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Abstract Blunt chest trauma accounts for a significant pro-
portion of debilitating and life-threatening injuries. Rib frac-
tures are notoriously painful and can lead to prolonged hospi-
talization, contribute to the development of pneumonia and
respiratory failure, and delay outpatient recuperation signifi-
cantly. Flail chest, along with chest wall deformity, the most
severe of chest wall injuries, is associated with significant
acute morbidity and mortality. Pulmonary contusion often ac-
companies blunt chest wall trauma and when diffuse will re-
sult in respiratory failure regardless of other injuries. Pulmo-
nary lacerations, pneumatoceles, and even lobar infarction can
occur. In this review, we describe the development of current
principles of management of rib fractures, flail chest, and pul-
monary contusion. Emerging or unclarified strategies include
the importance of acute pain control of rib fractures to allevi-
ate the development of chronic pain, the role of rib fracture
operative reduction/internal fixation (ORIF) in severe chest
wall trauma, and the use of surfactant and dual lung ventila-
tion for severe pulmonary contusion.
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Introduction

Rib fracture injuries extend across a broad spectrum of sever-
ity ranging from a single fractured rib that may be sustained in
a fall to multiple fractured ribs that result in a flail chest with
respiratory failure. Aside from the acute impact of rib fracture
injury, long-term pain, disability and deformity also frequently
occur [1, 2, 3¢, 4¢]. Despite this, the management for the vast
majority of rib fracture injuries remains supportive only, with
analgesia, chest physiotherapy, and, when required, respirato-
ry support being mainstays of care [5¢¢]. Acute management,
however, may not address the potential long-term morbidity
of such injuries. Trauma patients with multiple fractured ribs
demonstrate a clinically significant reduction in quality of life
out to 24 months with less than half the thoracic trauma group
returning to a good level of functioning at that time [6¢]. Pul-
monary contusion often accompanies blunt thoracic trauma
with or without rib fractures. The severity also ranges from
mild to severe. The tendency of pulmonary contusions to
“blossom” prior to beginning a trajectory of resolution puts
the patient at risk for respiratory deterioration over the subse-
quent 2 to 3 days. In this review, we detail the important
physiologic principles which guide effective management of
blunt thoracic injury and provide insight into new approaches
being developed.

Rib Fractures: The Importance of Acute Pain
Management

There is mounting evidence that a patient’s perception of pain
in the early post-injury period is associated with chronic pain
development [7]. A recent prospective study of rib fracture
patients found that pain and disability at 8 weeks post injury
could be predicted by the pain intensity within the first few
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days after injury [8]. Interestingly, the number of fractures and
the bilaterality of fractures were not predictive. Thus, pain
management in the early post-injury setting is likely para-
mount to obtaining a more favorable recovery. Opioids, oral
or intravenous, are traditional first-line therapy for acute rib
fracture pain. But because of chronic misuse potential and
central desensitization concerns, pain researchers and clini-
cians are increasingly recommending that opioids be used
only in combination with other analgesic modalities such as
acetaminophen, nonsteroidal anti-inflammatory medication
(NSAID), the anticonvulsants gabapentin and pregabalin,
and the topical lidocaine patch [9¢¢]. Epidural catheter analge-
sia can be an effective modality in patients at risk for respira-
tory deterioration secondary to pain, but injured patients fre-
quently have contraindications preventing insertion [10, 11].
Continuous intercostal nerve blockade with local anesthetic is
available as a bedside procedure and has applicability and
benefit for a broader range of patients [12¢]. Whether early
operative rib fixation is of benefit to reduce acute and chronic
pain remains to be determined [13]. Conventional wisdom
leads us to believe that acute surgical management has benefit
in selected patients with significant fracture displacement
[14].

Flail Chest

Flail chest injury has been associated with a high mortality
rates historically and up to 16 % more recently [15-17]. In
patients with “physiologic” flail visibly apparent paradoxical
chest wall motion leads to inefficient respiratory effort and
compression of the lung and diminishes the negative intratho-
racic pressure essential for the passive movement of air into
the bronchial tree. Atelectasis leads to increased lung resis-
tance and decreased compliance, making the work of breath-
ing much more difficult. Loss of the ability to generate nega-
tive intrathoracic pressure with breathing also impairs venous
return, a passive process dependent on the negative intratho-
racic pressure generated with each breath. In patients without
a visible flail segment, i.e., an “anatomic” or “radiologic” flail,
the physiologic derangements can be similarly destructive. If
the patient survives the early phase of injury, pain, ineffectual
cough, and persistent lung atelectasis can lead to pneumonia.
Identification of the high mortality in this condition, and of
the physiological derangement, led to early reports of external
support by mean of traction years before mechanical ventilation
was developed [18]. Strapping, sandbagging, and physical trac-
tion by attached weights via pulleys to the patient’s skin with
forceps were described. Development of the mechanical venti-
lator and its increasing clinical use in the 1950s led to the con-
cept of internal pneumatic splinting of flail chest injury. Surpris-
ingly, internal pneumatic splinting remained the standard man-
agement of flail chest injury for the next 50 years and, in many

@ Springer

centers, remains standard management today. Despite scattered
reports of surgical open reduction and internal fixation (ORIF)
of fractured ribs, lack of dedicated rib prostheses, hardware fail-
ures and variable results led to a general lack of acceptance of an
operative strategy.

In 2002, however, a small randomized trial was published
demonstrating significant benefits of flail chest ORIF in terms
of ventilator time, respiratory function, pain, return to work, and
treatment costs [19]. Increasing interest in operative fixation of
fractured ribs was developing independently in a variety of cen-
ters at that time, and over the next few years, a number of
specific surgical rib prostheses came onto the market (outlined

below). Level 1 evidence demonstrating the benefits of flail
chest ORIF has subsequently been generated [20¢s]. Non-ran-

domized, cohort-comparison trials have generally confirmed
these findings with the caveat that in patients with significant
pulmonary contusions, flail chest repair is not advised [21ee,
22e¢]. Furthermore, the long-term morbidity arising from con-
servative management of flail chest injuries has also generated
interest in early surgical management.

No prospective randomized controlled trials have yet been
done in other patient groups. Selected patients with multiple
displaced fractured ribs without a flail segment. non-ventilator-
dependent flail chest patients, patients with simple fractured rib
injuries such as sporting injuries; and patients with chronic pain
or malunion of old rib fractures have been reported in case series
to benefit from ORIF [23, 24e¢]. The selection criteria for rib
fixation in these groups need further investigation. Table 1 sum-
marizes current accepted indications for rib fracture ORIF.

Table 1  Current indications for rib fracture ORIF

1. Flail chest with failure to wean from ventilator inclusion criteria:
(a) Paradoxical movement visualized or

(b) Anatomic flail (3 or more consecutive ribs fractured in 2 or more
places) and

(c) No significant pulmonary contusion

(d) No significant brain injury

2. Chest wall defect/hernia/severely displaced fractures (Fig. 1) or chest
wall implosion syndrome [14] inclusion criteria:

(a) Non-repair of defect may result in pulmonary hernia or

(b) Severely displaced fractures are significantly impeding lung
expansion in that hemithorax and

(c) Patient is expected to survive any other injuries

3. “On the way out” or “thoracotomy for other reason”

Inclusion criteria

(a) Significant fracture displacement or distraction and

(b) Patient is expected to survive other injuries

4. Symptomatic rib fracture nonunion (Fig. 2) [24¢¢] inclusion criteria:
(a) CT scan evidence of fracture nonunion at least 4 months post-injury
(b) Chronic pain not improving

(c) Significant impairment of activity level
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Fig. 1 a CT scan appearance of acute chest wall deformity associated
with hemopneumothorax and focal pulmonary contusion following
snowmobile crash. b Chest radiograph appearance of left chest wall
deformity post assault

Technical Challenges of Rib Fracture ORIF

Rib fracture ORIF is a technically challenging procedure with
which most surgeons caring for injured patients have little

Fig. 2 CT scan appearance of left rib fracture nonunion

experience. Because human ribs have a relatively thin (1-
2 mm) cortex surrounding soft marrow, they are not expected
to hold a cortical screw as well as bone with a thicker cortex. In
addition, ribs cannot be immobilized during the healing process;
thus, any fixation technique must be able to withstand the forces
generated by deep breathing and coughing. Surgeons learning
this procedure should thus be well-versed in the current concepts
of fracture healing and prosthesis fixation.

There are two mechanisms of fracture healing [25]. Prima-
ry healing, also referred to as direct, occurs with rigid immo-
bilization and compression at the fracture site. There is essen-
tially no motion at the fracture site, and healing occurs through
intramembranous ossification. Rigid immobilization is
achieved with conventional plates and compression screws.
Secondary healing, also known as indirect, occurs when there
is motion at the fracture site. In this setting, if the fracture is
adequately healing, a callus should be seen on radiographic
imaging. Indirect healing occurs with casting, external fixa-
tion, intramedullary nailing, and newer types of locked plating
systems. Current rib fracture-specific ORIF plates promote
secondary/indirect healing.

The difference between primary and secondary healing il-
lustrates an important concept. Fracture care requires a bal-
ance between motion and stability. Inadequate stabilization
allows excess motion at the fracture site that may impede
tissue differentiation to healthy bone. Over-stabilization is also
not desired since when there is no motion at the fracture site,
there is no sufficient stress stimulus to promote formation of
durable bone.

Open fractures, bone loss, ischemia, contamination, and
infection predispose to fixation complications. Negative pa-
tient risk factors include advanced age, comorbidities, malnu-
trition, and smoking [26]. Comorbid conditions such as dia-
betes mellitus, peripheral vascular disease, rheumatoid arthri-
tis, and vitamin D deficiency are known to impair healing [26,
27]. Perioperative hyperglycemia is an independent risk factor
for surgical site infection even in patients without a known
history of diabetes [28]. Smoking increases the risk of fracture
nonunion [29]. Because of reliable efficacy in inflammation
and pain control, NSAID use is prevalent in acute and chronic
musculoskeletal injuries, but at a price since NSAIDs have a
negative effect on fracture healing [30]. Surgeons offering rib
fracture ORIF to injured patients should take these factors into
consideration when describing the risk-benefit analysis to the
patient during informed consent.

In complex cases involving rib fracture comminution, bone
loss, or infection, the use of bone substitutes and grafting has
been described [31, 32]. There are many different products
and strategies for the encouragement of bone healing in diffi-
cult situations. Osteoinductive substances provide growth fac-
tors to encourage mesenchymal osteoprogenitor cells to dif-
ferentiate into the osteoblastic lineage. Osteoconductive grafts
provide a scaffold for bone growth. An osteogenesis strategy
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involves the direct transplant of osteoblasts and periosteal
cells to the fracture site to produce bone. The gold standard
for bone graft had until recently been the autogenous iliac
crest bone, which includes all three biologic properties. How-
ever, harvesting iliac crest graft results in a relatively high
incidence of chronic pain and there is a limited supply. Alter-
natives to an autograft are cadaveric bone, demineralized bone
matrix, and bone morphogenic protein products. Cadaveric
bone, however, only has osteoconductive properties.
Demineralized bone matrix is commercially available as a
putty, paste, sheets, and pieces and provides a degradable ma-
trix of bone proteins, calcium, phosphates, and trace cellular
debris that has both osteoconductive and osteoinductive prop-
erties [33]. Recombinant bone morphogenic protein (rBMP) is
osteoinductive and has been shown to induce bone formation
in a variety of clinical scenarios [34]. Surgeons may consider
the use of these products in complex rib fracture ORIF situa-
tions although minimal experience has been reported.

Rib Fracture ORIF Prostheses

Several plating systems customized specifically for rib frac-
tures are now available and have been shown safe and effec-
tive in clinical trials. This review is not expected to be a com-
plete review of all prostheses available since this is an ever-
growing list. Low-profile, anatomically contoured plates with
locking screws are a modification of the traditional anterior
plating systems used with success throughout the skeletal sys-
tem [35]. A U-shaped plate designed to overcome the inherent
fragility of the human rib by grasping the rib over its superior
margin and by securing the plate with anterior to posterior
locking screws has also been developed [36]. A novel,
screwless system consisting of flexible titanium rib clamps
and connecting plates has also been evaluated extensively
[37]. Absorbable plates are an attractive alternative to titanium
for rib fracture fixation [20ee, 38]. The plates consist of a
polylactide polymer with absorption expected by hydrolysis
within months. Improved bone healing by the prevention of
stress shielding, the allowance for micromotion, and the abil-
ity to secure comminuted fractures has been touted [39]. Pos-
terior and more displaced rib fractures are not good candidates
for the use of absorbable plates because of the need for more
secure fixation [40].

Pulmonary Contusion

Pulmonary contusion is frequently seen in patients suffering
high-velocity civilian trauma [41e¢]. In combat or terrorist
incident settings, explosions and high-velocity projectiles are
additional causes. Pulmonary contusion occurs when there is a
transfer of high energy to the lung and can present without
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obvious external chest wall injury. It is detected either with
plain radiography or with computed tomography (CT) al-
though CT is more sensitive. Radiographic evidence of a pul-
monary contusion may not become apparent until 24 to 48 h
after the injury. Parenchymal manifestations include capillary
hemorrhage, increased capillary permeability, and migration
of neutrophils into the extravascular space. This leads to alve-
olar consolidation, reduced lung compliance, ventilation/
perfusion mismatch with right-to-left shunting, hypercarbia,
increased work of breathing, and hypoxia [42]. The composi-
tion of surfactant is also impacted. Percentages of phosphati-
dylcholine and sphingomyelin are significantly higher in the
contused lungs than in normal [43]. Adjunctive exogenous
bovine surfactant replacement improved oxygenation and de-
creased ventilator requirements in patients with pulmonary
contusions and hypoxemia [44]. Patients with a pulmonary
contusion compromising greater than 20 % of their total lung
volume are at high risk for pneumonia and acute respiratory
distress syndrome (ARDS) [45]. Fortunately, the respiratory
derangements associated with pulmonary contusions [resolve
in most patients in 5 to 7 days and only the rare patient with a
high burden of contusions progresses to long-term ARDS.

Treatment of pulmonary contusion is initially supportive
by maintaining euvolemia and by promoting pulmonary hy-
giene with incentive spirometry, chest physiotherapy, and
nasotracheal suctioning. Noninvasive ventilation may be
attempted prior to endotracheal ventilation in selected pa-
tients. Patients who require invasive ventilator support will
have additive risks of barotrauma and ventilator-associated
pneumonia.

Synchronized intermittent mechanical ventilation (SIMV)
with positive end-expiratory pressure (PEEP) is an acceptable
mode of ventilation for most patients with pulmonary contu-
sion. SIMV allows patients to breathe spontaneously and
avoid hypocapnia, and PEEP increases functional residual ca-
pacity by minimizing alveolar collapse during expiration. Ro-
tational bed therapy may promote maintenance of injured lung
expansion and prevent the development of pneumonia [46]. If
mechanical ventilation is insufficient in improving oxygena-
tion and ventilation, then prone positioning, nitrous oxide
supplementation, high-frequency oscillatory ventilation, and
extracorporeal membrane oxygenation (ECMO) should be
considered. A rare patient with severe unilateral pulmonary
contusion may benefit from dual lung ventilation with dispa-
rate modes applied to each lung [47]. This will prevent iatro-
genic barotrauma in the uninjured lung from the higher-
pressure settings necessary to inflate the injured lung. If a
patient with pulmonary contusion also meets criteria for flail
chest ORIF, most agree that this should only be attempted
after resolution of pulmonary contusion [48]. Patients with a
unilateral pulmonary contusion and flail chest may not tolerate
the “good lung down” lateral positioning necessary in the
operating room to address the injured hemichest and the
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benefit of early extubation seen in patients with flail chest
without pulmonary contusion is less likely to materialize. Pa-
tients with flail chest with pulmonary contusion are more like-
ly to require mechanical ventilation, spend more time on the
ventilator, have longer ICU and hospital stays, have higher
rates of tube thoracostomy placement, and have higher risk
of pneumonia [17]. Prophylactic antimicrobials and cortico-
steroids are not believed to be beneficial and may cause harm.
Corticosteroids may contribute to decreased bacterial clear-
ance and subsequent increases in the risk of pneumonia [41].

Additional complications associated with pulmonary contu-
sion are pulmonary lacerations, pneumatoceles, intrabronchial
hemorrhage, and lobar infarction. Lacerations will lead to
hemopneumothorax requiring tube thoracostomy but generally
heal without operative intervention. Pneumatoceles range from
small to large and can appear very dramatic on CT scan, but
again, they generally do not require intervention. A
pneumatocele may enlarge on positive pressure ventilation. In-
trabronchial hemorrhage occurs in a minority of patients with
pulmonary contusion and is usually self-limiting but in extreme
cases may require angiographic embolization or surgical inter-
vention. A rare patient with pulmonary contusion will develop a
lobar infarction that requires operative resection.

Conclusion

Blunt chest trauma often results in serious chest wall and pul-
monary injuries including multiple rib fractures, flail chest, and
pulmonary contusion. The vast majority of patients with these
injuries are managed appropriately with pain control, aggressive
respiratory therapy, and mobilization. The prognosis for recov-
ery is good although chronic pain due to chest wall injury is
common. A minority of patients with chest wall or pulmonary
injuries will require endotracheal intubation and more invasive
therapy such as operative flail chest repair or pulmonary resec-
tion. The exact role of rib fracture ORIF in polytrauma patients is
currently under investigation but accepted indications include
chest wall defect/pulmonary herniation, flail chest, and selected
instances of severely displaced, multiple rib fractures. A small
minority of rib fracture patients will develop a symptomatic
nonunion which may be amenable to operative resection or plat-
ing with or without bone grafting. Pulmonary contusion is a
relative contraindication to rib fracture ORIF depending on the
severity of the pulmonary injury. Pneumatoceles are common
among patients with significant pulmonary contusion but rarely
require operative intervention.
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