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Pectus carinatum (PC) is a chest deformity caused by a disproportionate growth of the costal cartilages compared to the bony
thoracic skeleton, pulling the sternum towards, which leads to its protrusion. There has been a growing interest on using the
‘reversed Nuss’ technique as a minimally invasive procedure for PC surgical correction. A corrective bar is introduced
between the skin and the thoracic cage and positioned on top of the sternum highest protrusion area for continuous pressure.
Then, it is fixed to the ribs and kept implanted for about 2–3 years. The purpose of this work was to (a) assess the stresses
distribution on the thoracic cage that arise from the procedure, and (b) investigate the impact of different positioning of the
corrective bar along the sternum. The higher stresses were generated on the 4th, 5th and 6th ribs backend, supporting the
hypothesis of pectus deformities correction-induced scoliosis. The different bar positioning originated different stresses on
the ribs’ backend. The bar position that led to lower stresses generated on the ribs backend was the one that also led to the
smallest sternum displacement. However, this may be preferred, as the risk of induced scoliosis is lowered.
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1. Introduction

Pectus carinatum (PC) is a deformity of the anterior chest

wall involving a variety of protrusion configurations, but

most frequently with anterior projection of the mid and

lower sternum and adjacent costal cartilages (Brodkin

1958). It is a general consensus that, like pectus excavatum

(PE), PC origins from a disproportionate growth of the

costal cartilages compared to the bony thoracic skeleton;

this presses the sternum, leading to its protrusion,

depression or a combination of both (Peña et al. 1981).

In most PC cases, there is a chest narrowing from side to

side, with the ribs projecting more anteriorly and with less

curvature than normal, and also a slight sternum rotation,

due to different cartilage growth rates on each side of the

thoracic cage (Fonkalsrud 2008). The overall prevalence

of PC is of 0.6%, being more common in male (4:1, male–

female ratio) (Hock 2009).

The classical management of both PC and PE has been

primarily surgical (Singh 1980; Fonkalsrud et al. 2000;

Fonkalsrud and Beanes 2001); it generally consists of a

modification of the Ravitch technique, on which the

deformed costal cartilages are resected, followed by a

sternal osteotomy. However, it may result in a worsening

of cosmetic results and decreased chest wall compliance

over time (Weber 2005). PC can also be corrected using

a conservative external orthopaedic treatment using a

bracing system, but its effectiveness mainly relies on the

patient’s will (Coelho and Guimarães 2007).

Focused on a less invasive approach, the ‘Nuss

procedure’ (Nuss et al. 2002) developed for the PE

correction uses an internal support bar, aiming to remodel

the chest wall cartilage. The plasticity of the chest wall has

been demonstrated and led to the hypothesis that, in an

analogous way, PC defects would also remodel in response

to chronic pressure, leading to an aesthetically superior

and less invasive result (Kravarusic et al. 2006). The

corrective approach by means of a minimally invasive

surgical (MIS) procedure using an internal bar may be

preferred to external bracing systems in cases of older

patients, due to skeleton maturity and also due to the

discomfort associated with the use of braces.

Only more recently, a MIS approach for PC has been

investigated (Abramson et al. 2009; Schaarschmidt et al.

2011; Yüksel et al. 2011) based on the Nuss technique, on

which the corrective bar is placed under the skin and on

top of the sternum highest protrusion point for its

continuous compression, and fixed on both sides of the

chest wall.

Until now, and conversely to PE (Chang et al. 2008;

Wei et al. 2010), no finite element (FE) models-based
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studies were performed regarding the modified Nuss

technique for PC correction. The main objectives of this

work were (a) a preliminary study of the stresses generated

in the thoracic cage resultant from the MIS correction of

PC and also (b) the study of different bar positions to

assess the impact of this choice on thoracic cage reaction.

2. Methods

2.1 Patient-specific thoracic cage FE model

For simulation purposes, a simplified thoracic cage

structure was used. Based on Awrejcewicz and Łuczak

(2006) and Chang et al.’s (2008) works, the following

simplifications were used:

. the anatomic model consisted only of the ribs

(divided in cortical and trabecular bone), sternum

and costal cartilage due to their major contribution

to the thoracic cage integrity, therefore neglecting

the soft tissues (e.g. intercostal muscles, internal

organs) (Awrejcewicz and Łuczak 2006) and
. based on clinical observations, the spinal structure

does not significantly change immediately after the

Nuss procedure in the PE correction (Chang et al.

2008); considering that the modified Nuss procedure

for the PC correction has a similar non-immediate

impact on the spine, the same was assumed in this

study, and therefore it was not included in the

model.

The thorax of a 14-year-old male patient with PC was

scanned using computer tomography (CT) (Siemensw

SOMATOM Sensation Cardiac 64, 120 kVp, 0.615mm £
0.615mm £ 1.000mm voxel resolution and 315mm £
315mm £ 373mm volume size). Informed consent was

obtained from the guardian of the patient for the use of the

CT data and this study was approved by the hospital and

research institute ethics committee.

A volumetric mesh of the rib cage suitable for FE

analysis was generated from the DICOM CT images using

iso2mesh version 1.0 by Fang and Boas (2009), a 3D

surface and volumetric mesh generator toolbox for

MATLAB (MathWorks, MA, USA). First, the image

data-set was resampled from 0.615mm £ 0.615mm £
1mm to 1mm £ 1mm £ 1mm for further mesh gener-

ation simplification. After this, a semi-automated segmen-

tation was performed to generate the volumes (binary

volumes) of four different structures – ribs cortical bone,

ribs trabecular bone, costal cartilages and sternum – based

on image density thresholding of different greyscale

intensities. The volumetric meshes of each anatomic part

were then generated, consisting of four-node isoparametric

tetrahedral (C3D4) elements and consequently a rib cage

structure for the PC corrective procedure biomechanical

simulation was obtained. For the FE model accuracy

verification, the volumetric meshes surfaces were

compared to each structure outer contours in the original

CT images.

2.2 Corrective bar FE model

A bar model based on the i3DExcavatum bar (iSurgical3D,

Guimarães, Portugal) was designed using the computer-

aided design (CAD) software Solidworksw (SolidWorks

Corp., Concord, MA, USA). It consists of a bar with

embedded stabilizers (Figure 1(a)); both sides can be fixed

to the ribs using suture wires. Using the patient’s CT data,

an automatically generated personalized bar template was

obtained using the software developed by Vilac�a et al.

(2009). It selects the size and shape of the corrective bar,

and performs its automatic bending for PE and PC repair

according to the patient thoracic morphology. Based on

pre-operative chest CT-scan, the software first performs a

3D reconstruction of the thoracic cage. After this, and for

PC, it detects the highest point of the sternum (HPS), the

mid-axillaries lines and the horizontal body plan that

includes the HPS. With this information and assuming a

corrective position – sternum placed at the same level of

the highest ribs(s) – it calculates the most appropriate size

and generates a virtual model of the corrective bar. As

the corrective bar personalized bending is based on the

patient’s anatomy and performed before and not during

surgery, it diminishes the surgery time. The corrective bar

bending template was then used to generate the 3D bended

bar model using Solidworks (Figure 1(b)).

2.3 Models assembly

The rib cage model and the corrective bar model were

imported into the FE analysis software ABAQUSw/

Explicit (Dassault Systèmes, Providence, RI, USA). Here

the bar model was positioned parallel to the sternum

highest protrusion point, without contacting it (Figure 1);

the contact was further established during simulation.

For the different corrective bar positioning study, the

bar was placed in six different positions. A 5mm

displacement in the zz-axis was used, starting from

10mm below to 20mm above the position used for the

corrective study, considered as the 0mm position.

2.4 Finite element analysis

The rib cage components and bar materials properties are

present in Table 1 (Awrejcewicz and Łuczak 2006; Rack

and Qazi 2006; Li et al. 2010). The material chosen for the

corrective bar was the titanium alloy Ti–6Al–4V (Rack

and Qazi 2006). All the structures were treated as

isotropic, homogeneous and linear elastic materials.

All contact pairs between anatomic parts were treated

as ties: sternum/costal cartilage, costal cartilage/cortical

S.C. Neves et al.712
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bone and cortical bone/trabecular bone. For the interaction

between the corrective bar and the rib cage, two different

coefficients of friction were used: m ¼ 0.65 for the

titanium alloy/cortical bone interaction (Wei et al. 2010)

and m ¼ 0.15 for the titanium alloy/costal cartilage

interaction (Zhou et al. 2005). As aforementioned, the

spinal structure was not included in the simulation, but it

was used to assess the closest portions of the vertebrae to

the ribs’ backend. Based on this proximity, the ribs’

backend surface nodes were constrained as pins

(ABAQUS fixed translations and free rotations).

The analysis was divided in three steps. The first step –

sternum positioning – consisted of pressing the sternum to

an approximate final corrected position. According to the

CT data, the approximate distance in the yy-axis between

the sternum highest protrusion point and the costal

cartilages associated with the 11th and 12th ribs is about

50mm. Therefore, this was the value used for the sternum

positioning on the first step. In the second step – bar

positioning – the bar was displaced 55mm on yy direction

towards the sternum using displacement conditions, in

order to simplify the model. The last step consisted on the

inactivation of bar displacement, pinning it on both sides

of the rib cage, and, at the same time, releasing the sternum

from compression. The rib cage then tries to achieve its

original position, but the corrective bar prevents this from

happening and, consequently, several reaction forces are

generated. The large displacement nonlinear solution in

the ABAQUS FE analysis software was used to ensure the

simulation results accuracy.

A convergence test was performed using the simulated

results of seven rib-cage meshes (Table 2); the

convergence criterion used was the relative difference of

the corrected displacement at the end of the sternum, using

a tolerance of 1%. According to the convergence study,

the rib cage model used was the one with E ¼ 584,335

elements and N ¼ 195,922 nodes.

3. Results

The distribution of the von Mises stress on the rib cage

model under the corrective compression was investigated;

it is a scalar variable that is defined in terms of all

individual stress components and, therefore, a good

representative of the state of stresses that has been

extensively used in biomechanical studies of bone (Hasan

et al. 2011; Jeon et al. 2011; Jorge et al. 2012).

Figure 1. Above: pectus carinatum corrective bar model based
on the i3DExcavatum bar (iSurgical3D) (a) before and (b) after
patient-specific modelling. Below: rib cage and corrective bar
models assembly and relative positioning before the simulation
study, with visible mesh exterior edges on the right column. The
rib cage model is composed by (1) the sternum, (2) the ribs
trabecular bone, (3) the ribs cortical bone and (4) the costal
cartilages.

Table 1. Rib cage and corrective bar material properties used in
the finite element (FE) model.

r
(kg/m3)

E
( £ 106 Pa) n Reference

Cortical bone 2000 11,500.0 0.300 Li et al. (2010)
Trabecular bone 1000 40.0 0.450 Li et al. (2010)
Sternum bone 1000 11,500.0 0.300 Awrejcewicz and

Łuczak (2006)
Costal cartilage 1500 24.5 0.400 Awrejcewicz and

Łuczak (2006)
Titanium alloy
(Ti–6Al–4V)

4429 113,764.0 0.342 Rack and Qazi
(2006)
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The distributions of the overall stress state for the

whole model and each anatomical part are shown under

effect of the rib cage reaction after bar lateral pinning

(Figures 2 and 3). A qualitative and quantitative analysis

was performed based on a progressive visual 13 or 14

colour scale, ranging from dark blue to black or white to

black, respectively. For the individual analysis of each rib

cage structure, the remaining structures were kept

translucent for an easier stress localization and correlation

between structures.

3.1 Stress and displacement analysis

The corrective bar prevents the sternum bone from

returning to its original position; therefore, the stresses on

this bone (Figure 3) are concentrated where the thoracic

cage contacts the bar. A correction of the sternum rotation

is also visible (Figure 2). The stresses generated in the

costal cartilage (Figure 3) are located near the sternum

bone and at the region corresponding to the sternum

highest displacement. The stresses generated on the ribs

(Figure 3) are concentrated mainly on their posterior

extremities and, more specifically, on the 4th (higher

values – Figure 4), 5th and 6th ribs. The values are higher

for the cortical bone when compared to the trabecular

bone. The right side of the rib cage also presents higher

stress values than the left side.

The magnitude (vectorial resultant) and the different

axis maximum displacement values of each structure are

present in Table 3. The displacement magnitude

distribution presented in Figure 5 shows that the lower

part of the sternum and the costal cartilage were the

structures that suffered the highest displacement.

3.2 Different corrective bar positioning study

After the corrective procedure simulation, the corrective

bar positioning on the zz-axis was changed to study its

impact on the stresses generated on the ribs’ backend and

sternum. The corrective bar displacement on the yy-axis

(55mm) was maintained for each different bar zz-axis

position. Figure 6 shows the stresses generated on the ribs’

cortical bone and sternum for each corrective bar position.

As the 10th, 11th and 12th ribs are not connected to costal

cartilages linked to the sternum (Figures 1 and 3), they are

not affected by the sternum corrective movement, and thus

only the equivalent stresses generated on the 1st to 9th

ribs’ backend are represented. As it can be observed in

Figure 6, the different bar positioning originates different

stress distribution both on the ribs and sternum. It is

possible to correlate the ribs’ cortical bone and sternum-

generated stresses in a direct way: when the stress on the

sternum increases, the ribs’ cortical bone stress decreases

and vice versa. However, it is not possible to establish a

direct relation between the bar positioning and the increase

or decrease of the stresses generated on the ribs and

sternum.

Regarding the sternummaximum displacement (SMD)

on the yy-axis, the main difference verified was<6.33mm

(max. SMD–5 mm ¼ 44.37mm and min. SMD20 mm ¼
38.04mm).

The different corrective bar positioning also leads to

different contact pressure sites and pressure values on the

bar (Figure 7). The costal cartilages and the ribs are the

structures that exert the most significant contact pressure

values against the bar. Only for the 0 and 25mm

positioning the sternum exerts a contact pressure higher

than 0.1 £ 106 Pa.

4. Discussion

The simplified rib cage model presented in this work

allowed the study of the corrective bar biomechanical

effects that cannot be studied clinically with patients with

PC. For the PC deformity correction, the bar displacement

was used instead of sternum compressive forces as, to our

Table 2. Convergence test of seven rib cage meshes with different number of elements (E) and nodes (N), using the maximum corrected
displacement (in mm) at the end of the sternum: in magnitude (CDM) and considering only the displacement along the yy-axis (CDY).

Corrected displacement

Rib cage Sternum CDM CDY

E N E N (mm) RD (%) (mm) RD (%)

511,118 171,571 9797 3070 41.62 39.01
540,918 181,514 9837 3086 45.78 9.09 43.26 9.82
584,335 195,922 10,512 3262 45.75 0.07 43.31 0.12
647,967 217,540 11,677 3594 46.11 0.78 43.49 0.41
746,634 270,256 13,404 4062 45.86 0.54 43.41 0.18
897,350 302,823 15,404 4672 46.06 0.43 43.50 0.21
1,173,940 395,401 20,041 5913 46.21 0.32 43.70 0.46

Note: RD, relative difference.

S.C. Neves et al.714
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knowledge, no information regarding compressive forces

values needed for PC correction is available in the

literature.

During this MIS procedure, no costal cartilages are

removed and, consequently, the force applied to the

sternum is transmitted throughout the chest wall in a

chain-like reaction. According to Figure 3 and regarding

the anatomical structures, a greater stress amount was

generated on the posterior extremities of the ribs. This is

related to the area where the higher stresses are generated

near the sternum: the ribs in which anterior extremities are

closer to this sternum region present higher stress values –

the 4th, 5th and 6th ribs. In Figure 4, the rib presenting the

highest stress – right side 4th rib – is represented along

with the left side 4th rib, the sternum and the costal

cartilage portions that link them. When the sternum is

displaced on the yy-axis, the costal cartilage accompanies

it and obliges the ribs anterior extremity to move inwards

as well. Consequently, the rib’s curvature increases

(spotted by the *) and, along with the generated

momentum, the stress concentrates on the rib’s posterior

extremities which are constrained as pins. As can be seen

in Figures 3 and 4, the sternum is slightly deviated to the

right side of the rib cage (asymmetrical PC), leading to

consequent higher stress values on the ribs of the

corresponding side.

Similarly to what happens in the correction of PE,

special attention must be paid to these stresses generated

near the spine, due to pectus deformities correction of

mid-/long-term associated scoliosis. According to Waters

et al. (1989), the asymmetric pneumatic thoracic pressures

and paraspinal muscle imbalances might be the cause of

Figure 2. von Mises equivalent stress distribution on the rib cage and on the bar after the corrective procedure simulation, with the
before (translucent) and after states superimposition.

Computer Methods in Biomechanics and Biomedical Engineering 715
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scoliosis associated with PE and, as observed by Niedbala

et al. (2003) and Nagasao et al. (2010), the thoracic

scoliosis may be induced by the stress on the back of the

ribs after the Nuss procedure. In a similar way, the

‘reversed Nuss’ procedure for the PC correction can also

lead to induced scoliosis.

The bar displacement on the yy-axis is directly applied

to the sternum and to the costal cartilage near it. The

subsequent (indirect) displacement is transmitted to the

ribs by the costal cartilages. Comparing the connective

pairs of costal cartilage/ribs cortical bone and costal

cartilage/sternum on the costal cartilages stress results

(Figure 4), a higher stress is generated on the costal

cartilage/ribs cortical bone connective pair due to the

material properties and the aforementioned chain-like

reaction.

Figure 3. von Mises equivalent stress distribution on each different structure after the corrective procedure simulation.

S.C. Neves et al.716
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The sternum position and its slight rotation (charac-

teristic of pectus deformities) were almost completely

corrected by the corrective procedure simulation

(Figure 4). However, due to the cartilaginous tissue

thickness on the manubriosternal joint (Figure 3), the

manubrium alignment with the sternum body was less

efficient.

It is agreed by physicians that, for the PC/PE

correction through the MIS approach, the corrective

bar must be placed, respectively, above/below the

Figure 4. Detail of the 4th ribs, their corresponding costal cartilage portions and the sternum. The translucent colouring represents the
state before the corrective procedure, and the normally coloured (top) and von Mises stress colouring (bottom) represent the state after the
correction. The (*) spots the regions where the ribs concavity was pronounced, and the arrows point out the areas where higher stress
values were generated.

Table 3. Maximum vonMises stress values ( £ 106 Pa) and maximum displacement values (magnitude and on each axis, in mm) of each
rib cage structure after the corrective bar placement and fixation.

Maximum von
Mises stress ( £ 106 Pa)

Maximum displacement (mm)

Structure Magnitude U1 (xx) U2 (yy) U3 (zz)

Sternum bone 28.470 45.76 0.05 43.31 0.42
Costal cartilage 23.880 47.93 16.01 45.27 0.38
Ribs cortical bone 157.100 31.22 13.27 18.83 0.81
Ribs trabecular bone 0.325 30.63 12.94 18.06 0.65

Figure 5. Rib cage model displacement magnitude distribution after the corrective procedure simulation.

Computer Methods in Biomechanics and Biomedical Engineering 717
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sternum’s most prominent region (Schaarschmidt et al.

2011; Yüksel et al. 2011). Thus, the relation between

the corrective bar positioning along the sternum and

the distribution of the stresses generated on the ribs’

backend was investigated. As referred before, no direct

relation can be established between the corrective bar

positioning and the increase or decrease of the stresses

generated on the ribs and sternum. As this corrective

procedure occurs as a chain-like reaction, the costal

cartilages play an important role on this phenomenon:

they link the sternum to the ribs and they also exert

pressure against the corrective bar. As can be observed

in Figure 1, the costal cartilages are more prominent

than the sternum and, consequently, the structures that

first contact the bar. The corrective bar areas that

contact the different thoracic cage components are also

different for each bar position (Figure 7); this leads to

different pressure values transmitted throughout the

thoracic cage.

From the results presented in Figure 6, it can be

observed that the 15 and 20mm bar positions led to a less

efficient sternum position correction (39 and 38mm,

respectively). However, the stresses generated on the ribs’

backend for the 15- and 20-mm positions were less

concentrated than those resulting from the remaining bar

positions. Taking into account that the highest SCD

difference is about 6mm, this value can be negligible

when compared to the importance on diminishing the ribs’

backend stress and, consequently, the risk of PC

correction-associated scoliosis.

Figure 6. von Mises equivalent stress distribution on the 1st to 9th ribs cortical bone and sternum as a result of different bar positioning.
Only the backend of the ribs are shown (yy plane view-cut). SMD stands for the sternum maximum displacement on the yy-axis.
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5. Conclusions

This study represents the first biomechanical analysis of

the minimally invasive modified Nuss procedure for the

PC deformity correction, using a patient-specific

modelled bar. Although aware that one of the main

weaknesses of this study is the use of only one patient,

we believe that the stresses generated on the ribs’

extremities near the spine unveil the probable influence

of PC corrective procedure on pectus corrections-

associated scoliosis in all cases. The different bar

positioning along the sternum influences the stresses

generated on the ribs’ backend. Thus, although the

conventional positioning of the corrective bar over the

most prominent region of the sternum leads to a higher

sternum displacement, it may not be the most favourable

positioning, leading to higher ribs’ backend stresses. As

our model lacks the complexity of the interactions

between structures (muscles, ligaments, internal organs

and spine), which play an important role on stress

damping, the stress values presented in this study may

be lower in real situations.
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Figure 7. Corrective bar contact pressure sites and corresponding values according to the bar positioning. The (x) spots the 4th ribs.
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