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    Abstract  

  Acquired deformities of the chest wall are malformations, which develop 
due to non-congenital causative factors. Based on etiology, three major cat-
egories of acquired chest wall malformations can be distinguished. (1) 
Primary disease of the chest wall itself can cause deformation of the chest 
wall. This includes tumors and infections affecting the chest wall with sub-
sequent development of chest wall deformation. (2) The largest group of 
acquired chest wall deformities are iatrogenic in nature and occur as a result 
of previous surgical intervention to the chest wall, seen as acquired restric-
tive thoracic dystrophy or acquired Jeune’s syndrome in young patients fol-
lowing open correction of pectus excavatum deformity. Iatrogenic chest wall 
deformities may also develop following rip graft harvesting or failed closure 
of thoracotomies. (3) Post-traumatic deformities are a result of direct or 
indirect trauma to the torso. This chapter is aimed to provide a comprehen-
sive overview of the spectrum of acquired chest wall deformities and to 
discuss their pathophysiology, diagnosis and treatment.  
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        Introduction 

 Acquired deformities of the chest wall are 
defi ned as malformations resulting from non-
congenital causative factors. Acquired chest wall 
deformities account for less than 1 % of all tho-
racic wall malformations [ 1 ]. In contrast to the 
low incidence of acquired chest wall malforma-
tions, a wide variety of causative factors as well 
as clinical manifestations and presentations have 
been identifi ed. Treatment strategies therefore 
vary signifi cantly and must be tailored in accor-
dance to the causative pathology and extend of 
the condition. 

 The large spectrum of underlying causes and 
manifestations of these deformities have made a 
comprehensive description and classifi cation dif-
fi cult and consequently only a limited volume of 
literature has been published. Fokin and Robicsek 
proposed in 2006 a classifi cation of acquired 
chest wall deformities based on etiology [ 1 ]. The 
original publication focused on malformations of 
the anterior chest wall, however the classifi cation 
can be applied in minor modifi cation to the entire 
spectrum of acquired thoracic wall deformities. 

 Classifi cation of acquired chest wall deformi-
ties, modifi ed after Fokin and Robicsek:

    1.    Deformities, which developed as result of a 
primary disease of the chest wall   

   2.    Iatrogenic deformities caused by surgical 
intervention to the chest wall   

   3.    Traumatic deformities resulting from direct or 
indirect injury to the chest      

    Chest Wall Deformities 
Due to Primary Disease 
of the Chest Wall 

 The thoracic wall comprises of multiple layers of 
anatomical structures, including skin, subcutane-
ous fat tissue, fasciae, muscles, bones, cartilages, 
joints, parietal pleura and neurovascular struc-
tures. A disease process of any thoracic wall 
structures, typically infection or tumor may result 
in the development of a chest wall deformity. 

 Bacterial or fungal infections of the chest wall 
are more frequently found in the adult than in the 

pediatric patient population. Fungal infections are 
more common in the immunosuppressed patient. 
Infections of the chest wall develop  following 
hematogenous spread or due to direct extension 
and present as myositis, fasciitis or osteomyelitis. 
Abscess formation and tissue destruction can lead 
to subsequent deformation of the thoracic wall. 
Staphylococcus aureus has been identifi ed as 
responsible microorganism with the highest prev-
alence [ 2 ]. Destructive chest wall infections have 
also been encountered due to Mycobateria, 
Salmonella, Actinomyces, Aspergillus and 
Candida species [ 2 – 4 ]. Local signs of infection 
such as erythema, swelling, fi stula or pain but also 
the appearance of an asymptomatic chest wall 
mass should always prompt an investigation for 
an infectious cause. Ultrasound, CT and MR 
scanning are diagnostic tools of choice [ 5 ]. 
Identifi cation of the responsible pathogen is para-
mount to guide the antimicrobial treatment. 

 Benign and malignant tumor growth may 
develop within the thoracic wall affecting carti-
laginous, osseous and/or soft tissue. Due to their 
aggressive nature, malignant tumors often involve 
multiple layers of the chest wall. Chest wall 
tumors are an overall infrequent disease but pres-
ent a wide range of pathologies. Diagnosis and 
treatment are guided by oncological principles. 

 During infancy and childhood, tumors of the 
chest wall are rare fi ndings but if encountered, usu-
ally malignant [ 6 ]. The Ewing sarcoma family of 
tumors are the most frequently found malignant 
tumors of the chest wall in children [ 7 ]. 
Rhabdomyosarcoma is the second most common 
pediatric chest wall malignancy with a typical poor 
prognosis [ 8 ]. Rare chest wall malignancies among 
children are thoracic lymphoma, neuroblastoma, 
congenital fi brosarcoma, mesenchymal chondro-
sarcoma, osteosarcoma [ 9 ] and malignant periph-
eral nerve sheath tumors (Figs.  14.1  and  14.2 ) [ 5 ].

    Most common benign chest wall tumors in 
infants and children are lymphangiomas, heman-
giomas and mixed lymphangiohemangiomas. 
These often cystic tumors are typically located 
within the chest wall, axilla or neck and can 
increase rapidly in size due to spontaneous intra-
capsular hemorrhage. Benign soft tissue tumors 
affecting the thoracic wall during infancy and 
childhood are lipoblastoma, neurofi bromatosis and 
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fi brous tumors (fi broma, fi bromatosis, fi brous 
hamartoma). Ribs, vertebrae, clavicle, scapula and 
sternum can be affected by osteochondromas as 
solitary or multiple lesions. Neurogenic chest wall 
tumors (schwannomas, neurofi bromas) arise from 
intercostal nerves or sympatic ganglia and may 
lead to destruction of adjacent rips or vertebrae [ 5 ]. 

 The majority of chest wall neoplasms in the adult 
patient population are malignant metastatic disease 
from either distant carcinomas or sarcomas, or due 
to direct invasion from adjacent thoracic malignan-
cies of lung, pleura, mediastinum or breast [ 10 ]. 

 Primary malignant chest wall tumors are rare 
fi ndings, representing only 1–2 % of all primary 
tumors [ 11 ] and account for less than 1/3 of all 
chest wall neoplasms in the adult. The chest wall 
chondrosarcoma is the most common primary 
thoracic wall tumor, typically located in the ante-
rior chest wall, arising parasternal from the costo-
chondral junction or the sternum itself [ 12 ]. 
Osteosarcomas of the chest wall are rare. Although 
the osteosarcoma is the most common primary 
malignant tumor of the bone, only 3 % originate 
from the chest wall [ 13 ]. Ewing’s sarcomas are 
typically found in children, however 1/3 of cases 
encountered, affect patients above the age of 20 
years. Further primary chest wall tumors reported 
in adult patients are plasmacytoma, soft tissue sar-
coma and lymphoma. Radiation associated malig-
nancies of the chest wall (malignant fi brous 
histiocytoma, radiation- induced sarcomas) may 
develop regardless of the original primary tumor 
and should be treated as de novo tumor [ 14 ]. 

 Due to the rarity of primary chest wall tumors, 
most series published are of limited case num-
bers. Primary benign chest wall tumors have been 
reported to account for 21–67 % in various stud-
ies [ 10 ]. Osteochondroma and chondromas are 
the most common benign tumors. Lipoma is the 
most common benign soft tissue tumor. Benign 
tumors may cause signifi cant chest wall deformi-
ties due to mass effect [ 15 ].  

    Iatrogenic Chest Wall Deformities 

 Iatrogenic deformities of the chest wall represent 
malformations which develop secondarily fol-
lowing a surgical intervention to the chest wall 

  Fig. 14.1    Chest radiograph showing a large pleural- based 
mass in the left hemithorax ( arrows ), with underlying rib 
destruction and a pleural effusion (From Lim et al. [ 9 ] This 
is an open-access article distributed under the terms of the 
Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any 
medium, provided the original work is properly cited)       

  Fig. 14.2    A contrast enhanced CT examination of the 
chest showing a large heterogenously enhancing solid 
mass arising from the skeletal chest wall with lytic destruc-
tion of the rib and calcifi cations ( arrows ). There is a mod-
erate-sized pleural effusion ( block arrow ) and underlying 
lung collapse and consolidation ( star ) (From Lim et al. [ 9 ] 
This is an open-access article distributed under the terms 
of the Creative Commons Attribution License, which per-
mits unrestricted use, distribution, and reproduction in any 
medium, provided the original work is properly cited)       
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such as open repair of congenital pectus deformi-
ties, harvesting of rip grafts or inadequate closure 
of thoracotomies. 

 Surgical correction of pectus excavatum 
deformities involved originally various degrees 
of rip and cartilage resection. First surgical repair, 
with partial unilateral resection of 2nd and 3rd rip 
segments, was reported in 1911 by Ludwig 
Meyer [ 16 ]. His patient, however, suffered early 
recurrence of the deformity and associated respi-
ratory symptoms [ 17 ]. Sauerbruch undertook in 
1913 the fi rst successful surgical repair of a pec-
tus excavatum with satisfactory long-term result, 
performing a more extensive unilateral chondro-
costal resection of the 5th to 9th rip with partial 
sternectomy [ 18 ]. The principle foundation of 
pectus surgery, on which all later on developed 
surgical techniques have orientated on, is attrib-
uted to Lexer and Hofmeister, who described in 
1927 a technique of pectus excavatum repair 
involving bilateral chondrocostal resection with 
mobilization of the sternum [ 17 ]. This technique 
was developed further by Ravitch and published 
in 1949 [ 19 ]. The Ravitch procedure requires the 
excision of all deformed costal cartilages includ-
ing pericondrium. Modifi cations of the Ravitch 
technique were reported by Welch and 
Shamberger [ 20 ,  21 ] and Robicsek [ 22 – 24 ] and 
remain basis for current open repair of the pectus 
excavatum deformity (Fig.  14.3a–c ).

   During the early and mid 1990s, the attention 
of the surgical society was directed at a group of 
young patients who presented with symptoms of 
severe respiratory distress during minimal exer-
cise and universal physical fi nding of a small and 
narrow thorax with immobile chest wall and pri-
mary diaphragmatic breathing [ 25 ,  26 ]. All these 
patients, typically children and teenagers were in 
common a past medical history of extensive open 
repair of a pectus excavatum deformity during 
early childhood before the age of 4 years. None of 
the patients showed recurrence of the pectus 
deformity, however all had developed a reduced 
and restricted thorax with debilitating restrictive 
pulmonary disorder. Pulmonary function showed 
signifi cantly decreased vital capacity and forced 
expiratory volume with impaired exercise capac-
ity and desaturations during exercise [ 25 ,  26 ]. 

A history of recurrent episodes of pneumonia 
requiring hospitalization was common. 
Radiographic imaging identifi ed markedly reduced 
sagittal and transverse diameters of the chest with 
low-lying diaphragm [ 1 ,  26 ]. The sternum was 
often atrophic, short and depressed. Para- sternal 
fusion of rips was common fi nding [ 27 ]. This 
restrictive chest wall condition following pectus 
repair was termed “acquired Jeune’s syndrome” 
due to the striking similarity of fi ndings with the 
asphyxiating thoracic chondrodystrophy or Jeune’s 
syndrome [ 25 ]. Jeuen’s syndrome is a rare autoso-
mal recessive disorder affecting the development 
of bone and cartilage with subsequent skeletal dys-
plasia [ 28 ]. Thoracic cage growth retardation with 
pulmonary hypoplasia leads frequently to death 
during infancy due to respiratory insuffi ciency. 
With improved postnatal management, patients 
may survive to childhood or early adolescence 
[ 29 ]. As the complex of Jeune’s syndrome extends 
beyond the chest wall anatomy, Robicsek intro-
duced the term of “acquired restrictive thoracic 
dystrophy” (ARTD) to describe the complication 
of a restricted and dystrophic chest cage following 
extensive pectus excavatum deformity repair [ 30 ]. 
A uniform terminology has not yet been agreed on. 
Authors continue to use multiple terms, such as 
“acquired restrictive thoracic dystrophy (ARTD)” 
[ 30 ], “acquired asphyxiating thoracic dystrophy 
[ 31 ,  32 ], “acquired thoracic dystrophy” [ 33 ] or 
“acquired Jeune’s syndrome” [ 27 ]. 

 Thoracic growth retardation in ARTD is a 
direct result of surgical trauma to the costochon-
dral growth plates or of their resection at young 
age, with the degree of ARDT severity depending 
upon the extent of cartilage extirpation [ 1 ]. Injury 
or resection of the costochondral growth centers 
prevents normal development and growth of the 
rip cage. Experimental studies have identifi ed the 
sternal costochondral junction as the site where 
most of the longitudinal growth of the rib takes 
place as a result of endochondrial bone formation 
[ 34 ,  35 ]. During infancy, when compared to 
childhood, a signifi cantly higher number of cells 
and proportion of proliferative chondrocytes are 
present at the sternal costochondral junction [ 36 ]. 
Excision of costal cartilages without preservation 
of the costal growth centers severely affects the 
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transvers and sagittal thoracic development as 
shown in experimental studies by Martinez et al. 
[ 37 ] and Calik et al. [ 38 ]. In addition, further 
restriction of the chest can be caused by retroster-
nal suturing of rips or perichondral sheaths as 
additional sternal support, a technique introduced 

during the 1970s as adjunctive maneuver to pre-
vent recurrence of sternal depression [ 39 ]. 
However, fi brosis and cartilage regeneration with 
subsequent ossifi cation leads to formation of 
restrictive and fi xed sub sternal plane, resulting in 
a frozen thorax [ 40 ]. Not only thoracic growth 

a b

c

  Fig. 14.3    ( a ) Sternal depression after Ravitch procedure; ( b ) Sternal depression after Ravitch procedure left side view; 
( c ) Sternal depression after Ravitch procedure right side view       
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retardation with reduction in size, but also a 
severely impaired mobility and fi xation of the 
chest wall is responsible for the observed cardio-
pulmonary effects in ARTD patients [ 25 ,  33 ]. 

 The treatment of the acquired Jeune’s syn-
drome remains a surgical challenge and is aimed 
to improve functional lung capacity by increasing 
the overall thoracic volume. A low-lying dia-
phragm and predominant diaphragmatic breath-
ing are common fi ndings. Improvement of 
pulmonary function may be achieved by enlarge-
ment of the thoracic cage with subsequent 
improved diaphragmatic respiration. Extensive 
and aggressive reconstruction of the chest wall is 
required in most cases. Reconstructive tech-
niques in children often require multiple and 
staged procedures to enable progressive expan-
sion of the chest during the child’s growth. A 
number of techniques have been described. Due 
to the rarity of the condition, the published series 
consist of limited number of cases and further 
modifi cations of surgical techniques and strate-
gies are to be expected. 

 In his landmark report on restrictive thoracic 
dystrophy following corrective pectus surgery at 
early age, which was the fi rst report of its kind, 
Haller described during his presentation in 1995 a 
technique of anterior chest wall enlargement con-
sisting of sternal mobilization with resection of 
the degenerated fi bro-osseous sternocostal junc-
tion. The sternum was then elevated and fi xed 
using multiple modifi ed Rehbein splints [ 25 ]. 

 Surgical experience gained in the treatment of 
the congenital Jeune’s syndrome was transferred 
into the operative management of the acquired 
Jeune’s syndrome. Barnes and Hull, surgeons at 
London’s Great Ormond Street Hospital 
described in 1971 a technique of thoracic volume 
enlargement for children with congenital Jeune’s 
syndrome, involving a median sternotomy and 
splinting of the sternum using autologous bone 
graft and bone matrix [ 41 ]. This surgical tech-
nique has since been refi ned and recommended 
for its simplicity, short operating time, and effec-
tiveness [ 42 ,  43 ]. At the St Louis’ Cardinal 
Glennon Children’s Hospital, Weber adopted 
Barnes’ technique for his ARTD patients. Weber 
and colleagues reported in 1998 their fi rst case of 

ARTD correction using the technique of sternal 
midline split with permanent separation of the 
sternal halves by rip graft interposition [ 31 ]. 
Additional rib cage enlargement was achieved by 
bilateral rip resection. In 2005, Weber’s group 
published a further report on a total of ten patients 
treated by the method described above with over-
all satisfactory functional results [ 32 ]. 

 In 2014, Paul Colombani’s group of the John 
Hopkins Hospital published their experience and 
surgical approach [ 27 ]. Between 1996 and 2011, 
19 patients (aged 11–37 years) underwent exten-
sive chest wall reconstruction for ARTD follow-
ing Ravitch procedure at a mean age of 4.63 years. 
Suffi cient re-expansion of the chest cage was 
achieved by repeated modifi ed Ravitch procedure 
in two patients. The remaining 17 patients 
required extensive reconstructive surgery to 
achieve expansion of the thoracic cage by mobili-
zation and elevation of the sternum and complete 
reconstruction of the anterior chest wall. Thorough 
exposure of the anterior thoracic cage was 
achieved by mobilization of bilateral pectoralis 
muscle fl aps and separation of the rectus abdomi-
nis muscle from the xyphoid through a transvers 
anterior chest wall incision. Mobilization of the 
sternum was achieved by bilateral transection of 
the parasternal fi brous scar tissue and resection of 
deformed cartilages. A transvers anterior osteot-
omy at the sterno- manubrial junction was made to 
allow elevation of the corpus sterni by wiring the 
corpus onto the top edge of the manubrium. The 
costosternal continuity was restored by wiring of 
the lower cartilages to the sternum to improve sta-
bility of the anterior chest wall. Reconstruction of 
the costosternal margin in the absence of carti-
lages required utilization of autologous rip graft 
or femur allograft. Bilateral thoracic expansion 
gaps were created by serial rip osteotomies to 
allow further release of the anterior chest wall. 
One or two Lorenz bars were placed for retroster-
nal support. 

 A similar surgical technique, applied to adult 
ARTD patients, was reported in 2014 by 
Jaroszewski and co-workers from the Mayo 
Clinic Hospital in Phoenix [ 33 ]. Their patient 
collective consisted of nine male patients with a 
mean age of 34 years (range 22–42 years), who 
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all underwent a Ravitch procedure for correction 
of pectus excavatum deformity between their 4th 
and 6th year of life. The operative approach 
involved the full mobilization of the sternum with 
multiple parasternal and lateral rip osteotomies to 
allow for anterior expansion of the thoracic cage 
and elevation of the sternum. Sternal support was 
provided with a Lorenz bar. Multiple Titanium 
plates were used to stabilize the sternal osteot-
omy and lateral chest wall. The sternocostal junc-
tions were reconstructed using Polyglactin mesh 
and bone matrix. 

 Operative and functional outcome of ARTD 
surgery are encouraging. Although the chest wall 
reconstructions are complex procedures with sig-
nifi cant potential intra- and postoperative com-
plications, a successful repair can be performed 
safely. The majority of patients reported a subjec-
tive improvement in preoperative symptoms, 
ability to exercise and quality of life [ 27 ,  32 ,  33 ]. 
Postoperative improvement of measurable pul-
monary function is however modest only [ 27 ], 
emphasizing the severity of permanent thoracic 
organ dysfunction due to persistent limitation of 
thoracic wall excursion and ceased growth devel-
opment caused by the condition. 

 Prevention of ARTD as complication of cor-
rective pectus surgery is adamant. All reported 
patients suffering from ARTD underwent a 
Ravitch-type operation at a very young age. It 
was therefore quickly advocated that open surgi-
cal correction of a pectus deformity should be 
delayed until skeletal growth and development 
are completed. However, Robicsek argued that 
pectus surgery can be performed safely even at 
young age as long the essential principle of 
 limited cartilagous resection ensuring preserva-
tion of the costochondral growth centres in not 
violated [ 22 ,  30 ]. A segment of cartilage should 
be preserved at the sternal and costal end. The 
posterior perichondrium should be preserved in 
its entire length to allow for chondral regenera-
tion. Retrosternal suturing of perichondrium or 
rips must be avoided as this manoeuvre has been 
shown to contribute signifi cantly to thoracic con-
striction due to fi brosis and ossifi cation. Robicsek 
concluded that “the solution to the problem of 
preventing the development of acquired restric-

tive thoracic dystrophy after pectus excavatum 
repair is not to delay surgical intervention, but to 
do it appropriately.” [ 1 ] 

 Other forms of iatrogenic chest wall malfor-
mations are pectus deformities, which develop 
after surgical intervention involving the sternum 
or anterior chest wall. Most common are acquired 
pectus carinatum deformities, evolving several 
years postoperatively [ 44 ,  45 ]. The initial surgery 
often over-corrected an existing pectus excava-
tum deformity. Development of an iatrogenic 
pectus carinatum has also been observed follow-
ing median sternotomy for cardiac surgery in 
early childhood [ 46 ]. A carinatum-type defor-
mity has been reported after corrective surgery 
for sternal cleft malformation [ 45 ]. The “fl oating 
sternum” describes an unstable anterior chest 
wall with chronic and persistent complete detach-
ment of the sternum from all costochondral junc-
tions [ 40 ]. This complication of pectus excavatum 
repair has been observed years after the initial 
surgery and is understood to be caused by exten-
sive resection of the costal cartilages and peri-
chondrium or failure of proper regeneration of 
resected cartilages [ 47 ]. 

 Iatrogenic chest wall deformities have been 
well documented after harvesting of costal carti-
lage for ear reconstruction [ 48 ,  49 ]. Two types of 
deformity have been recognized, chest wall 
depression deformity and costal arch deformity. 
The incidence of both deformities is signifi cantly 
higher among male patients, after cartilage har-
vest from the upper rips and in patients younger 
than 10 years of age at the time of surgery. 
Development of a thoracic scoliosis following rip 
graft harvesting has also been observed [ 48 ]. 

 Lung herniation is a further form of chest wall 
deformity. Although lung hernias are usually con-
genital, spontaneous or traumatic in origin [ 50 ], a 
growing body of evidence has been published 
over the recent years, reporting cases of postop-
erative lung herniations directly related to the sur-
gical access to the chest. Lung hernias have been 
observed after minimal invasive cardiac surgery 
or lung transplantation [ 51 – 54 ]. In the effort of 
limiting the surgical incision, the actual length of 
intercostal space division often exceeds signifi -
cantly the skin incision, which may be a contrib-
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uting factor for insuffi cient closure of the 
intercostal space. Iatrogenic postoperative lung 
hernias are a result of insuffi cient closure or failed 
healing of a thoracotomy. Patients present with a 
localized chest wall swelling and often pleuritic 
pain at the side of previous surgery. The hernia-
tion of the lung may present as persistent or inter-
mittent chest wall bulge, related to respiration and 
typically provokable by Valsalva maneuver. 
Herniorrhaphy can be safely accomplished via 
thoracoscopic access, employing direct or patch 
closure of the chest wall defect [ 50 ,  55 ]. Indication 
for repair is given in all cases of iatrogenic lung 
hernias as they may lead to complications such as 
life-threatening hemorrhage [ 54 ,  56 ].  

    Traumatic Chest Wall Deformities 

 Direct trauma to the torso may lead to a wide 
spectrum of chest wall injuries and deformities. 
Falls and road traffi c accidents are among the 
most common causes of chest and chest wall 
injuries. Fractures of single of multiple rips are 
the most frequent type of chest wall injury [ 57 ]. 
Fracture of single or non-consecutive rips will 
usually not require surgical intervention, how-
ever misalignment and malfusion can result in 
signifi cant chest wall deformation. Extensive rip 
fractures may result in a mechanically unstable, 
fl ail chest, associated with signifi cant rates of 
short-term mortality and long-term morbidity, 
especially among the elderly population [ 58 ]. 
The defi nition of the fl ail chest is not uniform 
throughout the literature. Most common 
 defi nition is of an unilateral fracture of three or 
more consecutive ribs in at least two locations, 
creating a fl ail chest wall segment [ 57 ]. Various 
techniques of fl ail chest wall stabilization and 
reconstruction have been described, such as 
Kirschner wires, Judet’s struts, polypropylene 
mesh, titanium plates or Lorenz bars [ 59 ]. 

 Sternal fractures are a result of direct traumatic 
impact to the anterior chest wall or fl exion- 
compression injury of the trunk. Extensive trauma 
to the anterior chest wall may lead due to sternal 
and costal fractures to the development of a fl ail 
anterior chest wall segment. Without adequate 

surgical reconstruction and stabilization, pseudo 
articulations or post-traumatic pectus excavatum 
and carinatum deformities may develop [ 1 ,  60 ].     
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