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abstract
The treatment of blast injuries is always a challenge. Since NATO forces are currently engaged in military conflicts that are characterized by asymmetric warfare, blast injuries have become common. In recent years, mortality has been successfully reduced as a result of improvements in military personal protective equipment and advances in the initial surgical stabilization of casualties on the basis of the principles of damage-control surgery. Improved personal protective equipment, however, has resulted in larger numbers of extremity injuries. With the survival rate increasing, the treatment of extremity injuries has been gaining in importance. Particular emphasis is placed on rehabilitative care. 

Blast injuries fall into five categories (primary, secondary, tertiary, quaternary and quinary blast injuries). Combinations of different types of blast injuries can occur as well. In this paper, we use case reports from the German Armed Forces Central Hospital in Koblenz and a review of the literature to present current strategies of treatment, the ultimate goal of which is always a useful and functional limb. Initial treatment depends on the pattern of injury and should include surgical debridement, antibiotic therapy and, if necessary, tetanus prophylaxis in open injuries as well as the external stabilization of fractures with or without fasciotomy. Temporary vessel shunting is essential as a damage-control procedure for limb salvage until definitive vascular reconstruction is performed. Autologous material (usually the saphenous vein) should be used for vascular reconstruction. Open wound treatment and second-look operations at intervals of 48 to 72 hours are mandatory to obtain a clean and healthy wound environment. V.A.C.® therapy is an effective technique to protect the wound and promote wound healing. A variety of muscle flaps are routinely used to cover large defects with exposed bone. With the emergence of an increasing number of multi-resistant organisms, wounds should be regularly swabbed and cultured in the post-primary period of treatment with a view to tailoring antibiotic provision on the basis of microbial sensitivity results. Blast injuries regularly require skin grafting. Split-thickness skin grafting is an effective technique commonly used for this purpose. Since these grafts do not include the dermis, a matrix consisting of collagen and elastin (e.g. Matriderm®) can be used as a substitute. In many cases, a change of procedure is required during the treatment process and internal fixation is used instead of external fixation for fracture fixation. Reconstructive surgery, e.g. segmental bone transport, reconstruction of motor function, limb lengthening with intramedullary nails, and scar revisions may be necessary to improve or restore limb function.

In summary, the treatment of blast injuries to the extremities requires specialist expertise, extensive experience and often close interdisciplinary cooperation because of the wide variety and complexity of the types of injuries encountered.
1.0
introduction
In the era of asymmetric warfare, which characterizes not only military operations in which NATO forces are currently engaged but also terrorist attacks against civilian targets, blast injuries and the resultant combined thermal and mechanical injuries are commonly seen in military conflicts and in crisis regions [1–3]. Mortality rates have been reduced as a result of the introduction and application of the principles of damage control surgery, improvements in prehospital care, and shorter evacuation times. Patients with complex patterns of injury can thus survive [4–6]. Soldiers who take part in military conflicts wear modern protective equipment that provides better protection of the head, chest and abdomen and increases survivability. As a result of improved protective equipment, the treatment of extremity injuries, which continue to account for 50–70% of combat wounds, is gaining importance [7–12]. Blast injuries are always a challenge to physicians and surgeons especially when it comes to rehabilitative care and the recovery of limb function. 
2.0
Pathophysiology of blast injuries to the extremities
Blast injuries are caused by the detonation of explosives. Depending on their energy release, explosives are categorized as high-order explosives (HE) or low-order explosives (LE). They are further characterized based on their source ("manufactured" and "improvised" explosive devices). Whereas the military uses only manufactured explosive devices that are HE-based, mass-produced and quality-tested weapons, improvised explosive devices (IEDs) may be composed of HE, LE or both depending on what is available [13]. Metal objects such as nails or steel balls are added to the charge in order to increase the fragmentation effect. Depending on the charge used and the site of detonation, explosives cause different patterns of injury. Whereas the wounding effect of explosives decreases exponentially with distance from the source in explosions occurring in open spaces, it can increase when explosions take place in confined spaces [14–16]. Irrespective of the type of device used and the distance from the source, the effects of blasts cause injuries that fall into five categories. 
2.1
Primary Blast Injuries
Primary blast injuries are caused by barotrauma resulting from differences in pressure relative to atmospheric pressure. An explosion produces a blast wave that generates sudden overpressure and consists of an initial high-velocity shock wave followed by a blast wind. Primary blast injuries most commonly affect air-filled organs such as the middle ear, the lungs and the hollow abdominal viscera. Air embolism can occur as well [15,17,18]. Although the blast wave rarely causes isolated injuries to the extremities, it can lead to fractures, complete or incomplete amputations, and avulsion injuries. In their description of extremity amputations caused by explosions, Hull and Cooper showed that amputation occurred through the fracture site rather than through the joint. Lower extremity amputation often occurred at the level of the tibial tuberosity. The high mortality rate associated with primary amputations – only 9 of 52 victims survived in the study by Hull and Cooper – demonstrates the high level of energy released and the effects on air-filled organs [19].
2.2
Secondary Blast Injuries
Only collapsing buildings that bury many victims cause greater morbidity and mortality than secondary blast effects [17]. Fragments are spread from the center of detonation and cause penetrating injuries. Whether the fragments are primary fragments (those that are part of the weapon) or secondary fragments (those that result from the explosion) plays only a minor role in determining the extent of injury, which primarily depends on the distance from the center of explosion as well as on the number, size and form of fragments. Fragments are propelled from the center of explosion at a velocity of up to 1800 m/s. Despite a rapid loss of velocity, they can create wound cavities that are 20 to 25 times larger than their own size and can cause local peak tissue pressures of 6.89 bar as a result of their physical properties (e.g. shape) and their flight characteristics (e.g. yaw) [8,9,20]. This leads to severe bone injuries and devastating concomitant soft-tissue injuries. Especially in the case of suicidal bombings, bone fragments may become embedded in victims and induce an immune response to allogenic bone tissue. In addition, there is the risk of the transmission of infectious diseases [21,22].
2.3
Tertiary Blast Injuries
Tertiary blast injuries include all injuries that are caused by structural collapse and fragmentation of buildings and vehicles or result from people being hit by flying objects other than components of the explosive device (e.g. parts of vehicles). They also result from people being thrust against solid objects by the blast wind. This mechanism can lead to blunt or penetrating trauma and can cause multiple injuries affecting any part of the body. Patients may present with traumatic asphyxia, open and closed fractures and amputation of limbs, compartment syndrome, and crush syndrome. Primary survivors most commonly sustain secondary blast injuries followed by tertiary blast injuries. In the case of collapsing buildings and entrapment, the number of deaths is higher than that caused by secondary blast injuries, which are otherwise the leading cause of death [14,17,23,24].
2.4
Quaternary Blast Injuries
Quaternary blast injuries include burns and inhalation injuries caused by heat or chemical substances. They encompass exacerbations or complications of persisting conditions such as might be seen in patients receiving anticoagulants, patients with pulmonary or cardiovascular diseases, or women who are pregnant [17]. In the past, all other injuries that were not categorized as primary, secondary or tertiary injuries were subsumed as quaternary injuries. Some authors today prefer to use a fifth category of injuries.
2.5
Quinary Blast Injuries
The term "quinary blast injury" refers to toxic reactions caused by infectious, chemical or radioactive substances that are added to explosive devices. The term reflects the new dimensions of asymmetric warfare and terrorism. When such contaminated improvised explosive devices, e.g. "dirty bombs," are used, a hyperinflammatory state can be noticed among victims at an early stage [14,25].
3.0
TREatment
Strategies for the treatment of blast injuries must be adapted to the extent of injury on a case-by-case basis in order to achieve a maximum reduction of mortality. Especially in military settings and mass-casualty incidents, the number of casualties and the availability of material and personnel resources play an important role in the decision-making process [26]. The primary objective is the restoration and stabilization of the patient's vital signs. For this purpose, the principles of TCCC, PHTLS®, ATLS®, damage-control surgery (DCS), and damage-control orthopedic surgery (DCOS) have proved to be useful tools in the past. The previously practiced method of primary definitive care, also known as early total care (ETC), has been replaced by the concept of initial surgery, the aim of which is to stabilize the victim and control damage in accordance with the aforementioned guidelines. The purpose of this type of surgery is to minimize additional trauma resulting from indispensable surgical procedures and to ensure that the patient receives intensive care as soon as possible in an attempt to effectively address and treat the lethal triad of hypothermia, coagulopathy and acidosis. Definitive treatment is postponed and provided depending on the patient's condition. Ideally, the patient should receive definitive care in a physiological time window (between days 5 and 10) [27–31].
3.1
Soft-Tissue Injuries
Fragmentation effects most commonly cause penetrating injuries but also blunt injuries and burns of the extremities [9,32]. Irrespective of the extent of injury, all wounds should be explored, debrided to remove necrotic tissue and thoroughly irrigated as soon as possible. If possible, a pneumatic tourniquet should be applied. The importance of this procedure, which is indispensable to prevent wound infection, cannot be emphasized enough. During primary aggressive debridement, however, functionally important structures such as neurovascular bundles and tendons should be left alone [7,9,32–35]. If possible, foreign bodies that are easily accessible or are accessible without the risk of further massive soft-tissue trauma should be removed. Especially at the stage of initial treatment, the removal of all embedded foreign bodies should be postponed with a view to minimizing operation times and further soft-tissue damage. Wound exploration and debridement, however, are mandatory. Primary wound closure is usually not indicated. In patients with small isolated superficial wounds that are not associated with a significant wound cavity, primary adaptive closure can be undertaken after wound excision and, if necessary, the insertion of a drain. 
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	Figure 1: Multiple small foreign bodies embedded in tissue after an IED blast.
	Figure 2: Multiple small foreign bodies embedded in tissue and large soft-tissue defect of the lateral upper thigh.


In addition, tetanus prophylaxis and an initial dose of broad-spectrum antibiotics must be administered. Antibiotics should be given as early as possible after injury in the prehospital phase. With the emergence of an increasing number of multi-resistant organisms, wounds should be regularly swabbed and cultured in the post-primary period with a view to tailoring antibiotic provision on the basis of microbial sensitivity results [32,35]. Ideally, subsequent redebridement during second-look operations should be performed daily or at least every 48 hours and should be repeated until a wound bed is viable and free of infection. Open wound treatment of large defects in patients with blast injuries is the treatment of choice and facilitates the reevaluation of the wound. In recent years, the use of temporary closure using, for example, vacuum-assisted therapy (V.A.C® Therapy System, KCI Inc., San Antonio, Texas; http://www.kci-medical.com) involving the continuous or intermittent application of negative pressure has become a reliable method for the protection and cleansing of (infected) wounds and the promotion of granulation tissue formation [33–42]. Likewise, good results have been reported with the topical application of antimicrobial products such as polyhexamethylene biguanide (polyhexanide, PHMB) in combination with modern dressings for the treatment of wounds often infected with multi-resistant organisms [43–45]. Synthetic skin substitutes are also useful in the complex treatment of non-infected soft-tissue defects without pockets and can help prevent the formation of pockets, prepare the wound bed, avoid infection, and prepare the transplantation of skin grafts. Sufficient removal of exudate, however, must be ensured [46]. 
In the reconstructive phase, different types of flaps can be used to cover defects. In general, free distant flaps must be distinguished from local flaps. Flap selection is based on the size and site of the defect to be covered. Free muscle flaps are usually used in the management of deep defects in an attempt to fill the cavity with viable and well-perfused tissue. Free fasciocutaneous flaps are used to cover sites where skin elasticity is indispensable for proper functioning [47]. Other useful types of flaps are latissimus dorsi flaps, upper arm fasciocutaneous flaps, fasciocutaneous groin flaps with or without iliac crest bone grafts, rectus abdominus flaps, anterolateral thigh flaps, and pedicled dorsalis pedis flaps. In the region of the distal lower extremities, the most commonly used flaps include free rectus abdominus flaps, free anterolateral thigh flaps, and pedicled dorsalis pedis flaps [48–50]. 
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	Figure 3: Soft-tissue defect after an IED blast (several second-look operations).
	Figure 4: Preparation of the wound bed and application of Matriderm®.


The restoration of skin continuity regularly requires skin grafting. Split-thickness skin grafting is probably the most commonly used technique. Since split-thickness skin grafts do not include the dermis, this procedure is often associated with a loss of skin elasticity at the site of transplantation as well as with a loss of mechanical properties, shrinkage of the graft and sometimes marked scar tissue formation that can lead to dermatogenic contractures [51,52]. A number of different cultivated or biological skin substitutes (e.g. Integra®, http://www.integralife.com; AlloDerm®, http://www.lifecell.com) are available to prevent these effects of skin grafting [37,42,53]. 
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	Figure 5: Blast injury of the right hand, condition after repatriation.
	Figure 6: Condition after 
wound cleansing.


At our institution, we regularly use a three-dimensional matrix consisting of collagen and elastin (Matriderm®, Dr. Suwelack Skin and HealthCare, http://www.skin-healthcare.de) for the coverage of skin defects, for example in patients with combined thermal and mechanical injuries. In a one-stage or two-stage procedure, Matriderm® is applied to the defect and then covered with a split-thickness skin graft. A vacuum dressing is then used to fix the skin graft in place. Our own experiences confirm previously published literature and show promising initial results such as good cosmetic outcome, improvements in skin elasticity, reduction in contractures, better mechanical properties, and low rates of graft failure [52,54–57]. 
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	Figure 7: Condition on day 10 after the placement of Matriderm and a mesh skin graft, six weeks after injury.
	Figure 8: Condition on day 20 after the placement of a mesh skin graft.


3.1.1
Burn Injuries
Burns, whether in isolation or in combination with other trauma, are sustained by 5–10% of casualties and are thus an injury entity that must not be neglected [42,58,59]. Apart from the administration of analgesia and fluids, escharotomy is an indispensable initial surgical measure in the early management of at least two thirds of circumferential burns (IIa degree and higher) and is performed in an attempt to lessen constriction and improve perfusion. Likewise, fasciotomy should also be performed as soon as possible in patients suspected of having muscle compartment syndrome caused by possible concomitant injuries or fourth-degree burns. Perfusion of the affected areas must be assessed regularly [60–62]. The patient is then washed with a warm disinfecting solution. This measure provides protection against cooling down. Primary superficial debridement is performed and loose skin and blisters are removed. Antiseptic gels or other products (e.g. PHMB) are applied to the wound which is then covered with a sterile gauze dressing (e.g. Mepitel®) [60,61]. Dirt particles embedded in tissue should be initially removed with a brush [62]. Especially during the first 72 hours, dressing changes must be regularly performed under sterile conditions. These allow surgeons to reliably assess burn injuries because the depth and extent of the burn wound may have increased and to develop an appropriate surgical strategy. Fracture fixations should be performed as early as possible as a definitive procedure. Polytrauma patients with third-degree burns do not initially undergo necrosectomy if the wound site is dry. After initial antiseptic cleansing, these patients should undergo early necrosectomy (within the first 72 hours) and simultaneous skin grafting. Depending on the body surface area affected, a staged procedure may be performed [60,62–64]. It must, however, be adapted to the overall condition of the burn victim in order to prevent a "second hit." As a result, especially patients with severe polytrauma must often undergo late necrosectomy (after day 7), which is not desirable. In patients with infected third-degree burns, a two-staged procedure is used. Necrosectomy is performed as early as possible and the wounds are covered when the site is free of infection. 
3.1.2
Vascular injuries
Since tourniquets are today widely used in the prehospital management of casualties and have reduced the number of cases of exsanguination on the battlefield, vascular injuries have become increasingly important to surgeons since substantial numbers of primary survivors arrive at field hospitals [31,65]. When the diagnosis of an arterial injury has been established on the basis of a clinical examination and, if possible, a Doppler-duplex ultrasound examination and when limb salvage is attempted, the principles of DCS must be followed: surgical control of bleeding, rapid restoration of perfusion of the affected limb, and prevention of compartment syndrome [66,67]. When a peripheral pulse is detected during the clinical examination or the Doppler ultrasound examination, injured arteries of the lower arm and lower leg can be ligated with a view to controlling the bleeding. The ligation of central vessels of the upper arm and thigh is not a procedure of choice when limb salvage is attempted [65,68,69]. Depending on the surgeon's experience in vascular surgery, the severity of injury, the number of victims and the logistical situation, two different basic approaches are possible, i.e. definitive vascular reconstruction or temporary shunting. As a rule, temporary vascular shunts should be placed within the first 2 hours of injury. Since posttraumatic coagulopathy must be expected, heparin should be administered directly into the injured vessel only intraoperatively in order to prevent thrombotic complications. Systemic heparin should be given to stable patients in whom bleeding is unlikely to occur. Definitive vascular reconstruction should be performed as soon as possible and ideally within 2 hours of temporary shunting. Following fracture stabilization, an autologous vein – the greater saphenous vein, if possible – should be used for definitive vascular reconstruction. In cases where an autologous vein is not available, the use of polytetrafluoroethylene (PTFE) grafts is often associated with complications and an increased number of secondary amputations. The temporary use of PTFE grafts can, however, provide an option for a surgeon who is attempting to salvage a limb [65–67,69–73]. The reconstruction of extremity veins is a matter of controversy. Gifford et al. [74] showed in their study that bone injuries and venous ligation were associated with an independent risk of amputation and recommended reconstruction. By contrast, Sohn et al. [75] reported that venous ligation presented no increased risk of amputation. Decisions should therefore depend on the overall condition of the patient. Venous ligation necessitates fasciotomy of the compartment affected [76].
3.2
Bone Injuries
Irrespective of the cause and severity of injury, the reduction, immobilization and fixation of fractures and dislocations play a key role in the treatment of extremity injuries and help reduce pain, improve perfusion and prevent further damage such as secondary nerve damage. This also applies to blast injuries to the extremities. In the primary hospital phase, either definitive treatment or temporary treatment, which is more commonly used in patients with blast injuries, must be provided in accordance with the principles of DCOS and must be adapted to the presenting bone injury or dislocation and concomitant injuries. Especially in patients requiring vascular procedures, fractures must always be stabilized [65,67]. The reduction and external fixation of fractures of the humerus, radius, femur and tibia and dislocations or unstable fracture-dislocations of the elbow, hand, knee and ankle are standard procedures. Sufficient emergency treatment of fractures of the proximal femur and the acetabulum consists of the application of traction or commercially available traction splints. Fracture fixation, temporary arthodesis and osteosynthesis with K-wires are emergency stabilization measures that are primarily used in the management of fractures of the hands and feet. A variety of dressings and bandages (e.g. Desault or Gilchrist bandages) are available for the immobilization of fractures of the proximal humerus and dislocations of the shoulder. Plaster immobilization is suitable for the treatment of simple fractures in the region of the distal extremities. Following patient stabilization, a change of procedure is often indicated. In these cases, internal fixation is then used for definitive fracture management [29,32,36,48,77–83]. 
It is not unusual for patients with blast injuries to require reconstructive surgery for posttraumatic osseous defects, joint destruction, malalignment, or loss of function. Total joint replacement, segmental bone transport, limb lengthening using an intramedullary distractor (Intramedullary Skeletal Kinetic Distractor, ISKD®, Orthofix, http://www.orthofix.com) or different external fixation systems, and arthodesis are well-established procedures that are used to improve or restore extremity functions. 
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	Figure 9: Initial management of a distal femoral fracture and revision with resection 
and shortening.
	Figure 10: Change 
of procedure:
 intramedullary nailing.
	Figure 11: Seven months after trauma: 38-mm shortening.


3.3
Compartment Syndrome and Fasciotomy
Compartment syndrome is an emergency threatening both life and limb. It is characterized by increased pressure within a closed anatomical space and can be caused by different mechanisms such as fractures, hemorrhage, iatrogenic interventions, crush injury, ischemia-reperfusion injury, inflammation, burns or tight wound dressings (casts). The key factor in the pathogenesis of compartment syndrome is a decrease or absence of perfusion of the affected region. Particular attention must be paid to mean arterial pressure (MAD) since capillary perfusion pressure (CPP) is defined as the difference between MAD and intracompartmental pressure (ICP) (CPP=MAD-ICP). This means that polytrauma patients with blast injuries and hemorrhagic shock have an increased risk of developing compartment syndrome since compromised perfusion becomes manifest more rapidly [84,85]. If left untreated, compartment syndrome leads to irreversible necrosis of muscles and nerves within 12 hours. For this reason, fasciotomy must be performed as early as possible. If the compartment is decompressed within the first 6 hours of manifestation, full recovery can be expected [86,87]. The measurement of intramuscular compartment pressure is a reliable diagnostic tool [84] but is not a routine procedure in military operational settings since patients are often transported to higher levels of care and usually cannot be continuously assessed [67]. For this reason, the pertinent literature demands that wide indications for fasciotomy of the affected compartment should be established and that preventive fasciotomy should be performed in high-risk patients. Fasciotomy is definitely indicated in the case of extremity arterial or venous injuries or ligations, long transportation times before revascularization, crush injuries, and signs of imminent compartment syndrome before transportation [66,67,72,76,88,89]. 
3.4
Amputations
It is often difficult for surgeons to decide whether to amputate or to attempt to salvage an injured limb. Apart from the fact that almost all victims of blast injuries to the extremities in military settings are young and healthy patients, there are many factors that must be considered in the decision-making process. These factors include but are not limited to the overall injury severity, local condition after initial debridement and especially the extent of destruction of neurovascular structures, tendons and the soft-tissue envelope, the duration of ischemia, the availability of continued treatment and definitive vascular reconstruction capabilities, the surgeon's experience, the psychological trauma (which should not be underestimated), and the unwillingness of many victims to undergo primary amputation [32,90,91]. As a general rule, surgeons should not rely solely on the Mangled Extremity Severity Score (MESS) (Table 1) where a score of 7 or higher predicts amputation. The MESS is a widely used and simple tool but it cannot be readily transferred to the military setting, which is characterized by a high percentage of blast injuries [32,90,91]. The MESS can contribute to an overall assessment of the patient [65,74,93]. The same applies to other scoring systems such as the Limb Salvage Index (LSI), the Predictive Salvage Index (PSI), the Nerve Injury, Ischemia, Soft-Tissue Injury, Skeletal Injury, Shock, and Age of Patient Score (NISSSA), and the Hannover Fracture Scale-98 (HFS-98). None of these scoring systems can reliably predict the functional outcome of limb salvage after high-energy lower-extremity trauma and must therefore be critically used in the decision-making process [94]. It should be emphasized, however, that "active military duty" was an exclusion criterion and that blast injuries were not analyzed separately in the study that addressed this issue. As a result, it is difficult to transfer these results to military settings. Surgeons must decide on a case-by-case basis whether limb salvage should be attempted or primary amputation should be favored. This decision should be made by the most experienced surgeon after initial debridement, radiological diagnostic procedures and photographic documentation. Whenever possible, the opinion of a second surgeon should be obtained. The decision must be guided by the principle "life over limb" and must take into account all relevant factors [7,32,95]. Guillotine amputations, which were advocated in the past, should not be performed. The amputation should be as distal as possible and the wound should not be closed. Debridement amputation should be performed and should be completed a few days later under optimal conditions [32,67,95,96].
Table 1.
	Mangled Extremity Severity Score (MESS)[92]

	Skeletal / soft-tissue injury
	 

	Low energy (stab; simple fracture; pistol gunshot wound)
	1

	Medium energy (open or multiple fractures, dislocation)
	2

	High energy (high speed MVA or rifle GSW)
	3

	Very high energy (high speed trauma + gross contamination)
	4

	 
	 

	Limb ischemia*
	 

	Pulse reduced or absent but perfusion normal
	1

	Pulseless; paresthesias, diminished capillary refill
	2

	Cool, paralyzed, insensate, numb
	3

	 
	 

	Shock
	 

	Systolic BP always > 90 mm Hg
	0

	Hypotensive transiently
	1

	Persistent hypotension
	2

	 
	 

	Age (years)
	 

	< 30
	0

	30–50
	1

	> 50
	2

	 
	 

	* Score doubled for ischemia > 6 hours
	


4.0
Conclusions
The treatment of blast injuries continues to be a challenge. Since terrorist attacks occur in civilian settings worldwide, the management of blast injuries is no longer confined to the military environment. In the current conflicts in Afghanistan and Iraq, military surgeons are nevertheless confronted with an increasing number of blast injuries caused by asymmetric warfare. Blast injuries most commonly involve the extremities. For this reason, it is indispensable for surgeons to understand this injury entity and the principles of treatment. New algorithms and treatment concepts can be established or existing treatment strategies can be improved on the basis of trauma registries and scientific analyses in order to take into account changes in the threat situation and complex trauma mechanisms.
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