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Abstract

Introduction The nature of blast-related orthopedics injuries is still discussed. Most of skeletal injuries, as already suggested, occur due to the effects of secondary and tertiary blast injury. However, traumatic orthopedics injuries from primary blast injury are uncommon and controversial [as to whether the blast wave alone is the cause.

Rationale Terrorism attacks often target crowded, confined spaces such as bus, trains or metros. Explosion in confined spaces are associated to a higher incidence of primary blast injuries, with more severe injuries and with a higher mortality rate, compared with explosions in the open air. In confined spaces explosion, special highlights on the orthopedics injuries should be considered.

Description of methods employed and observations obtained On May 8 2002, in Karachi, a suicide bomber exploded his car next to a bus carrying French engineers working with Pakistan Navy. 14 persons died initially, 13 later (in the primary receiving hospital) and 12 victims were secondary evacuated in French Military Hospitals (Paris, France). We conducted a retrospective survey to evaluate the clinical association between the victims’ location in the bus and their injuries. In the bus, we noted 14 dead and 12 survivors. Among these 12 survivors: the mean Injury Severity Score was 22.7; most of the injuries concerned auditory system (100%), closed lower extremity (83%) and multiple superficial penetrations (83%); no traumatic amputations were observed.

Conclusions The transmission of energy from the blast wave to the tissues of the extremity may cause fracture resulting from axial stress, usually through the diaphysis rather than the joint. There is evidence to suggest that this is the result of direct coupling of the blast wave into the tissues. Fracture results from axial stress to the long bone. When explosion occurs under a solid interface (here a bus floor), the transmission of energy from the blast wave, trough a bus floor and to the lower limbs could represent a specific physiopathologic mechanism of observed blast-related orthopedics injuries.

1.0
INTRODUCTION
Injuries from explosive materials due to terrorism or other causes are constant threats happening worldwide. They present triage, diagnostic, and management challenges. Above specific blast injuries, the nature of blast-related orthopedics injuries is still discussed. Most of skeletal injuries, as already suggested, occur due to the effects of secondary and tertiary blast injury. However, traumatic orthopedics injuries from primary blast injury are uncommon and controversial as to whether the blast wave alone is the cause. On May 8th, 2002, in Karachi (port city in Pakistan), a suicide bomber exploded his car next to a bus carrying French engineers working with Pakistan Navy. We conducted a retrospective survey to assess the clinical association between the passengers’ location in the bus and their injuries.

2.0
MATERIALS AND METHODS

On May 8th, 2002 at 07:45 a.m., a suicide bomber exploded his car next to a bus carrying French engineers working on a submarine in the southern district of Karachi. The explosion ripped the vehicle apart with debris scattered up to half a kilometer from the site of the bombing (figure 1). 37 victims, of which 14 dead were first related (1(.
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Figure 1: picture of the scene.
Among the 23 wounded, 12 victims survived and were transferred in France where they arrived on the May 12th 2002. 

These 12 French survivors where hospitalized in the three Military Teaching Hospital in or near Paris: Hôpital d’Instruction des Armées Percy (Clamart), Bégin (Saint Mandé) and Val de Grâce (Paris). All these Military Teaching Hospitals performed usual trauma care, with special emphasis for combat-related trauma, defined as a role 4 in the Allied Joint Medical Support Doctrine 2005 (2(. They had all the dedicated surgical specialties, radiology, blood bank and 24-hours availability of the operating room and included a multidisciplinary team, with physicians in surgery, anesthesia, neurosurgery, orthopedics and emergency medicine. Medical examinations were performed according to their clinical status. Chest radiography, electrocardiogram and otoscopy were at least performed. All injuries were explored and described.

In a second time, we performed a retrospective survey among the 12 survivors in order to determine with precision their location in the bus at the bombing time. The clinical association between the victims’ location in the bus and their injuries was evaluated.

3.0
RESULTS

Among the 12 survivors, as described in tables 1 and 2:

· the mean Injury Severity Score was 22.7

· most of the injuries concerned auditory system (100%), closed lower limb injuries (83%) and multiple lacerations (83%)

· no traumatic amputations were observed.

Auditory system injuries were all tympanic perforations. Lung injuries included mostly contusions. Orthopedics injuries designed fractures or bones dislocation. The most common injuries sustained by victim are presented in table 1.



Table 1: Most common injuries sustained by victims.
	Victim No.

(Vn)
	Tympanic injuries

(uni- or bilateral: 0,1,2)
	Lung injuries

(Yes or No)
	Orthopedic injuries (locaation)
	Multiple lacerations

(location)
	Other injuries
	ISS

	V1
	1
	N
	Bilateral lower limb injuries
	Limbs
	Initial loss of consciousness


	29

	V2
	2
	Y
	Bilateral lower limb injuries
	Full body
	Right pneumothorax

Left pulmonary contusion


	29

	V3
	2
	Y
	Bilateral lower limb injuries
	Full body
	Flail chest

Bilateral pleural effusion
	34

	V4
	2
	N
	Left femur

Left elbow
	Full body
	Projection
	29

	V5
	2
	Y
	Left lower limb injuries

Fractures des 2 mains
	None
	Flail chest

Face injuries

Splenic laceration
	50

	V6
	2
	N
	Bilateral lower limb injuries

Knees’ dislocation
	Thorax, Abdomen
	Right ocular foreign body
	14

	V7
	2
	N
	Bilateral lower limb injuries
	Thorax
	None
	14

	V8
	2
	N
	Bilateral lower limb injuries
	Full body
	Axillary injury
	19

	V9
	1
	N
	Bilateral lower limb injuries Fracture of left elbow

Fracture of L5 pedicle
	Full body
	None
	17

	V10
	2
	N
	Bilateral lower limb injuries

Vertebral compression fractures of T5T6T12 L1
	Full body
	Initial loss of consciousness
	17

	V11
	2
	N
	Bilateral lower limb injuries

Bilateral compartment syndrome
	Face
	None
	14

	V12
	2
	N
	None
	None
	None
	6


The proportion of the 12 secondary transferred victims injuries are described in table 2.

Table 2: Distribution of injuries in the twelve survivors.
	Injuries
	Number (n)
	Percentage (%)

	Tympanic injuries
	12
	100

	Multiple lacerations
	10
	83

	Lower limb injuries
	10
	83

	Lung injuries
	3
	25

	Initial loss of consciousness
	2
	16


The mortality rate was 38% immediately and 68% (25 dead out of 37 casualties) within the first hours. Primary blast injuries were a common trauma in the survivors and included 12 tympanic injuries (100%), 3 lung injuries (25%) and 10 lower limb injuries (83%). An exploratory laparotomy was performed in Karachi in V10 case to remove an intraabdominal foreign body but no abdominal injuries related to gastrointestinal tract blast injuries were observed. 

Passengers’ location at the time of the car explosion is depicted in figure 2.
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Figure 2: Schematic illustration of the bus, showing placement of the explosive 
charge, the location of the passengers designed as im numbers (Vn).

4.0
DISCUSSION

4.1
Mechanisms of Blast Injury [3,4]

Historically, patterns of injury caused by explosions were divided into primary, secondary, and tertiary injuries [5]. The term quaternary injuries was then used to describe miscellaneous injuries and recently a quinary pattern has been proposed [6].

As the victims of Karachi bus bombing had many injuries, the theoretical distinction was really difficult to apply in a clinical point of view. However, our clinical description highlighted several relevant items.

4.2
Injuries Observed
Out of the 12 survivors, 10 had closed orthopedic lower limb injuries. These orthopedics injuries are often described as secondary (penetrating injuries produced by fragments and debris from the blast) or tertiary blast injuries (result of physical displacement of the body of the blast victim). Nevertheless, they can be also associated to a direct effect of the blast wave, i.e primary blast injuries, including musculoskeletal and soft-tissue destructions. In modern conflicts (Operation Iraqi Freedom and Operation Enduring Freedom), orthopedics injuries represent the highest proportion of combat injuries related to explosive mechanism seen in any large-scale conflict, broadly attributable to the use of improvised explosive devices, causing devastating injuries of vascular and orthopedic structures [7]. Owens et al. reported that explosions were responsible for 75% of orthopedic injuries, a further 26% were fractures with 82% percent of open injuries [8].
In the description of the Karachi bus bombing by Zafar et al., the physical injuries were typically located in the lower limb, especially fracture or dislocation of the calcaneum and of the feet and anklebones [9]. This was probably due to the physical location of the bomb-laden car. Eyewitness accounts and police reported that the bomb was placed in a car, which hit the bus from the side and below. The bomber drove his car up and exploded the device. The bus was therefore thrown up and away from the original position.  The blast wave probably originated from the underneath of the passengers, making their feet and ankles very vulnerable. 11 out of 12 patients had badly comminuted fractures of the foot and ankle regions. 10 patients had calcaneal fractures, 6 of them bilateral ones. Out of these 10 patients, 7 had either an associated plafond or an ankle fracture, indicating the tremendous magnitude of the blast wave. They and we postulate that such a unique combination of predominantly lower limb injuries would be the result of the lower position of the suicide’s bomber vehicle compared to the bus position. This hypothesis was detailed by Ramasamy et al., describing three distinct phases in the interaction of explosion on vehicles and its occupants: (i) the explosive interacts with the soil,  (ii) gas expands pushing materials outwards from the surface, and (iii) the soil ejecta interacts with the vehicle [10]. The two dominant load transfer mechanisms to the target vehicle are the expansion of the detonation products and the energy transfer from soil ejecta. The gas phase provides the first phase of this impulse. During this phase, any portion of the vehicle located in the expansion area of the detonation products is exposed to a transient, high-pressure flow. Rapid deflection of floor plates in localized regions presents a great danger to occupants. In the second phase, impact by the soil ejecta acts on the whole vehicle and results in aggressive acceleration of the vehicle, leading to tertiary blast injuries. In our serie, no passengers were supposed to be projected. Our hypothesis is that the shock wave was transmitted to the floor and then accelerated, due to the difference of density between the two mediums: air and solid. Bones (high density medium) are particularly exposed to this accelerated shock wave, as a result of axial stresses acting on the bone as a result of the passage of the blast wave and not as a result of limbs flailing in the blast wind as previously thought [11]. Such injuries can be observed in landmine injuries or in wartime causalities [12-14]. For example, on October 12th, 2000, the destroyer USS Cole was anchored in a foreign port and was severely damaged by explosives in a small craft adjacent to the ship at the port side waterline. Seventeen crew members were killed in the incident. The distribution of the injuries included varied orthopedic injuries  (17 of 35 patients [49%]) [15]. Some could cite the term of “desk slap” to describe the lower limb injuries encountered in this description.

One victim V11 had a bilateral compartment syndrome in the lower limb. Compartment syndromes are common after exposure to an explosion. Ritenour et al reported that 86% of fasciotomies in combat casualties were carried out after explosion-related trauma [16]. Fractures, direct tissue damage, and burns can elevate extremity compartmental pressures, which lead to tissue injury, ischemia, and necrosis [16,17]. Although almost all researchers classify this syndrome as a tertiary or quaternary blast injury compartment syndrome can occur in apparently uninjured blast-exposed extremities, raising the possibility that primary blast force might contribute to this syndrome [3,16-17]. 
The 12 survivors presented tympanic injuries, uni or bilateral. The tympanic membrane is the most commonly injured body structure after a blast [3,18-19]. In the description by Zafar et al., 22 out of the 29 victims (75.8%) presented blast tympanic injuries [9].

In our serie, 3 out of the 12 survivors (25%) presented lung injuries. Blast lung injuries are more frequently encountered in closed space than in open space [20,21]. A blast lung injury severity score was also created in order to determine patient management and prediction of final outcome [22]. Unfortunately, we were not able to calculate this BLI severity score.

4.3
Severity

In the Karachi bus bombing, the initial mortality rate was 38% and 68% within the first 48 hours. The mean ISS was 22.7. Furthermore, the ISS was higher than 15 in 9 out of the 12 survivors,, highlighting the severity of this terrorist attack. In terrorist attacks, the mortality rate is near 10%. This particularly severity is probably associated to a high loaded explosive device, illustrated by the fact that the suicide bomber placed the explosive charge in a car and not under his dresses. In fact no data are available to describe the power of the explosive charge and the magnitude of blast force. However, for Afar et al., the poor outcome could have been improved by the immediate presence of surgical capability and established prehospital care [9].

Furthermore, the blast occurred in a bus, an enclosed space. The effective blast overpressure is amplified as pressure waves reflect back from solid surfaces and increase its force, even when the solid surface is broken. For example, people in close proximity to a bus wall will be subject to enhanced blast overpressure and be at a raised risk of blast injury (for example, see in figure 1: V1, V2, V3 and V4). Another great factor is the explosion site’s effect on the peak overpressure. In an open space, a blast wave spreads circumferentially from its origin and quickly dissipates. However, in a confined or enclosed space (eg, a bus, room, or building) the maximum pressure is markedly amplified in magnitude because the explosive forces are contained. This confinement raises the peak overpressure and the duration of the positive-pressure phase. The resultant complex explosive pressure curve has multiple peaks attributable to reflected pressure waves and can have a brief hyperpressurised phase (figure 3).
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Figure 3: Simple (A) and complex (B) explosion pressure–time curves.
The increased incidence of primary blast injuries in enclosed spaces results in a much higher immediate mortality and in more critical injuries. Leibovici et al. studied two open air and two enclosed space (bus) bombings, with a total of 204 victims [21]. In each incident, the bomb was of similar size and constituents, and the victim density at close range was similar in all attacks. The difference in mortality was highly significant, with 49% dying in the enclosed space group and 7.8% in the open-air group. The confined space group had more than double the victims with ISS greater than 15. Among hospitalized patients, 78% of the enclosed space group and 34% of the open air group had primary blast injuries.

4.3
Limits

We are aware of the limitations of this study. First of all, autopsies were performed but their conclusions are not yet published, because of a legal ongoing process. Only survivors’ injuries described are here described. In dead passengers, injuries observed could not be related to their location in the bus at the time of bomb explosion. Thirdly, our data are based on a retrospective [survey] idem among survivors. Post traumatic disorder stress could have altered their reminding and thus the detailed description of the passengers location. However, every interrogation was compared to other ones in order to obtain the best accuracy description. 

5.0
CONCLUSION
The transmission of energy from the blast wave to the tissues of the extremity may cause fracture resulting from axial stress, usually through the diaphysis rather than the joint. There is evidence to suggest that this is the result of direct coupling of the blast wave into the tissues. When explosion occurs under a solid interface (here a bus floor), the transmission of energy from the blast wave, trough a bus floor and to the lower limbs could represent a specific physiopathologic mechanism of observed blast-related orthopedics injuries.
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