and (B) malunion at
costosternal junctions after a prior open
pectus excavatum repair.
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notes from the patient’s initial surgery at outside in-
stitutions as well as initial Haller index and postoperative
complications were obtained when available. Information
regarding the operation at Mayo Arizona including
approach (open, minimally invasive, or a combination of
both), operative time, length of stay, and complications
were obtained from hospital records. Initial indications
for repair of recurrent PE were similar to those for pri-
mary repair and included a Haller index greater than 3.2
and those with symptomatology. Based on early experi-
ence with recurrent PE, indications for repair were
expanded to include patients with symptomatic areas of
nonunion, pseudoarthrosis, chest wall hernia, or other
evidence of chest wall instability even if they did not meet
criteria based on the severity of their defect.

An algorithm to our approach for recurrent open pa-
tients is presented in Figure 3. The majority of patients
underwent attempted MIRPE. Planned reopening and
revision of prior open resection was only performed in
patients with known sites of malunion, pseudoarthrosis,
chest wall hernia, or extreme fixation owing to thoracic
Fig 2. Intraoperative photographs of 2 pa-
tients with (A, B) sites of fibrotic malunion
after prior failed, open pectus excavatum
repair. These areas are (A) debrided back
until viable cartilage is identified, and (B)
foreign materials are removed to prevent
further fibrosis and reaction.
dystrophy with these undergoing planned hybrid proce-
dure [10, 11]. The analysis of patients operated on with
recurrent PE and recurrent PE with acquired thoracic
dystrophy (ATD) were done separately owing to the
added complexity of these high-risk patients [11]. Ac-
quired thoracic dystrophy was defined as significant
growth failure and extensive ossification as a result of
excessive excision of chest cartilage during PE repair at a
young age [11, 20].

Procedure
POSITIONING. All patients are administered intravenous
antibiotic prophylaxis before initiation of the procedure.
General anesthesia with double-lumen intubation is
performed. A transesophageal echocardiogram probe is
placed for continuous evaluation of cardiac function,
monitoring for adverse events throughout the case, and
for relief of cardiac compression. The patient is placed
supine with two longitudinal 5-inch rolls under the back
parallel to the spine. Arms are placed with slight elbow
flexion, padded, and tucked in at the sides. Groins are



Fig 3. Algorithm to our operative
approach for recurrent open pa-
tients. (MIRPE ¼ minimally
invasive repair of pectus
excavatum.)

Fig 4. A Rultract (Rultract Inc, Cleveland, OH) table-mounted
retractor is used for attempting chest wall elevation at initiation of
case and with revision of open repair during the hybrid
reconstruction.
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prepped and draped for possible emergent groin access
or cardiopulmonary bypass. This elevated supine chest
positioning facilitates access to both the anterior and
lateral aspects of the chest wall for placing and affixing
bars.
THORACOSCOPY. Typical bilateral 3- to 4-cm MIRPE in-
cisions are made at the inferolateral pectoral borders.
Incisions are positioned to allow access to the intercostal
spaces adjacent to the defect. Submuscular pockets are
developed using electrocautery. The pectoralis and lateral
muscles are lifted off the anterior and lateral chest wall to
prevent trapping of chest muscles under the support bars.
Initially a 5-mm port is placed through the right incision,
and carbon dioxide insufflation to 5 to 8 mm Hg pressure
is used. A 5-mm flexible endoscope (Olympus 5-mm
Endoeye Flex 5; Olympus, Central Valley, PA) is intro-
duced for thoracoscopic visualization. Often extensive
pleural adhesions are encountered, requiring electro-
cautery and blunt dissection adhesiolysis. An additional
5-mm port is placed inferiorly above the right diaphragm.

Attempted Sternal Elevation
Elevation with the Rultract Retractor (Rultract Inc,
Cleveland, OH) is then attempted. Two-millimeter in-
cisions are placed on either side of the sternal defect us-
ing the patient’s previous open scar when possible. A
perforating bone clamp (Lewin Spinal Perforating For-
ceps, V. Mueller NL6960; CareFusion Inc, San Diego, CA)
is inserted into the sternum. The Rultract retractor with
an attached extension arm is bedside mounted at the level
of the upper sternum on the left side. The Rultract is then
attached to the clamp, and an attempt is made at sternal
elevation (Fig 4).

Sternal Elevation Achieved
If the sternal elevation is achieved and there are no sus-
pected areas of malunion or chest wall instability present,
an MIRPE is performed as follows. After sternal elevation,
adhesiolysis of remaining pleural and mediastinal adhe-
sions is performed. A Lorentz dissector (Biomet Micro-
Fixation, Jacksonville, FL) is passed across from a right
anterior chest interspace, under the sternum, and out the
contralateral interspace. FiberWire (Arthrex Inc, Naples,
FL) is then attached to the end before removal to guide
the implant bar placement. Thoracoscopic-guided Nuss
bar placement is then performed, and the process is
repeated to place two to three bars. The decision as to the



Fig 5. Titanium plating and sternal support
bars are used and shown in (A) intra-
operative photographs and (B) postoperative
chest roentgenogram after hybrid
reconstruction.
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number of bars needed is made during the operation
based on the deformity. The first bar is positioned in the
interspace at the superior aspect of the defect. A second
bar is then placed either one or two intercostal spaces
below. If a lower chest wall defect persists, a third bar is
placed. Bars are sized and shaped to best correct the
patient’s defect. We prefer slightly shorter bar lengths
and minimize the lateral extension of the bar around the
chest. Bars are custom bent and shaped, and aluminum
sizers are used to estimate bar length and shape. The
sizer is placed across the chest and bent to allow 2 to 3 cm
of curvature around the lateral aspect of the chest. Bars
are rotated into place with the sternum still elevated by
the Rultract to minimize stripping of the intercostal space
laterally. Bilateral circumferential fixation of the bars
around the rib using FiberWire is performed as previ-
ously described [21]. Two or three sites of fixation are
performed bilaterally for each bar.

Failure of Sternal Elevation
If forced sternal elevation cannot elevate the chest ante-
riorly, or if malunion or sternal floating is evident, the
incision from patient’s previous open procedure is
opened and dissection is taken down to the bony chest
wall, typically elevating the pectoris muscles. Sites of
calcified restriction or malunion are identified. Areas of
pseudoarthrosis and malunion are excised until viable
cartilage or bone is identified. Osteotomies are performed
of the sternum and fused rib, costochondral, or sterno-
chondral junctions. If cartilage and perichondrium
remain, a perichondrial-preserving cartilage wedge
resection is performed as necessary. These techniques are
similar to those used in the Fonkalsrud repairs, but are
limited only to areas that will not elevate and for sites
with persistent malformation after elevation [3, 5, 22]. For
many patients, osteotomies of the sternum and fused ribs
using bone chisels or powered bone saw are required to
free the sternum. Small resections and osteotomies are
continued until elevation of the anterior chest wall to the
proper position is obtained. The Rultract is left in position
assisting elevation during this time. The Nuss bars under
the anterior chest stabilize the anterior chest wall from
below.
Titanium sternal plating (Biomet Microfixation; and

DePuy Synthes, West Chester, PA) and FiberWire fixa-
tion is used to approximate and stabilize sites of cost-
ocartilage or rib to the sternum anteriorly (Fig 5). Plates
are chosen based on length and shape to best accom-
modate the fixation. Multiple plates are used, and
FiberWire is used to attach to the sternum when
required. For areas of extensive deformity with osteo-
necrosis or chest wall hernia, use of cadaveric bone
graft, methyl methacrylate, and biologic mesh sheeting
(XCM Biologic Tissue Matrix, DePuy Synthes, Inc, West
Chester, PA; and Strattic Reconstructive Tissue Matrix,
LifeCell Corp, Bridgewater, NJ) may be required for
repair. These techniques are described in prior publi-
cations [10, 11].
Once the chest wall deformity is completely cor-

rected, the pectoralis muscle and fascia, as well as the
rectus abdominis muscle and fascia are reattached.
The incisions are closed with layered absorbable su-
ture. In some patients, approximation of the muscle
cannot be accomplished despite complete mobilization,
and biologic mesh is used to bridge the gap (Fig 6).
The sternal clamp is removed, and a single approxi-
mating stitch is placed on the sites of the bone clamp
insertion. A 16F chest tube is placed through the lower
port site on the right and left in place for at least 24
hours or until drainage is less than 300 mL over 24
hours as is our standardized practice. An additional
chest tube is placed on the left if extensive intratho-
racic adhesions were encountered on the left. Post-
operatively, either epidural or On-Q PainBuster



Fig 6. (A, B) Biologic mesh is used to cover
titanium plating when mobilized muscle
flaps are inadequate to provide complete
coverage.
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Catheters (Halyard Health, Irvine, CA) are used for
pain control with narcotic pain medication. Our prac-
tice is to leave the pectus support bars in place for 3
years. Titanium plating is not routinely removed un-
less there are issues such as plate loosening, infection,
or pain.
Results

During the study period, a total of 290 adult patients (>18
years) underwent PE repair, with 217 primary repairs and
73 (25%) for recurrent PE. Of these 73 patients with
recurrent PE, the 48 (65.7%) who had undergone at least
one prior open repair composed the study group. The
Table 1. Patient Demographics

Variables MIRPE

Total patients 14 (29.2%)
Age, y, mean (range) 31.6 (20–51)
Sex

Male 10 (71.4%)
Female 4 (28.6%)

Family history 2 (14%)
Haller index, mean (range) 4.9 (3.3–8.3)
Types of previous surgery

Ravitch 9 (64.3%)
Leonard 2 (14.3%)
Sternal Flip 0
Ravitch and Nuss 3 (21.4%)

a Includes patient with sternotomy who was repaired with revision Ravitch an

MIRPE ¼ minimally invasive repair of pectus excavatum.
demographics and prior operations types are shown in
Table 1.
The mean patient ages were 34.5 years (median, 32

years; range, 19 to 54 years), with a mean severity index of
recurrence of 4.7 (median, 4.4; range, 2.8 to 14.7). The
most common presenting symptoms were dyspnea
(89.6%), chest pain (85.4%), and inability to keep up with
their peers in physical activity (83%). A complete list of
presenting symptoms is reported in Table 2. Twenty-
eight patients underwent cardiopulmonary exercise
testing before surgery, with 82% (23 of 28) being classified
as low or very low exercise capacity with a decreased
maximal oxygen consumption, oxygen consumption to
heart rate ratio, and oxygen consumption to carbon
Simple Hybrid Thoracic Dystrophy

20 (41.6%)a 14 (29.2%)
34.85 (19–50) 37.1 (21–54)

15 (75%) 13 (92.9%)
5 (25%) 1 (7.1%)
1 (5%) 4 (28.6%)

4.1 (2.8–6.5) 5.5 (3.3–14.7)

17 (85%) 12 (85.7%)
1 (5%) 0
1 (5%) 0
1 (5%) 2 (14.3%)

d support bar placement.



Table 2. Symptoms at Presentation

Symptoms MIRPE Simple Hybrid Thoracic Dystrophy

Total patients 14 (29.2%) 20 (41.6%)a 14 (29.2%)
Dyspnea 11 (78.6%) 19 (95%) 13 (92.9%)
Tachycardia/palpitations 8 (57%) 13 (65%) 11 (78.6%)
Difficulty keeping up with peers 11 (78.6%) 16 (80%) 13 (92.9%)
Chest pain 12 (85.7%) 19 (95%) 10 (71.4%)
Asthma 2 (14%) 5 (25%) 7 (50%)
GERD 1 (7%) 4 (20%) 4 (28.6%)
Psychiatric

Anxiety 5 (35.7%) 8 (40%) 3 (21.4%)
Depression 1 (7%) 8 (40%) 4 (28.6%)

a Includes patient with sternotomy that was repaired with revision Ravitch and support bar placement.

GERD ¼ gastroesophageal reflux disease; MIRPE ¼ minimally invasive repair of pectus excavatum.
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dioxide ratio. Forty-two patients had preoperative echo-
cardiography, with 21 (50%) demonstrating right ven-
tricular compression. Seven patients had a family history
of PE (14.6%), but no patients had Marfan syndrome.

The majority of patients (34 of 48, 70.8%) underwent a
hybrid-type procedure for repair. One patient underwent
conversion to sternotomy when excessive bleeding
occurred during thoracoscopic takedown of mediastinal
adhesions. He was subsequently repaired after closure of
the sternotomy with a hybrid procedure. This patient was
excluded from comparison analysis in Table 3 by virtue of
being an outlying variable. An MIRPE alone successfully
corrected 14 patients (29%). Lysis of adhesions increased
operative time, blood loss, and the hospital stay in this
group of revision MIRPE compared with our primary
MIRPE cases during this period (mean operative time, 165
minutes versus 115 minutes; blood loss, 147 mL versus
Table 3. Operative and Hospitalization Information

Variables MIRPE

Total patients 14
Number of bars used

2 bars 9 (64.3%)
3 bars 5 (35.7%)

Operative time (min), mean 165
Median (range) 150 (60–308)

Titanium plating 0
Biologic mesh placement 2 (14.3%)b

Poly methyl methacrylate (PMMA) 0
Pectoralis muscle/rectus abdominis

advancement flap
2 (14.3%)

Blood loss (mL), mean 147
Median (range) 50 (25–700)

Length of hospital stay (days), mean 5
Median (range) 5 (4–8)

a Patient requiring conversion to open sternotomy excluded from analysis; OR t
8 days. b Mesh placed as barrier between breast implants and support bar

MIRPE ¼ minimally invasive repair of pectus excavatum.
54 mL). The hybrid approach was required for osteoto-
mies as a result of calcification and rigidity in 15 patients
(15 of 34, 44%) and stabilization of malunion in 16 patients
(16 of 34, 47%). Titanium plating was added in 26 of the
hybrid repairs, muscle advancement flaps were per-
formed in 28 patients, and placement of biologic mesh
was performed in 20 patients. All patients had at least two
pectus support bars placed, and 11 (23%) required three
bars.
Mean operative times increased with greater

complexity of the revision as shown in Table 3.
Complications are reported in Table 4, with the most
significant complication being the sudden, unexpected
death of a 22-year-old woman on postoperative day 10.
The patient experienced an out-of-hospital arrest with
hypoxia, pulseless electrical activity, and unsuccessful
resuscitation. Another patient was readmitted after
Simple Hybrid Thoracic Dystrophy

19a 14

16 (84.2%) 11 (78.6%)
3 (15.8%) 3 (21.4%)

295 397
289 (147–443) 399 (246–545)
13 (68%) 13 (92.9%)
8 (42%) 12 (85.7%)
1 (5%) 2 (14.3%)
14 (73.7%) 13 (92.9%)

521 696
500 (100–1,000) 700 (400–1,000)

7 10
6 (4–15) 7 (6–24)

ime 178 minutes, estimated blood loss 1,300 mL, and length of hospital stay
s [23].



Table 4. Patient Morbidities and Mortality

Variables MIRPE Simple Hybrid Thoracic Dystrophy

Total patients 14 20 14
Pneumothorax requiring chest tube insertion 0 1 (5%) 0
Infection

Pneumonia 0 2 (10%) 2 (14.1%)
Urinary tract 0 0 0
Wound infections 1 (7.1%) 2 (10%) 0

Prolonged respiratory failure with tracheostomy 0 0 3 (21.4%)
Blood loss requiring blood transfusion 0 5 (25%)a 6 (42.9%)
Readmission or reintubation for narcosis or aspiration 1 (1.7%) 1 (5.3%) 1 (7.1%)
Severe constipation/ileus 0 1 (5.3%) 1 (7.1%)
Reoperation and revisions

Minor revision cartilage shaving, other 0 2 (10.5%) 0
Bar displacement 1 (7.1%) 0 0
Major revision procedures 1 (7.1%) 3 (15%) 1 (7.1%)

Mortality 0 1 (5%) 0

a One patient requiring conversion to open sternotomy with 1,300 mL of blood loss did not undergo transfusion secondary to religious beliefs.

MIRPE ¼ minimally invasive repair of pectus excavatum.
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cardiopulmonary arrest from an accidental narcotic
overdose on postoperative day 18. He was stabilized
and discharged to home. Overall complications were
higher in the ATD group.

Patient follow-up averaged 21.9 months (range, 6 to 51.6
months), with 12 patients having progressed through
pectus bar removal. One patient early in the series who
underwent repair with MIRPE had a recurrence after bar
removal owing to sites of malunion unrecognized at the
initial repair with MIRPE. She subsequently underwent a
hybrid procedure with excision of the scar tissue, bone
grafting, and sternal plating. No hybrid patients have had
major recurrences, but various revision procedures were
performed in 4 patients (3 hybrid PE and 1 ATD). These
procedures included removal of the titanium plate and
revision with methyl methacrylate (1 patient), placement
of a third support bar for continued lower chest wall PE (1
patient), removal of titanium plating because of post-
operative infection requiring surgical debridement and
later reoperation for restabilization after resolution of
infection (1 patient), and repair of recurrent hernia at the
chest wall muscle attachments with additional plating of
lower associated costocartilage (1 patient). Two patients
additionally underwent outpatient cosmetic shaving of
osteophytic cartilage growth during the follow-up period.
Comment

Surgical repair of recurrent PE after previous open repair
is often complex and presents special challenges. Others
have reported successful MIRPE after failed open repair;
however, in our cohort, less than a third were correctable
with MIRPE [3, 6, 8]. Those patients with malunion,
floating sternum, or significant ossification and deformity,
such as in ATD, were not candidates for MIRPE alone,
and the hybrid procedure was a good option. Adequate
anterior elevation of the chest was not possible in almost
half of our patients because of rigidly ossified chest walls,
and many of the patients had sites of malunion, pseu-
doarthrosis, or chest wall hernia that required open
repair [2, 10, 13]. Osteotomies of the sternum, sternocostal
junctions, and lateral ribs were necessary to correct the
chest wall to the proper position. Once elevation of the
chest wall was achieved, complete stabilization of the
freed chest wall segments in the desired anatomic posi-
tion was found to be an important element of the hybrid
procedure. Titanium plating or FiberWire was useful to
stabilize these segments and reattach the sternum to the
accompanying cartilage or ribs. Stabilization with pectus
support bars was also performed to maintain elevation of
the chest in the correct position and was far more satis-
factory than the anterior plating alone done before this
series.
Significant mediastinal scarring and pleural adhesions

were encountered in many of our revisions of prior open
extrapleural procedures. This led to significant bleeding
requiring conversion to open sternotomy in 1 patient.
Positioning and draping to allow rapid emergent access to
femoral vessels and availability of cardiopulmonary
bypass are important for reoperative patients. The use of
forced sternal elevation or subxiphoid dissection has been
recommended by others to increase the safety of dis-
secting mediastinal adhesions, and the current algorithm
incorporates this recommendation [1, 3, 6, 8, 12, 22–28].
Although most patients do well, significant complica-
tions may occur. In general, complications increased
with increasing complexity of the revision, as did
operative time. The less complex hybrid patients had
fewer overall complications and a shorter hospitaliza-
tion (mean, 7 days versus 10 days), but were still hos-
pitalized significantly longer than the revision MIRPE
patients (5 days). Patients with extensive deformities
and dystrophy required the longest mean operating
room times (MIRPE, 165 minutes; standard hybrid,
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295 minutes; ATD, 397 minutes). Extensive education
about the extent of the surgical procedure, potential
complications, risks, recovery period, and final results
are necessary to create realistic expectations for the
patient. As many of our patients underwent additional
procedures, the possibility of future operations should
also be well understood by the patient. The long-term
durability of these repairs is unknown.

Repair of recurrent PE after prior open pectus excava-
tum surgery can be difficult. No single technique was
found to be adequate for all patients, and more than half of
our patients required a hybrid approach combining open
resection, plating, and thoracoscopically placed support
bars for correction. With appropriate techniques, recur-
rence after open PE can be repaired with good results, but
a moderate degree of complications must be expected.
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