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Background: Patients with anterior chest wall deformities unsuitable for minimally invasive repair are
commonly treated by the modified Ravitch procedure. Although rigid plate fixation of the sternal osteotomy
has previously shown to facilitate adequate sternal union, its use is troubled by an implant removal rate of
up to 23% due to local complaints or complications associated with bulky plates. In contrast, the use of
thinner and therefore biomechanically weaker plates may result in a higher incidence of non- or mal-union.
In this pilot study, we evaluate the feasibility, efficacy and safety of rigid sternal fixation by thin pre-shaped
anatomical locking plates during the modified Ravitch procedure.

Methods: Between June 2018 and December 2019, all consecutive patients who underwent anterior chest
wall deformity repair by the modified Ravitch procedure in our tertiary referral centre were included. Data
was collected retrospectively. All pectus types were included. The sternal osteotomy was fixated using thin
SternaLiock Blu plates. Patients were followed for at least one year.

Results: Nine patients were included. The group consisted of six male and three female patients, with
a median age of 20 years [interquartile range (IQR), 16-35 years]. Median duration of follow-up was
25 months (IQR, 16-28 months). No intraoperative complications occurred. No patients presented with
symptomatic non- or mal-union. Plate removal was performed in one patient for atypical pain without relief.
No other postoperative complications occurred.

Conclusions: Based on these pilot results, thin SternalLock Blu plates are deemed to be safe and effective
in providing adequate rigid fixation of the sternal osteotomy during the modified Ravitch procedure.

Compared to literature, the need for plate removal within 25 months after surgery was reduced.
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Introduction

Surgical treatment of congenital anterior chest wall
deformities originated in the early 20th century and is,
following adaptations, nowadays known as the modified
Ravitch procedure (1). Pectus excavatum is the most common
congenital anterior chest wall deformity and accounts for up
to 90% of all deformities (2). Other less common anomalies
include pectus carinatum and arcuatum (i.e., Currarino-
Silverman syndrome). During the modified Ravitch repair,
the affected costal cartilage is resected while preserving
the perichondrium, followed by correction of the sternal
deformity through a cuneiform osteotomy. Although,
less invasive surgical alternatives, such as the Nuss (for
pectus excavatum), Abramson (for pectus carinatum) and
sandwich (for pectus arcuatum) are currently considered
as surgical treatment of first choice, the modified Ravitch
procedure may still be indicated based on patient’s age,
severity or type of the deformity, prior thoracic surgery,
experience of the surgical team and patient’s preference (3).

In the modified Ravitch procedure, numerous methods
and techniques have been proposed for sternal fixation after
osteotomy, including cerclage or Kirschner wires, non-
absorbable meshes and struts (4). Yet, these only provide
relative stability and are therefore associated with a risk of
non-union (i.e., pseudoarthrosis), mal-union and postoperative
pain. Symptomatic non-union is observed in up to 17% of
patients undergoing the modified Ravitch procedure with
a non-absorbable mesh (4). In addition, instability of the
sternum reinforced by wire cerclages has been reported in
8% of cases after conventional cardiac surgery through a
midsternal approach (5). Consequently, we have advocated
for rigid sternal fixation through Locking Compression Plates
(LCP) and previously reported on its efficacy in 26 consecutive
patients after a modified Ravitch procedure. In this study we
found no cases of symptomatic non- or mal-union after a mean
follow-up of 30 months (4). Despite this apparent benefit, the
disadvantage of the use of LCP is that they are bulky and may
as a consequence be prominent underneath the thin sternal
subcutaneous layer, necessitating hardware removal in 23%
of pectus patients (4). Kalberer ef a/. suggested an even higher
LCP removal rate after osteosynthesis of sternal fractures (6).
Implant removal is moreover associated with surgical wound
infections in up to 12% of cases (7) and may even result in
non-union if performed too early. Thinner and anatomical
contoured locking plates are possibly effective in reducing
the need for plate removal. SternalLock Blu (SternalLock Blu,
Zimmer Biomet, Warsaw, Indiana, USA) is primarily used
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for fixation after median sternotomy with excellent outcomes
(8,9), and may therefore also be suitable for fixation of the
sternum after correction of anterior chest wall deformities.
However, until now, it is unknown whether the use of thinner,
biomechanically weaker prevents the occurrence of non-and
mal-union when used for fixation of the correction osteotomy
in the modified Ravitch procedure.

The subsequent objective of this pilot study is to
evaluate our preliminary single-center results regarding
the feasibility, efficacy and safety of rigid sternal fixation by
Sternalock Blu plates.

We present the following article in accordance with the
STROBE reporting checklist (10) (available at http://dx.doi.
org/10.21037/jtd-21-284).

Methods
Study design

A single-center retrospective observational pilot study was
conducted. Prior to start, the study was approved by the local
ethics and clinical research committee (Medical Ethics Review
Committee Zuyderland, ID: METCZ20200049, approval
date: June 8th, 2020), waiving the need for individual patient
consent. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Participants

All consecutive patients who underwent a modified Ravitch
procedure for pectus excavatum, carinatum or arcuatum between
June 2018 and December 2019 at Zuyderland Medical Center
(Heerlen, The Netherlands) were included. In June 2018 we
started using SternalLock Blu plates. December 2019 was chosen
as end of the enrollment period to provide a minimum follow-
up of one year. No distinction was made between pectus types
since the common goal of the Ravitch procedure is to achieve
an anatomical position of the sternum. Padents who were not
eligible for minimally invasive repair by the Nuss (for pectus
excavatum), Abramson (for pectus carinatum) or sandwich
(for pectus arcuatum) procedure were included (e.g., due to
the extreme severity of deformity, patient’s age or preference).
Patients with prior thoracic surgery were excluded.

Preoperative evaluation, surgical technique and follow-up

Patients were provided consultation at the outpatient clinic
of our tertiary referral center for chest wall disorders.
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Figure 1 Surgical technique of the modified Ravitch procedure. (A) Preoperative evaluation by computed tomography. (B) Identification

of the deepest point and incisional site. (C) Skin incision. (D) Bilateral pectoralis muscle dissection to expose the sternum and affected rib

cartilage. (E,F) Resection of the deformed cartilage with preservation of the perichondrium. (G) Xiphoidectomy and sternal elevation. (H)

Sternal osteotomies. (I) Fixation of the sternal osteotomies by the SternaLock Blu system. (J) Approximation of the perichondrium. (K)

Placement of low-vacuum drains and closure in layers. (L) Postoperative result.

Preoperative evaluation included a chest computed
tomography (CT) scan to evaluate the severity of the
deformity (Figure 1A4). For patients suffering from pectus
excavatum, the Haller index was determined, and the
presence of cardiac compression evaluated. Additional
assessment of cardiorespiratory function was performed
upon indication.

Surgery was performed under epidural and general
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anesthesia with a single-lumen endotracheal tube.
The patient was positioned supine and prophylactic
cefazolin was administered. Following skin markings and
identification of the deepest point (Figure 1B), a midline
skin incision was made over the sternal deformity (Figure
1C). The pectoralis muscles were bilaterally dissected
to expose the sternum and affected rib cartilage (Figure
I1D). All deformed cartilage segments were resected
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while preserving the perichondrium (Figure 1E,F).
A xiphoidectomy was performed in order to lift the
sternum and avoid postoperative prominence (Figure 1G).
Subsequently, a wedge osteotomy was made at the cranial
margin of the sternal deformity using an osteotome. If
necessary, to achieve a neutral sternal position, a second
osteotomy was performed (Figure 1H). The wedge cuts
were made in such fashion to facilitate optimal bone
contact between the separated surfaces and allow proper
sternal union. The SternaLock Blu system (Sternalock
Blu, Zimmer Biomet, Warsaw, Indiana, USA) was used
for fixation of the sternal osteotomy with plates and self-
drilling locking screws (Figure 11). No additional support
methods were employed (e.g., rib plates or retrosternal
support by struts). After fixation, the perichondrium was
approximated (Figure 17), and bilateral low-vacuum drains
were placed. The pectoralis major muscles, subcutaneous
tissue and skin were closed in layers (Figure 1K).
A postoperative anteroposterior plain radiograph was
acquired to rule out the presence of a pneumothorax
(Figure 1L). In addition, a lateral plain radiograph was
obtained during the first postoperative days in order to
evaluate the postoperative result (Figure 1L). Patients were
discharged following drain removal (less than 35 cc per
24 hours), adequate pain control and mobilization.
Standard follow-up consisted of an outpatient clinic visit
after two weeks. Additional visits were scheduled on
demand through shared decision making.

Variables and data acquisition

Patient charts were retrospectively reviewed for (I) baseline
patient characteristics (sex, age, type of deformity and for pectus
excavatum the Haller index and presence or absence of cardiac
compression), (IT) operation characteristics (duration, blood
loss and intraoperative complications) and (III) postoperative
characteristics [length of hospital stay, complications (graded
by the Clavien-Dindo classification) (11) and length of follow-
up]. Symptomatic non-union was defined as the presence of
symptoms (i.e., pain or subjective instability) in combination
with a CT confirmed non-union at least 6 months after
surgery. Implant removal due to complaints (e.g., pain or
prominence) was only acknowledged as such, if symptoms
resolved after removal.

Statistical analyses

Statistical analyses were performed using SPSS Statistics
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(IBM Corp. IBM SPSS Statistics for MacOS, Version 27.0,
Armonk, New York, USA). Continuous variables were
depicted as median, interquartile range (IQR) and range.
Categorical variables were denoted as frequencies and
percentages. Missing data was reported as such.

Results

Between June 2018 and December 2019, nine consecutive
patients underwent a modified Ravitch procedure with
application of the Sternal.ock Blu system. Six out of nine
patients were male (67%) with a median age of 20 years
(IQR, 16-35; range, 13-59 years). The group consisted of
four patients (45%) with pectus excavatum, three (33%)
with pectus carinatum and two (22 %) with pectus arcuatum.
The indication to perform a modified Ravitch procedure
instead of a minimally invasive approach was age in 2 out
of 4 pectus excavatum patients and extreme severity in the
remaining 2. In addition, reasoning for an open approach
encompassed a combination of severity and potential
inability to redress the deformity by the Abramson method
in all pectus carinatum patients while the modified Ravitch
procedure was favored due to age in all pectus arcuatum
patients. The Haller index among patients with pectus
excavatum ranged from 3.0-4.9, compared to 2.2-2.9
(n=1 missing) after surgery. The median length of surgery
was 104 minutes (IQR, 99-142; range, 89-171 minutes)
with a median blood loss of 50 mL (IQR, 35-200; range,
20-300 mL). No intra-operative complications occurred.
Postoperative lateral plain radiographs demonstrated an
anatomical position of the sternum in all patients (n=1
missing). Patients were discharged after a median of 5 days
(IQR, 5-7; range, 4-8 days). Baseline patient characteristics
are summarized in Table 1.

One-year follow-up was available for all patients.
Median duration of follow-up was 25 months (IQR,
16-28; range, 15-29 months). No patients presented
with symptomatic non-union or mal-union. In addition,
no recurrent cases were observed. In one 46-year-old
male patient, plates were removed due to atypical pain
complaints (CDC-IIIb). However, symptoms did not
improve upon removal, making an association with the
osteosynthesis materials unlikely. Additional cardiac and
pulmonary evaluation did not reveal any abnormalities
and symptoms were classified as idiopathic. No
secondary surgical or other complications occurred.
Peri- and postoperative outcomes are summarized in

Table 2.
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Table 1 Baseline patient characteristics

Table 2 Peri- and postoperative outcomes

Sternalock Blu (n=9)

Sternalock Blu (n=9)

Characteristics Characteristics
Median or n [%] IQR Range Median orn [%] IQR Range
Age (years) 20 16-35 13-59 Length of surgery (minutes) 104 99-142 89-171
Male 6 [67] Blood loss during surgery 50 35-200 20-300
Pectus type (mb)
Pectus excavatum 4 [45] Hospital stay (days) 5 57 4-8
Pectus carinatum 3 [33] NRS
Pectus arcuatum 2 [22] Postoperative 2 0-5 0-10
Haller index 3.0-4.9 Discharge 2 08 03
n, number; IQR, interquartile range. Follow-up (months) 25 16-28 1529
Postoperative complications 0[0]
Seroma 0
Discussion Wound dehiscence 0
The aim of this pilot study was to evaluate the feasibility, Wound infection 0
efficacy and safety of rlgld.sternal ﬁxauon by the Sternalock Pectus recurrence 0
Blu system during the modified Ravitch procedure. We started o
using these thinner, pre-shaped anatomical locking plates Re-admission 0
in June 2018 because of the relatively high plate removal Non-union 0
rate of 23% using LCP in an earlier cohort (4). This high Mal-union 0
removal rate was attributed to the bulkiness and subsequent
. . . o Plate removal 1[11]
prominence of LCP, causing complaints. This is in accordance
with a series reporting a plate removal rate of 27% in fifteen Pain 1
patients who received locking compression plate fixation after Plate prominence 0

sternotomy with a mean follow-up of 57 months (6).

Using Sternalock Blu plates in the current series, the
hardware was removed in only one patient suffering from
thoracic pain. However, because his symptoms persisted
afterwards and no physical substrate was found by extensive
cardiopulmonary evaluation, the pain was concluded not to
be plate related. This emphasizes the need for careful patient
selection before advancing to plate removal. In addition,
if plate removal is indicated based on plate prominence,
removal is advised to be postponed until adequate union is
likely (at least 6 months after initial surgery) and moreover
confirmed by cross-sectional imaging.

Based on the comparison with available literature, the
thinner SternalLock plates seem to be associated with reduced
need for removal due to plate prominence and associated
burden compared to the bulkier LCP. In turn, this may
prevent secondary surgical complications such as non-union
and surgical site infections following removal (7). However,
it has to be noted that the follow-up of both LCP groups
was considerably longer (respectively 30 and 57 months)
than the Sternalock Blu group from the current series
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*, plate removal had no effect on pain. IQR, Interquartile range;
SD, standard deviation; mL, milliliters; NRS, Numeric Rating
Scale.

(median: 25 months).

Since publications on the use of sternal plates in Ravitch
procedures are limited to the previously mentioned report by
our center, we also reviewed literature on the use of Sternal.ock
Blu plates after cardiac sternotomy. In a study by Raman and
colleagues (8), a hardware removal rate of 11% (n=8/70) was
found. Of these 8 plate removals, 6 were removed within seven
to 82 days after surgery due to screw back out, pull through,
wound infection and a non-infected wound sinus. The median
follow-up of our current study was long enough (i.e., median
follow up of 25 months) to observe these complications,
however, none occurred. Nevertheless, all patients studied
by Raman et al. were preoperatively determined to be at high
risk for sternal wound complications. In contrast, the pectus
population is generally younger with fewer comorbidities than
patients undergoing cardiac surgery (8).
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In this study, we did not routinely acquire postoperative
CT scans to assess the presence of non- or mal-union cases.
We solely assessed symptomatic (e.g., pain, discomfort or
hardware failure) cases by means of CT since asymptomatic
cases do generally not require re-intervention. Though,
we acknowledge that this may lead to a potential
underestimation of the true occurrence of non- and mal-
union. In the present series, no cases of symptomatic non-
union or mal-union were detected during the median
follow-up of 25 months. This is comparable to our previous
experience in 26 pectus excavatum patients treated with
locking compression plate fixation as part of a modified
Ravitch procedure, where no cases of symptomatic non-
or mal-union were detected after a mean follow-up of
30 months (4). We therefore suggest the thinner Sternal.ock
Blu plates to be an effective alternative for sternal fixation,
providing sufficient rigidity as demonstrated by the absence
of symptomatic non-union and mal-union cases. However, it
should be noted that the risks on plate failure differ among
pectus types. Especially pectus excavatum is theoretically at
higher risk for failure.

Based on a large series (n=426) by Masaoka ez al.,
complications during the modified Ravitch procedure occur
in approximately 6% of cases (12). Potential complications
are primarily wound- (i.e., seroma and wound dehiscence)
and respiratory-related (i.e., pneumothorax, pneumonia,
pleural effusion and atelectasis). Masaoka er al. created a
bridge consisting of resected costal cartilage to support the
sternum, thus performing a metal-free Ravitch procedure,
while Fonkalsrud in a series of 912 patients with metal
strut support revealed a complication rate of 8% (13). In
comparison, in a smaller series using cerclage wires with
non-absorbable retrosternal mesh support (n=18) or LCP
(n=26), a complication rate (other than hardware removal
and non-union) of respectively 33% and 15% is described (4).
In the current series, using SternalLock Blu plates for rigid
fixation of the sternal osteotomy among nine patients, no
complications were observed.

Limitations

To the best of our knowledge, the current study is the
first to investigate the use of Sternalock Blu plates
for rigid sternal fixation during the modified Ravitch
procedure. Nonetheless, this study is subject to limitations.
Retrospective cohort studies are inherently susceptible
to bias due to missing data. Yet, only one postoperative
lateral radiograph was missing, as a result of which the
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postoperative Haller index could not be determined in
one patient. In addition, it should be noted that the study’s
findings concern pilot data obtained during adaption of
the use of SternaLock Blu plates. Moreover, conducting
a pilot study is inherently associated with a small sample
size, limiting evidential value. In addition, potential
underestimation of asymptomatic non- and mal-union cases
is possible, given that cross-sectional imaging was only
performed in the presence of symptoms.

Currently, more minimally invasive procedures, such as
the Nuss procedure, are favored over the modified Ravitch
procedure due to smaller incisions, less blood loss and
shorter operative time (14). Likewise, a minimally invasive
treatment (i.e., the Abramson procedure) or conservative
treatment (i.e., bracing or dynamic compression therapy) is
favored for pectus carinatum (15). Since the common goal
has been to minimize surgical trauma, the modified Ravitch
procedure has gradually declined in relative incidence, as
also demonstrated by Zuidema et /. (16). This may have
led to selection bias given that, in particular, more severe
cases are selected for the modified Ravitch procedure.
This explains the small and heterogenous study population
of this study which may limit extrapolation of results to
other patient cohorts. Future comparative research should
focus to expand and strengthen the current evidence with
adequate power.

Conclusions

Based on our first experience, Sternal.ock Blu plates are
suggested to be a safe and feasible method for rigid sternal
fixation during the modified Ravitch procedure. Moreover,
in the absence of non-union and mal-union cases, they are
suggested to provide adequate sternal stability. Furthermore,
Sternallock Blu plates are potentially associated with
reduced need for hardware removal compared to bulkier
LCP. Future comparative studies are needed to strengthen
the evidence.
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