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 Anatomy and Physiology

The bony thoracic cage is a perfect example of how structure and function are 
 intimately related. The chest wall is such that the bony structures (ribs, sternum, and 
vertebrae) work in conjunction with the muscular structures to allow for respiration 
to occur. A detailed understanding of chest wall anatomy will help in understanding 
how traumatic injuries affecting the structure of the thorax can affect respiration.

 Anatomy of the Chest Wall

 Ribs
The 12 ribs of the thorax are divided into true and false ribs. The first seven ribs are 
true ribs as they form a complete loop between the sternum and vertebrae. The 
lower five ribs are considered false ribs as they do not fully reach the sternum ante-
riorly. Of these lower five ribs, ribs 7 through 10 connect to the cartilage of the rib 
above them and therefore connect to the sternum indirectly. Ribs 11 and 12 are 
considered floating ribs.

Ribs 3 through 10 each have a head, neck, and body and are considered typical 
ribs. Typical ribs (with the exception of rib 10) have two articulations on the head, 
one connected to the vertebra of the same level and the other connected to the ver-
tebra one level superior. At the junction of the head and neck, there is a tubercle that 
articulates with the transverse process of the associated vertebra. After the tubercle, 
the body of the rib continues and at the costal angle starts to wrap around anteriorly 
heading toward the sternum. The costal angle also marks the lateral extent of the 
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attachment of the deep back muscles. Anteriorly ribs 1 through 6 will connect to the 
sternum, while ribs 7 through 10 will connect indirectly through their fused carti-
lages. The remaining ribs (ribs 1–2 and 11–12) are considered atypical ribs. The 
first rib is very broad and sharply curved. Its head articulates only with the first 
thoracic vertebra. The second rib is thinner and slightly less curved, and its head 
articulates with both the first and second thoracic vertebrae. Ribs 11 and 12 have 
single articulations with their associated vertebrae and are short, have no neck, and 
are free-floating.

 Sternum
The sternum consists of the manubrium, the body, and the xiphoid process. The 
clavicles as well as the first and second ribs articulate with the manubrium. The 
manubrium then joins with the sternal body at the sternal angle of Louis; this joint 
may become ossified later in life limiting motion. Ribs 2 through 7 articulate later-
ally with the sternal body through costal cartilage. Inferiorly, the sternal body gives 
rise to the cartilaginous xiphoid process.

 Muscles
There are 17 muscles of the chest wall; a complete discussion of these muscles 
including those used mostly for attachment to appendages is beyond the scope of 
this chapter; however, muscles involved in the process of respiration will be 
discussed.

The true muscles of the thoracic wall are the serratus posterior, levatores costa-
rum, intercostal, subcostal, and transversus thoracis muscles. The serratus posterior 
originates at the spinous processes of the vertebrae and inserts onto the superior 
border of the upper ribs. On the lower ribs, the insertion is on the inferior border of 
the ribs. Where once these muscles were thought to assist in inspiration, more recent 
research has suggested that their primary function is actually rib proprioception. 
Levatores costarum run from the transverse processes of seventh through the elev-
enth thoracic vertebrae to the ribs specifically between the tubercle and the angle of 
the ribs. These muscles elevate the ribs during inspiration. The external, internal, 
and innermost intercostal muscles are located between the ribs and function primar-
ily to hold the chest wall rigid during respiration but can also contribute to the actual 
motion of breathing such as helping to elevate the ribs during forced respiration. 
The subcostal muscles run from the inner surface of a rib to the inner surface of a 
rib one or two spaces below it. The transversus thoracis runs from the posterior 
surface of the sternum to the inner surfaces of costal cartilages two through six. It is 
continuous with the transversus abdominis muscle in the abdomen. It contributes 
weakly to expiration and has some proprioceptive abilities.

The diaphragm is a domed sheet of skeletal muscle that separates the thorax from 
the abdomen. It is innervated by the phrenic nerve and serves as the chief muscle of 
respiration.

Accessory muscles of respiration include the serratus anterior, pectoralis, and 
scalene muscles and may assist in elevating the ribs at times.
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 Respiratory Physiology

During inhalation, the diaphragm contracts and moves in the inferior direction 
 creating negative pressure in the thoracic cavity which draws air into the lungs. 
Simultaneously, the accessory muscles contract causing the ribs to move anteriorly, 
superiorly, and laterally which increases the volume of the thoracic cavity, further 
increasing negative pressure in the thorax. In this way, the chest wall helps to pre-
vent paradoxical motion created by the negative pressure from diaphragmatic con-
traction. During exhalation, the diaphragm and accessory muscles relax decreasing 
intrathoracic volume and increasing pressure which allows the elastic recoil of the 
lungs to expel air. The sternal manubrium is fixed and does not move much with 
respiration. The upper ribs and body of the sternum have an anterior-posterior 
movement during breathing referred to as pump-handle motion. The lower ribs lift 
up and out laterally with breathing which is referred to as bucket-handle motion.

 Pathophysiology

 Rib Fractures

Rib fractures are the most common bony fracture among blunt trauma patients, 
occurring in about 10–40% of all blunt trauma patients [1]. Most rib fractures are 
a result of motor vehicle collisions, pedestrian struck, and falls [2]. The incidence 
of rib fractures in blunt trauma patients increases with age, from 25% in children 
(≤18  years of age) to 50% in adults (19–64  years of age) and 65% in elderly 
patients (≥65 years of age) [1]. In several studies, number of rib fractures has been 
directly correlated with mortality even from non-pulmonary causes. Having greater 
than six rib fractures has been shown to significantly increase mortality for all age 
groups [1, 2].

Rib fractures can disrupt the very specific structure of the thoracic cage and 
therefore interfere with the function of respiration. Rib fractures are also a marker 
of injury severity. Not only can the rib fractures themselves cause pain with respira-
tion leading to splinting, inability to clear secretions, and pneumonia, but rib frac-
tures can also be a sign of other underlying injuries. Fractures of the first rib are 
significant because of the high kinetic energy necessary to fracture these ribs. While 
an isolated, non-displaced first rib fracture is only associated with a 3% vascular 
injury rate, any other findings such as a concomitant head, thoracic, abdominal, or 
long bone injury increase this risk to 24% [3]. If the first rib is displaced posteriorly, 
the fracture involves the subclavian sulcus, there is any evidence of brachial plexus 
injury, or there are abnormal findings on chest roentgenogram (widened mediasti-
num, apical capping, hemothorax, tracheal deviation, left main stem bronchus 
depression, widened paratracheal stripe, loss of the aortopulmonary window, or an 
abnormal aortic contour), a subclavian artery or aortic injury needs to be ruled out. 
Second rib fractures are also associated with underlying neurovascular injury and 
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should be treated similarly [4]. Fractures of ribs four through nine may be associ-
ated with underlying injuries to the heart, lungs, or bronchi. Although associated 
abdominal solid organ injury has been classically associated with fractures of ribs 
10 through 12, a recent study demonstrates that patients with fractures involving 
ribs 5 through 12 are at risk for solid organ injury in the abdomen [5]. Furthermore, 
rib fractures have been associated not only with thoracic injuries but extra-thoracic 
injuries as well.

 Flail Chest

A radiographic fail chest occurs when three or more contiguous ribs are broken in 
two or more places. As described above, as the diaphragm contracts during inhala-
tion, the chest wall also expands due to contraction of the accessory muscles. The 
contraction of these accessory muscles allows the chest wall to resist the negative 
inspiratory pressure that results from contraction of the diaphragm. A flail chest cre-
ates the potential for a segment of that bony cage to have paradoxical movement 
with respiration. This type of paradoxical movement is referred to as a clinical flail 
and is most commonly observed if the involved ribs are fractured anterolaterally. 
Such paradoxical movement of this section of the chest wall can result in significant 
respiratory embarrassment. A recent retrospective National Trauma Data Bank 
(NTDB) study of blunt trauma patients admitted with a diagnosis of flail chest 
reviewed approximately 3500 cases. As expected, most were associated with motor 
vehicle collisions or falls. Just over half of the patients developed a pulmonary con-
tusion, which is a tribute to how much kinetic energy the chest must absorb to create 
a flail chest. Additionally, 80% required admission to an intensive care unit, with 
mechanical ventilation being required in nearly 60%. The rates of pneumonia and 
acute respiratory distress syndrome (ARDS) were 21% and 14%, respectively, 
which is certainly at least partially a result of the need for mechanical ventilation. 
The mortality rate was 11% overall, which increased to 40% in those with a concur-
rent head injury [6]. Radiographic flail segments should alert the physician to a 
significant energy blunt force trauma, the potential for underlying associated inju-
ries, and pulmonary contusions. A clinical flail is especially concerning for the 
potential for respiratory embarrassment.

 Pulmonary Contusion

Lung or pulmonary contusions were first investigated during the wars of the twenti-
eth century starting with World War I, where soldiers close to blast sites were found 
expired with little to no signs of external trauma. After nearly 4 years of these expe-
riences and postmortem examinations, combat surgeons recognized the cause of 
these deaths as pulmonary contusions [7]. In the 1970s, animal studies on dogs 
described the pathophysiology as “blood and plasma” filling the alveoli causing a 
reduction in lung compliance and an increase in shunting [8]. Today, pulmonary 
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contusions are recognized as the most common injury from blunt thoracic trauma. 
Half of patients with a flail chest will develop an associated pulmonary contusion. 
Typically pulmonary contusions “bloom” in about 3  days and resolve within a 
week; however, animal models have shown changes in the lung such as alveolar 
hemorrhage, atelectasis, and lung consolidation in as little as 24 h after blunt injury 
[7]. More recent porcine and murine studies have shown delayed pathologic changes 
in the lung contralateral to the injury as well as circulating cytokine markers indicat-
ing a systemic inflammatory and also immunologic response to a unilateral lung 
injury [9].

The effects of a pulmonary contusion are multifold and complex and can be 
divided into three categories: those that occur in the injured lung, those that occur in 
the injured and uninjured lung, and those that occur systemically. At the site of 
injury, the alveoli are hemorrhagic, and reduced compliance contributing to shunt-
ing and hypoxemia, increased pulmonary vascular resistance, and overall decreased 
pulmonary blood flow is present. In the injured as well as uninjured parts of the 
lung, including the contralateral lung, the alveolar septa become thickened, the 
parenchymal tissues become vacuolized, and there exist a delayed capillary leak 
and increased neutrophil migration within the parenchyma. The CT findings associ-
ated with a pulmonary contusion after a high blunt force injury to the chest are seen 
in Fig. 3.1. Systemically, there is increased terminal complement complex, tumor 
necrosis factor, and interleukin-6 with decreases in complement, peritoneal, and 
splenic macrophages as well as splenocytes [7].

Pulmonary contusions can impair myocardial performance even in the absence 
of a cardiac contusion. A porcine study has shown depressed myocardial contrac-
tility and increased right ventricular afterload in the presence of an isolated pul-
monary contusion [10]. The authors recommended measuring central venous 
pressure (CVP) to estimate preload in the presence of pulmonary contusions as 
they demonstrated pulmonary capillary wedge pressure (PCWP) to underestimate 

a b

Fig. 3.1 Selected axial (a) and coronal (b) cuts from a chest CT of a patient who presented after 
a significant blunt force trauma. Seen are multiple rib fractures (black arrow), a right scapular 
fracture (black arrowhead) and associated pulmonary contusion, subcutaneous emphysema, and a 
right diaphragmatic rupture with the liver herniated into the right chest
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left ventricular end diastolic pressure in their lab model. They showed CVP to be 
a better estimate of preload even with the pleural space being violated (a chest 
tube was inserted immediately after creation of the contusion.)

 Pneumothorax

Greek physicians first described the pneumothorax as early as the fifth century B.C., 
but French physician, Itard, first coined the term in 1803. Pneumothoraces are esti-
mated to occur in roughly 15% of blunt trauma patients, but the incidence has been 
reported to be as high as 80% in those with two or more broken ribs [11].

A pneumothorax refers to the presence of gas within the pleural space, i.e., 
between the visceral and parietal pleura. A pneumothorax associated with rib frac-
tures is seen in a chest X-ray in Fig. 3.2 and chest CT scan in Fig. 3.3. Gas within 
the pleural space indicates either an open communication between the outside atmo-
sphere and the pleural space (sucking chest wound) or a communication between 
air-containing intrathoracic structures, such as the alveoli or bronchi, and the pleural 
space. A rib fracture can lacerate the lung allowing open communication between 
the alveoli and the pleural space. It has been theorized that sudden compression of 
the chest can cause rupture of an alveolus without a laceration leading to a pneumo-
mediastinum, also known as the Macklin effect. Once communication between an 
air-containing structure and the pleural space exists, air will flow into the pleural 
space until either the communication is closed or the pressure equilibrates.

In the case where pressure rises in the pleural space until mediastinal structures are 
shifted away from the side of the pneumothorax leading to compression of cardiac 

Fig. 3.2 Chest X-ray of a 
patient with a 
hemopneumothorax with a 
visible pneumothorax 
(white arrowheads mark 
lung edge) and an air-fluid 
level (white arrow). This 
patient also had multiple 
right-sided rib fractures 
that are poorly visualized 
on this X-ray and were 
better seen on a chest CT 
scan
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inflow and cardiovascular compromise, this is called a tension pneumothorax. This is 
caused by a one-way valve that allows air to enter the pleural space but not exit. A 
tension pneumothorax is a clinical diagnosis not a radiographic one, with decreased 
breath sounds on the affected side, distended neck veins, a contralaterally deviated 
trachea, and hypotension. Subcutaneous emphysema should also hint at an underlying 
airway injury.

 Hemothorax

A significant number of patients with chest trauma have hemothoraces [12]. Any 
patient with a pneumothorax should be suspected to have a hemothorax as many of 
these are actually hemopneumothoraces. CXR findings consistent with a traumatic 
hemopneumothorax are seen in Fig. 3.2, and chest CT findings are seen in Fig. 3.3. 
Rib fractures can commonly cause a hemothorax by lacerating any source of bleed-
ing within the chest such as an intercostal vessel, intramuscular vessel, pulmonary 
vessel, or lung parenchyma. The majority of hemothoraces are diagnosed at admis-
sion, but up to one-third have been reported as a delayed hemothorax, which may 
present with respiratory symptoms or pain several days after the initial trauma.

 Special Considerations

 Geriatric Patients

Falls and motor vehicle collisions are the most common causes of rib fractures in 
the elderly (≥65 years of age) with some studies reporting falls as contributing more 
and more to rib fractures in this population [13]. As mentioned earlier, elderly blunt 

Fig. 3.3 Selected axial image from a chest CT of a patient involved in a blunt trauma resulting in 
multiple right-sided rib fractures (black arrowhead) in addition to a pneumothorax (white star), a 
hemothorax (black arrow), and an underlying pulmonary contusion (black star). Also seen is 
significant subcutaneous emphysema in the soft tissues of the right chest wall
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trauma patients have a higher incidence of rib fractures as compared to younger 
cohorts of patients, but more importantly, these patients also have worse outcomes 
even after adjusting for comorbidities and injury severity [14, 15]. The higher inci-
dence of rib fractures among elderly patients is a result of lower bone density and 
ossified costal cartilages causing the chest wall to be more brittle and less compliant 
[2]. Additionally the likelihood of associated thoracic injuries is high with nearly 
70% of elderly patients with rib fractures having at least one of the following: pul-
monary contusion, infection, need for mechanical ventilation, hemothorax, or pneu-
mothorax [16].

 Pediatric Patients

Only 5% of pediatric traumatic patients have thoracic injuries; however, the mor-
tality associated with thoracic injuries in this age group is 20% [17]. This mortal-
ity increases further if rib fractures are present. Motor vehicles are a common 
cause of thoracic trauma in pediatric patients, with a significant proportion being 
the result of the child being struck on a pedestrian by a motor vehicle [17]. Ribs 
in pediatric patients are more compliant and flexible and less likely to fracture as 
a result of blunt force trauma. This means that pediatric patients with rib fractures 
have often times sustained an extremely high-energy impact to the chest. 
Associated thoracic and extra-thoracic injuries are very common [2, 17]. 
Pulmonary contusions in pediatric patients with rib fractures tend to be quite 
severe and diffuse. Additionally, in the pediatric blunt trauma patient, underlying 
visceral injuries should be suspected even without rib fractures; however, the 
presence of even a single rib fracture should be concerning for the potential for 
severe underlying visceral injury due to the amount of kinetic energy needed to 
overcome the compliance of the flexible pediatric chest wall. The mortality for 
pediatric patients with rib fractures also increases linearly with each additional rib 
fracture without an inflection [18].
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