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by Jonathan Charles Clasper

This thesis discusses the management of military tibial fractures and develops the
hypothesis that secondary intramedullary nailing after initial external fixation may be the
optimum method of stabilisation for high-energy military fractures. An /n vAm long bone
model was developed to determine the spread of contamination following a ballistic fracture.
This demonstrated that the contamination was limited to the fracture site and, therefore, that
external fixator pins could be safely inserted through uncontaminated areas.

Using a previously established model of a pin track infection, secondary intramedullary
nailing was carried out in an in vivo ovine model. This confirmed previous clinical findings of
widespread infection. Using this model a treatment group was studied when conventional
methods of treating infection were utilised. Despite an increase in survival time, and an
improved clinical course, 5 of 6 animals still had bacteriological evidence of infection, and all
6 animals had histological evidence of infection at post-mortem.

Although the technique of secondary intramedullary nailing has potential in the
management of military tibial fractures, it cannot be recommended on the basis of this work.
This model, however, could be used to study other techniques of infection control, and this
is also discussed in this thesis.
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Preface
The lower limb is one of the most common sites of injury from missile wounds (Kirby and
Blackburn 1981; Carrey 1996), and it has been estimated that as many as half of these
injuries are associated with a fracture (Epps and Adams 1961). The tibia is frequently
involved, and the prognosis of open tibial fractures is worse than for open fractures of other
bones. This is true for both civilian (Swett 1928; Bellinger, Miller, Wertz ef a/. 1988), and
military injuries (Hampton 1946; Jacob, Erpelding and Murphy 1992).

The optimal management of open tibial fractures remains a matter of some debate,
especially the method of stabilisation. In the military environment this is a particular
problem, as some methods of stabilisation are not possible for logistic reasons. Combined
methods, such as early external fixation followed by a later conversion to an intramedullary
nail may be very appropriate for the treatment of the military injury, and the role of this
particular method of treatment needs to be investigated. In civilian practice the major
complication of this technique is implant sepsis, which is directly related to previous pin
track infection (Maurer, Merkow and Gustilo 1989). As military surgery is often carried out in
less than ideal conditions, with limited resources, and military wounds are more extensive
than civilian wounds (Jacob ef a/. 1992), this is a major concern.

The aim of this thesis is to study contamination of the wound after a ballistic fracture, and to
develop an animal model that allows study of early conversion to an intramedullary nail. The
hypotheses are;

- that external fixation followed by early, planned conversion to an
intramedullary nail is a safe and effective technique in the management of
open tibial fractures caused by a missile injury.

- that the main complication, infection around the nail, can be prevented by
treating pin track infection.
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1. Historical Review of the Management of Open Fractures

War fs

on// proper scAoo/ /or surgeons'

Hippocrates

'77)roug/?ouf f/)e ages, f/?e progress of genera/ surgery /?as been rnOmafe/y re/afed fo thaf of
mAfary surgery

Trueta

1.1 Introduction

Hippocrates (460-377BC) was the first person to document the treatment of open fractures.
He believed in the 'healing power of nature', and the basis for his treatment was antisepsis
and the reduction and splintage of fractures. Turpentine and tar were used as dressings
and the limb was splinted with wax, starch or clay-impregnated bandages (Gustilo 1982).
The Hippocratic methods of decontaminating the wound, and immobilising the fracture site,
are still the principles used today in the management of open fractures. Unfortunately these
principles have often been forgotten and have to be releamed, usually in time of war.

Although Hippocrates was the first to record the treatment of open fractures, there Is
evidence that the management of these injuries pre-dates him by thousands of years. The
Egyptians used the earliest known splints, approximately 5000 years ago (Elliot Smith
1908). It is likely that stone-age man also splinted fractures, as remains from the period
show satisfactory healing in over half of the bones with evidence of previous fractures
(Haeger 1988). The surgical treatment of open wounds was first recorded by the Egyptians;
the Edwin Smith papyrus, dated to 1600BC, showed that they practised wound exploration
to determine the depth and extent of a wound (Haeger 1988).

The physicians of the Roman Empire, however, were less concerned with the healing
power of nature and attempted to produce, rather than prevent, wound infection. Galen
(131-201), perhaps the greatest physician of this time, believed that pus was necessary for
proper wound healing (Trueta 1943). Unfortunately this belief persisted for nearly 1400
years, and few advances were made in military surgery.

In mediaeval times a wound infection was still considered necessary, and various
concoctions were developed to improve the suppuration. Guy De Chauliac (1300-1367)
wrote on the practice of surgery in his C/)/n/rgra /Ifagna, and although he belonged to the
17
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school of 'laudable pus', he described exploring wounds and removing foreign objects
(Haeger 1988). De Chauliac also described what appears to be the first use of traction as a
definitive means of treatment for fractures. Traction had been used previously in the
management of fractures, but only as an aid to reduction, before the limb was splinted.

1.2 Early Management of Missile Wounds

In the Middle Ages, the major advance in warfare was the introduction of gunpowder, and
the resulting wounds lead to changes in the management of open fractures. The wounds
produced by early missiles were thought to contain poisons that had to be neutralised, and
cauterisation of the wound became popular to counteract these. Ambroise ParA (1510-90)
one of the greatest surgeons of the Renaissance period, was initially a proponent of this
method of treatment. At the Battle of Turin, however, his supply of boiling oil ran out and
instead he had to use 'a digestive of eggs, oil of roses, and turpentine'. The following day,
Pare noted that the soldiers he treated this way were painfree, and had no evidence of
sepsis. In contrast, the soldiers treated by boiling oil were feverish, with great pain and
swelling of their wounds. ParA realised that there were no poisons as such, but that
appropriate wound management was necessary to prevent infection (Guthrie 1958).

Pare is also credited with the first case report of an open tibial fracture. He described in
detail his own treatment for an open fracture of the distal tibia (Peltier 1983). Pare was
treated by reduction of the fracture without anaesthetic, and a dressing of egg white, flour
and chimney soot, with fresh melted butter". A wound infection developed but resolved, and
both the wound and fracture healed. The prognosis for open fractures at that time was so
poor that he was fortunate not only to avoid amputation, but also to survive the injury.

DesauK (1744-95) was the first surgeon to define debridement, as a deep incision into the
wound for exploration, and to allow drainage (Colton 1992). Despite the advances in the
surgical treatment of these injuries, the morbidity and mortality from an open fracture during
war was still high. Larrey (1766-1842), a student of Desault, and surgeon in chief to
Napoleon's grand army performed 200 amputations in 24 hours at the Battle of Borodino
(Guthrie 1958). The mortality rate from open fractures during the Franco-Prussian War
(1870-71) was reported to be 41%, and for open fractures around the knee joint was 77%
(Colton 1992). Even in the civilian environment a mortality rate of 64.7% from open
fractures of the femur, and 38.3% from open fractures of the tibia was described (Bryant
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1861). Bryant also reported a mortality rate of nearly 60% following below-knee amputation.

One of the major advances of the 19th century was the use of topical antiseptics. Lister in
1867 published the results of using carbolic acid packs in open fractures. He believed that
wound infections were due to decomposition of tissue caused by floating particles in the
air (Lister 1867). Lister advocated dressing the wound with a material capable of sterilising
it. The use of antiseptics was universally adopted, although disasters still occurred as the
principle of wound debridement was often forgotten. The philosophy at the time was to
prevent infection of the wound by the use of antiseptics, while nature was allowed to heal
the wound by cicatrisation (Carrel 1910). Fractures were also treated by splints, both for
pain relief, and also to maintain a functional position while the fracture healed. Antonius
l\^athlisen (1805-78) is credited with the first use of the plaster bandage as a splint, and this
was developed as a means of treating fractures on the battlefield (Van Assen and
Meyerding 1948).

1.3 Advances of the 20th Century

During the First World War, research continued to find the antiseptic of choice. Dakin
(1915), a chemist from America, investigated the properties of a number of chemicals and
felt the best agent to use was sodium hypochlorite; this had a potent antiseptic action, but
was non-irritant to the tissues. Carrel, a surgeon working in a military hospital in France,
recommended the use of hypochlorite continuously for 3-5 days infused through rubber
tubes that were placed in all areas of the wound (Dakin 1915). This method and its
application were described in detail in the British Medical Journal (Anonymous 1915). It
became known as the Carrel-Dakin method, and was used for the treatment of missile
wounds during the First World War.

A further advance made during the war, was the introduction of the Thomas splint for the
stabilisatk)n of femoral and tibial fractures. This, together with improvements in wound care,
is reported to have reduced the mortality rate of open femoral fractures from 80% to 20%
(Watson 1934).

Considerable changes were made in the surgical management of the wounds. At the start
of the war the Listerian philosophy of leaving the healing of wounds to nature' was
universally accepted, and was endorsed by Watson Cheyne, then the President of The
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Royal College of Surgeons of England. The role of surgery for the open wound was merely
to 'see that the antiseptic has free access to every part of the wound' (Watson Cheyne
1916). It was not felt that every wound required surgery, especially if the wound track had
been laid open by the missile. Some soldiers, wounded during trench warfare, had
antiseptic paste applied as the only treatment for penetrating missile wounds
(Watson Cheyne 1916).

During the first months of the war there was a high infection rate, and as a result a high
mortality rate from open fractures; this was blamed on the surgeons rather than the surgical
technique itself (Watson Cheyne 1916). Gradually the importance of adequate debridement
was realised once more, although in some cases the surgery was too radical, aiming for an
en-6/oc excision of the wound and normal surrounding tissue (Max Page and Le Mesurier
1917; Scott 1953). By the end of the war, the technique of a careful but thorough
debridement, removing foreign material, dead and contaminated tissue, and leaving healthy
tissue was recommended (Fraser 1918). Amputation was still used extensively with an
estimated 300 000 amputations carried out in Europe during the first 3 years of the war
(Livingston 1985).

Careful debridement, splintage, and the Carrel-Dakin method of copiously irrigating the
wound were the mainstay of treatment of open fractures between the wars (Foster 1933),
and were still recommended in 1940 (Sherman 1940). Sherman also recommended the
use of internal fixation with plate and screws for unstable or unsatisfactory reductions;
stable reductions were splinted by plaster. Internal fixation was carried out after 10-12 days,
through a separate incision. He described 630 open fractures of long bones, with 2 deaths,
one from an embolus, and one from 'shock'. There were 5 amputations, only one of which
was for infection, and no cases of septicaemia. Unfortunately Sherman did not report the
healing rate of either the wounds, or the fractures, but reported that non-union was a
frequent complication.

In Europe, Trueta (1897-1977) described a different method of treatment, which he used in
the Spanish Civil War. Dissatisfied with the use of antisepsis and frequent wound
inspections, he began to treat wounds by debridement, packing with dry sterile gauze, and
encasing the limb in plaster (Trueta 1939). Trueta made no attempt to monitor the wound,
which was allowed to heal by secondary intention beneath the plaster. He was influenced
by Winnet-Orr who had originally described this for the treatment of acute osteomyelitis, but
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then later recommended it for the treatment of open fractures (Winnet-Orr 1927). WinnetOrr noted that open fractures were often treated as a simple wound initially, and the fracture
was not managed until after the skin wound had healed. Splintage was often ineffective,
and non-union and malunion often resulted. Interestingly, the first description of this 'closed
treatment of open fractures' was actually in 1884 by Dennis, who proposed this as an
alternative to the method advocated by Lister.

The results achieved by Trueta are impressive. He treated 1073 open fractures by total
encasement in plaster, with 6 deaths of which 2 were due to gangrene. He reported that the
2 cases of gangrene were due to a failure of adequate debridement at the initial operation.
Of 225 open tibial fractures, Trueta reported 198 (88%) good results, 25 (11%) bad results,
and 2 deaths. His bad results included non-union, chronic osteomyelitis, delayed
amputation and gross malunion. The incidence of shortening is not discussed (Trueta
1939).

In recent years a number of advances have been made in the management of open
fractures. Despite these,adequate wound debridement remains an important principle, and
although treatment in plaster is still appropriate under certain circumstances, advances
have been made in the stabilisation of fractures. These methods, their complications and
other more recent advances, will be discussed after a review of military injuries.
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2. The Pathophysiology of Military Injuries
2.1 Introduction

Injuries to the limbs are the most common wounds seen in field hospitals (Jacob ef a/.
1992; Carrey 1996). As with civilian injuries, open tibial fractures in the military environment
can be difficult to manage, and have a high complication rate. The aetiology, certain
aspects of management and prognosis for military injuries are different from civilian tibial
fractures, and these factors will be considered below.

2.2 Pathophysiology of Missile Wounds
2.2.1 Introduction

Missiles can cause injury by either direct or indirect mechanisms. With low-energy injuries
such as from knives, the tissue damage is confined to the wound track, and is caused by
cutting or crushing. Significant injury will only occur if a vital structure Is damaged. However,
with higher energy missiles such as bullets, energy may be dissipated to the sunrounding
tissues, to produce indirect damage outwith the wound track. Thus a vital structure may be
damaged without actually being involved in the wound track. This is more likely to occur with
high-energy wounds, especially, although not invariably, from high velocity rifle bullets.

The damage caused by a missile is related to the energy it transfers, as it passes through
tissues. As a general rule, the greater the energy possessed by the missile, the greater the
energy transfer, and therefore the more extensive the injury.

2.2.2 Energy transfer

A number of factors affect the energy transfer from the missile to the tissue:

2.2.2.1 Velocity of the missile

The kinetic energy possessed by a missile is determined by the formula:

Kinetic Energy = % x Mass x Velocity^.

It can be seen that changes in velocity have a significant effect on available kinetic energy,
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and the greater available energy accounts for the severe tissue damage seen after high
velocity missile injuries. However, high velocity bullets do not invariably cause severe
wounds, as the missile may pass through tissue without transferring significant energy. This
occurs when the resistance of the tissues is low and the wound track is short, such that the
bullet is not slowed, and therefore little energy is transferred. For this reason it is incorrect to
divide wounds into high or low velocity. In addition, severe injury can occur from low velocity
missiles, not only when a vital structure is directly injured, but also when the mass of the
missile is large. This is particularly true for dose-range shotgun injuries, which can cause
severe tissue injury (Shepard 1980).

2.2.2.2 Shape of the missile

The smaller the area of the missile presented to the tissue, the lower the resistance to its
passage, and therefore the lower the energy transfer to the tissue. Thus there is likely to be
a lower energy transfer from a spherical object, such as a ball bearing, than a flattened
irregular piece of shrapnel, despite the same available energy (Liu, Chen, Chen ef a/.
1988).

With a bullet the resistance afforded by the tissue is related to the orientation of the bullet. If
the long axis of the bullet is aligned with the direction of travel, less energy is transferred
than if the bullet yaws (or tumbles) and presents a greater surface area (Kirby and
Blackman 1981). Bullets are inherently unstable in tissues, and the resistance of the tissue
may be sufficient to cause a bullet to tumble. This will result in greater energy transfer and
thus greater tissue damage. This is one reason why entry wounds are often small, and may
be no larger than the diameter of the bullet, whereas exit wounds may be much larger, with
torn skin, and a ragged star-like appearance (Janzon, Hull and Ryan 1997).

In addition, any deformation, or breaking up, of a missile will result in greater energy transfer
and more extensive wounding. This is the main reason for soft nose, or hollow nose bullets,
or dum-dum bullets when the round was deliberately notched to encourage breaking up, to
increase the stopping power" of a round. Such modifications were made illegal by the
Hague Declaration of 1899 (Coupland 1999). Despite the use of legal' bullets
fragmentation can still occur, particularly if the bullet strikes bone, and this breakup, is
accompanied by more severe wounding.
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2.2.2.3 Resistance of the tissue

The energy transfer is also affected by the tissue involved in the wound track, and is related
to the density and rigidity of the tissue. Muscle is more dense than lung tissue, and greater
energy transfer occurs when a missile passes through muscle. More rigid tissue such as
bone resists deformation, which also results in greater energy transfer. With high-energy
wounds involving bone, this can result in extensive bony injury, with multifragmentary
fractures.

2.2.3 Mechanism of injury

There are 3 possible mechanisms by which energy transfer may cause tissue damage.

2.2.3.1 Cutting and crushing

This is due to direct damage by the missile.

2.2.3.2 Overpressure

As the missile passes through the tissue, energy is lost due to the resistance of the tissue.
This energy loss results in the development of an overpressure; compressive waves that
radiate away from the missile, and can damage tissue. Debate centres on the ability of this
wave to produce tissue injuries. Some authors feel that as much as one third of the tissue
damage is due to the wave (Janzon and Seeman 1985), although other authors feel their
role is insignificant (Ryan, Rich, Bums ef a/. 1997).

2.2.3.3 Cavitation

The formation of a temporary cavity, behind the missile, is the most significant factor in
tissue injury from high-energy transfer wounds. As it passes through tissue, energy is
transferred to anything in contact with the missile, and as a result of this energy, the tissue
is accelerated away from the missile. This results in the formation of a temporary cavity as
the Inertia of the tissue results in continued displacement even after the missile has passed
through the tissue. As well as the obvious injury caused by the compression and shear
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forces applied to the tissues, the negative intra-cavity pressure (with respect to atmospheric
pressure), can result in increased contamination of the wound track, by drawing material
into the wound.

Extensive tissue damage can be caused by these effects, and in addition clothing, dirt and
other debris may be drawn into the cavity by the subatmospheric pressure, producing a
heavily contaminated wound.

2.3 The Extent of Bony Injury

Bone is a more rigid tissue than skin and muscle, and resists deformation. This rigidity
produces a greater resistance and results in greater energy transfer, and commonly
fracture of the bone as a sequel to ballistic injury. In addition to the soft tissue injury,
instability of the limb may occur, requiring stabilisation of the fracture site.

Rose ef a/, in a retrospective review, analysed the extent of bony injury following gunshot
injury, and divided the fractures into complete or incomplete, depending on whether some
continuity of the bone was maintained (Rose, Fujisaki and Moore 1988). The authors further
divided complete fractures into simple, when only 2 main fragments were present, and
comminuted, when multiple fragments were present. Incomplete fractures were subdivided
into drill hole type when a channel was created through the bone, and a divot or chip type,
when part of the cortex was removed, but no channel existed (Rose etal. 1988).

Rose et at. reported that for high-energy weapons such as military or hunting rifles, all
fractures were complete, and comminuted (muMifragmentary). For low-energy weapons,
such as handguns, 60% of the fractures were incomplete, and only 22% were
multifragmentary (Rose ef a/. 1988).

Further confirmation that high-energy injuries were associated with greater bony damage
came from an m vAm study from Ragsdale and Josselson (1988). They reported that
increasing pre-impact velocity was associated with an increased cavitation effect and
increased fragmentation. For a handgun with a pre-impact velocity of approximately 200
ms'\ there were 2 fragments. However, for a military rifle with a pre-impact velocity of nearly
1000 ms'\ there were 33 fragments (Ragsdale and Josselson 1988).
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Experimental work using metaphyseal bone has reported that 3 distinct fracture zones were
present with high-energy transfer wounds involving bone (Robbens and Kusswetter 1982).
The primary zone consisted of the wound track, where a bone defect was present. The
secondary zone extended approximately 3 cm from the track with multiple fragments, which
retained their soft tissue attachments. A tertiary zone with minimally displaced fracture lines
extended up to 9 cm from the wound track. The extent of bony involvement, in relation to
the total length of the bone, can also be significant.

All these fractures were due to direct injury from the missile, but a fracture may also result
despite the missile not actually striking the bone. These indirect fractures are thought to be
due to the cavitation effect, with the acceleration of bone away from the track of the missile.
This type of fracture is usually only seen with high-energy transfer wounds, and the fracture
is usually simple rather than the multifragmentary pattern seen when the missile hits the
bone (Liu ef a/. 1988).

Although the extent of bony injury has been graded, m

little attempt has been made to

classify fractures in order to develop treatment protocols. The management of fractures
involving the adjacent joint differs greatly from a midshaft fracture of a long bone, both in
the initial stabilisation, and also the definitive management.

2.4

Management of Casualties with Missile Wounds of the Limbs

2.4.1 General management

The management of open fractures resulting from wartime injuries should be exactly the
same as that during peacetime. Life-saving measures take priority: maintaining an ainway,
and ensuring adequate ventilation and circulation. Unless there is life-threatening
haemorrhage from an open wound, the fracture should not be dealt with until the secondary
survey.

In general, however, during military conflict few survivors with significant limb injuries, who
reach medical facilities, require aggressive resuscitation. It has been estimated that
approximately 20% of personnel wounded during battle will die. Of the casualties killed
during the Vietnam War, 90% died on the battlefield, before any medical attention was
given. The majority of these died within 5 minutes of wounding (Bellamy, Champion,
Mahoneyefa/. 1999).
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The most common causes of death were:

- major haemorrhage (46%) - 80% of these were from major vessels in the chest or
abdomen.
- brain injury (21%).
- respiratory injury (4.5%).
- combination of above (9%).
- mutilating blast injury (10%).

Ten per cent of deaths, in battle, were in casualties who survived to reach medical care,
and again, the most common causes of death included brain injury and major haemorrhage
(Bellamy ef a/. 1999).

The aim of the initial resuscitation, therefore, is to identify the small percentage of the
patients with limb injuries who have life-threatening problems: these patients are often
obvious, as they arrive in a moribund condition, with multiple injuries, to the trunk and head.
The correct management for these limb injuries is an appropriate dressing and splintage of
the fracture until the patient has been stabilised.

2.4.2 Management of the limb injury

For the majority of patients, with essentially isolated limb injuries, the priorities for the
management of war wounds are also the same as in peacetime injuries. All these patients,
with open contaminated open fractures require surgical treatment when facilities are
available.

The wound should be explored and dAbrided. At debridement, non-viable skin needs to be
excised and often, generous excision of muscle may be required. The principle of
debridement is to remove all non-viable tissue, with the aim of leaving only pink, healthylooking, contractile muscle. Fasciotomy, longitudinally dividing the deep fascia around a
muscle group is commonly required, particularly with high-energy transfer wounds.
Difficulties can often occur in the dAbrklement of bone, particularly the fate of the many
small fragments. Bone fragments without any soft tissue attachments are avascular and
should be removed. Often, however, periosteal and other soft tissue attachments are
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present and the viability of the fragment can be difficult to determine. Experience is probably
the most important factor in deciding the viability of a bone fragment or muscle, although
invasive and non-invasive methods of assessing blood flow, including the use of Doppler
have been investigated (Hobbs and Watkins 2001).

In addition the wound should be thoroughly washed out, although inadequate quantities of
lavage fluid may compromise wound management.

Delayed primary closure of military wounds is the rule, although certain injuries, such as
wounds to the face can be closed primarily. High-energy transfer wounds, with comminution
of the bone should never be closed primarily, and will often require plastic surgical
techniques several days after the initial debridement.

2.4.3 Non-operative management of ballistic fractures

Whilst it is true that in certain circumstances low-energy missile wounds involving bone can
be treated non-operatively, much of the data derives from American trauma centres
(Knapp, Patzakis, Lee ef a/. 1996). There are significant differences between civilian
wounds, and those seen during military conflicts; In particular the infection rate with military
wounds is likely to be higher than with civilian wounds. This is particularly true for tibial
fractures, which are associated with a higher infection rate than most other long bones
(Seidenstein, Newman and Tanski 1968).

2.5 Comparison of Civilian and Military Open Tibial Fractures
2.5.1 The Infection rate after open civilian and military fractures

The extent of the associated soft tissue injury is one of the major determinants of the
infection risk after a civilian open fracture. Gustilo and Anderson (1976) have reported a
grading of wounds, which remains a universally accepted classification of the wound
associated with an open fracture.

Type I - An open fracture with a wound less than one centimetre long and
clean.

Type II - An open fracture with a laceration more than one centimetre long

28

Mr J C Clasper
DM Thesis

Chapter 2

without extensive soft tissue damage, flaps, or avulsions.

Type III - Either an open segmental fracture, an open fracture with extensive
soft tissue damage, or a traumatic amputation.

For Gustilo type I fractures an infection rate of 1% or less can be expected, and for type II
fractures a rate of approximately 3% has been reported (Templeman, Gulli, Tsukayama ef
a/. 1998). A modification to this grading was made by Gustilo ef a/, in 1984, when the type
111 fractures were subdivided:

Type I HA - Adequate soft tissue cover of the bone despite extensive laceration.

Type IIIB - Extensive soft tissue loss, with periosteal stripping, and exposed bone.
Usually associated with massive contamination.

Type IIIC - Open fracture with vascular injury that needs repair.

For type IIIA fractures an infection rate of 17% has been reported, and for type IIIB 26%
(Templeman ef a/. 1998). Type IIIC fractures have a variable infection rate, depending on
the soft tissue injury and delays in revascularisation.

Despite bacterial contamination of the fracture site at the time of injury, most subsequent
wound infections are due to hospital-acquired pathogens (Roth, Fry and Polk 1986).
Staphylococcus aureus and aerobic gram-negative bacilli are the most common pathogens
(Templeman ef a/. 1998).

A number of authors have reported the infection rate after military fractures. Simchen and
Sacks (1975) reported a wound infection rate of 18% for open fractures sustained during
the 1973 Israeli war. Gram-negative bacteria caused most of the infections (66%); with
pseudomonas as the most common infecting organism. As with civilian injuries, the
infection rate after military fractures is also related to the location of the wound; in 1 report
27% of lower extremity wounds became infected, compared to only 9.5% of upper extremity
wounds (Seidenstein ef a/. 1968).
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It would appear, therefore, that the infection rate after military open fractures is at least as
high as the most severe civilian open tibial fractures. There are a number of possible
reasons.

2.5.2 Mechanism of injury

Both military and civilian open tibial fractures are commonly due to high-energy
mechanisms, but the cause of the injuries does differ. Military injuries are usually due to
penetrating trauma, whereas civilian injuries are usually caused by blunt trauma.

The majority of civilian injuries are due to road traffic accidents, from car or motorcycle
crashes or in pedestrians struck by vehicles. These cause approximately 60 - 80% of open
tibial fractures. Falls and work-related accidents account for 1 0 - 20% of civilian injuries, but
the incidence is variable. Robinson ef a/, reported the microbiological flora contaminating
open fractures, and work-related accidents were responsible for 52% of all injuries; traffic
accidents accounted for only 28% of these fractures (Robinson, On, Hadas et al. 1989).

The aetiology of an open tibial fracture must be considered not only when treating these
injuries, but also when reviewing the literature. In the series reported by Robinson ef a/.
(1989), the majority of the injuries were Gustilo type II fractures that are associated with a
much lower infection rate than the type III open fractures commonly seen after traffic
accidents (Templeman ef a/. 1998). Some causes of open fractures, such as fami
accidents, are associated with a very high infection rate (Templeman eta/. 1998). As will be
discussed, most military fractures can be compared to farm accidents, rather than industrial
or traffic accidents.

Most civilian reports of open fractures are from the United States, and as a result gunshot
wounds are also a frequent cause. Roth eta/. (1986) reported firearms as the cause of 15%
of open fractures in their series. These injuries however cannot be compared to the military
gunshot wounds that are caused by high-energy weapons. Most of the civilian gunshot
wounds from the United States are due to low-energy handguns, and these fractures have
been reported to have a very low infection rate (Roth ef a/. 1986).

Bullets or other penetrating missiles cause the majority of military injuries. The relative
proportion varies with the military situation; in a report of the conflict in Northern Ireland,
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90% of the injuries were due to bullets (Garros D'Sa 1982). This is in contrast to the Gulf
War, where Spalding etal. reported that 80% of the wounds seen at a British Field Hospital
were due to fragments (Spalding, Stewart, Tulloch ef a/.1991). Military wounds are often
caused by explosions, from mines or booby traps, and these are associated with the most
severe injuries (Tong 1972). Half of the combined tibia and fibula fractures in one series of
military injuries were due to explosions (Dempsey 1975), and a much higher infection rate
could be expected from these grossly contaminated tibial fractures.

2.5.3 Time delay until treatment is initiated

A wound can be considered as contaminated for up to 6 - 8 hours after an open injury, as
although bacteria will be dividing, local or systemic spread will not have occurred (Altemeier
1944). If adequate wound care has not been started by this time, and certainly by 12 hours,
the wound can be considered infected. By this time the bacteria have become established,
they will have spread to the lymphatics, and systemic signs and symptoms can occur. As a
result of the bacterial spread, thonDugh local debridement will no longer be possible
(Altemeier 1944).

Few authors report the time delay between injury and the start of treatment for civilian open
fractures, but it is likely to be a few hours at most. The time delay is commonly reported for
vascular injuries that require repair; Armstrong etal. reported a delay of 1-6 hours with a
mean of 2.7 hours for popliteal vascular injuries admitted to a hospital in New Orleans
(Armstrong, Sfeir, Rice et al. 1988). A delay of 60 minutes before arrival at hospital was
reported for gunshot injuries to the groin in South Africa (Degiannis, Levy, Hatzitheofilou et
al. 1996). In Northern Ireland, an even shorter delay has been reported, with over 50% of
patients reaching hospital by 15 minutes after injury, and over 95% by 30 minutes (Garros
D'Sa 1982).

This contrasts markedly with the delays reported during wartime. A mean delay of 9.8 hours
(range 2 - 3 0 hours) was reported for vascular injuries from Croatia (Radonic, Baric,
Petricevic ef a/. 1994). In the Gulf War the mean delay at a Gritish surgical Hospital was
reported to be 10.2 hours for Gritish soldiers, and 24.7 hours for prisoners of war (Spalding
et al. 1991). A delay of several days before effective treatment is started, has been reported
by surgeons working for the International Committee of the Red Cross (Gosselin,
Yukka Siegberg, Coupland ef a/. 1993).
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2.5.4 Associated injuries

Both military and civilian open fractures are associated with other injuries, and these can
affect the risk of infection. Dempsey (1975) described a series of combat injuries to the
lower extremity from the Vietnam War, and reported that 23% were associated with injuries
to other body parts. Simchen and Saclcs (1975) reported a 22% incidence of other injuries
associated with open fractures, from the 1973 war in Israel. More severe injuries are
associated with an increased rate of additional injuries; Tong (1972) reported that 33% of
patients with severe extremity injuries from explosions required a laparotomy. Civilian open
fractures are also associated with additional injuries, Behrens ef a/, reported that 36% of
patients with severe open fractures had head, thorax or abdominal injuries (Behrens,
Comfort, Searls ef a/. 1983).

Although both civilian and military patients commonly have additional injuries, the
mechanism of these injuries is different. Military injuries are due to penetrating trauma, and
abdominal injuries will be associated with bowel perforations. As a result there may be an
increased risk of contamination of open fractures in military patients, when compared to
civilian patients who have sustained blunt injuries. Blunt trauma is more likely to be
associated with intra-abdominal haemorrhage. Gram-negative enteric bacteria are
responsible for many wound infections after open fractures in both military and civilian
patients (Simchen and Sachs 1975; Robinson etal. 1989), and associated bowel
perforation is likely to increase the risk of subsequent wound infection.

In the military patient, open fractures, or any other injuries may not be treated ideally due to
limited local resources. In a review of the medical statistics of battlefield casualties,
Trouwborst ef a/, reported a hospital mortality of 6.4% from the Thai/Kampuchea border
(Trouwborst, Weber and Dufour 1987). The authors felt this was high for a number of
reasons, one of which was the shortage of blood. Casualties were not given blood during
the initial resuscitation; this was only given after the haematocrit dropped below 0.20.
Inadequate resuscitation may increase the risk of wound infection after open fractures,
especially if it results in a reduced perfusion to the limb.

Civilian reports have recommended that open fractures are washed out with copious
amounts of fluid to reduce the contamination, and 9 litres are commonly used (Sanders,
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Jersinovich, Anglen ef a/. 1994). It is unlikely that this quantity of fluid would be available for
every open fracture sustained in the military environment.

2.5.5 Bacterial contamination of military and civilian open fractures

Although most open fractures are contaminated at the time of injury, it is likely that military
wounds are more heavily contaminated with bacteria than civilian wounds. Robinson ef a/.
(1989) described the bacterial flora of 89 civilian fractures. Most were reported to be Gustilo
type II open fractures and samples were obtained within 3 hours of injury. Of these 89
fractures, 74 (83%) were found to be contaminated. Gram-positive cocci were the most
common bacteria isolated, but 34% of the positive isolates were gram-negative bacilli. Only
one species of aerobic bacteria was isolated from most of the wounds, and no anaerobic
bacteria were isolated. Robinson ef a/, also reported the results of wound cultures taken 24
hours later. Of the 89 wounds, 53 (60%) were sterile and the majority of the remainder
isolated non-pathogenic bacteria. Only 4 of the samples taken at 24 hours isolated the
same species of bacteria that had been isolated at the time of debridement, and all of these
wounds became infected.

In their classic paper on the prevention of infection in open long bone fractures, Gustilo and
Anderson (1976) reported that 70% of 158 open fractures were contaminated at the time of
initial debridement. There were 143 bacterial isolates, and again only one species of
bacteria was isolated from most wounds. Eighty-six of the bacterial isolates were grampositive and 57 were gram-negative. Only 32 of the 158 (20%) wounds had a mixed growth
of bacteria.

Contamination of nearly 100% of military wounds has been demonstrated by a number of
authors. In the Korean War, Lindberg ef a/, reported that all medium and large wounds
(wound > 1cm) were contaminated with Clostridia, with a mean of 2 different strains per
wound (Lindberg, Wetzler, Marshall etal. 1955). The authors report a seasonal variation in
the aerobic bacteria contaminating the wounds. In summer 89% of wounds were
contaminated, with faecal organisms the predominant bacteria. There was a mean of 1.7
species of aerobic bacteria isolated from the wounds, and all wounds were operated on
within 5 hours of wounding. Most of the patients had already been given penicillin. In winter,
81% of the wounds were contaminated by aerobic bacteria, most commonly staphylococci
and streptococci. There was a longer delay before surgery, with 8-9 hours between
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wounding and debridement, and there was a mean of 2.8 species of aerobic bacteria
isolated from each wound.

In a further report from Korea, Strawitz ef a/, reported the results of serial biopsies from 11
penetrating wounds (Strawitz, Lindberg, Howard etal. 1955). The authors noted that the
extent of the wounds was usually worse than the skin wound suggested. They isolated
Clostridia from 9 of the 11 wounds at debridement, as well as isolating gram-positive cocci
from all wounds, and gram-negative bacilli from 9 of 11 wounds (mean 5.5 species of
bacteria isolated per open wound). Unlike the civilian wounds reported by Robinson et al.
(1989), the wounds reported by Strawitz et al. remained contaminated after debridement.
Wound biopsies 5-6 days after injury isolated 11 species of gram-negative bacteria and 10
of gram-positive cocci (mean 1.9 species of aerobic bacteria isolated per open wound).

These reports confimi that military wounds are more heavily contaminated than civilian
wounds, with 3 - 4 different species of bacteria isolated from most military wounds, and up
to 6 different species in some reports (Levaditi, Gerard-Moissonnier, Brechot ef a/. 1939).
This compares to only 1 species from most civilian wounds (Gustilo and Anderson 1976;
Lawrence, Hoeprich, Huston etal. 1978; Robinson etal. 1989). The species of aerobic
bacteria appear to be very similar, however anaerobic bacteria contaminate most military
wounds but are rarely isolated from acute civilian wounds.

it has been reported that the level of initial contamination of a wound is related to the risk of
subsequent wound infection (Robinson ef a/. 1989), and based on this, military vyounds will
have an increased risk of infection. In addition it has also been reported that the risk of
wound infection is related to the level of contamination after debridement (Merrit 1988), and
again it can be seen that military wounds are more likely to become infected. They remain
colonized by pathogenic bacteria after debridement, and cultures taken several days after
debridement isolate the same species of bacteria (Strawitz et al. 1955). This may be due to
several factors including delay in treatment, heavier initial contamination, or possibly
inadequate initial surgery.

Severe military wounds are associated with a greater degree of contamination, and also
with an increased morbidity and mortality. Tong (1972) reported the results from 30
American soldiers wounded in Vietnam as a result of explosions. Most of the soldiers were
evacuated to hospital within 2 hours. They sustained a total of 63 extremity wounds, and 18
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amputations were required. At debridement there was a mean of 3.0 species of bacteria
isolated from the wounds, and at 3 days after injury there was a mean of 2.0 species
isolated. Twelve of the patients developed positive blood cultures, and in 8 of these patients
the same organism was isolated from the wound and blood cultures. Three of the patients
died with gram-negative septicaemia.

Gram-negative bacteria cause many wound infections, and often these are not present in
the wound at the time of initial debridement. Most wound infections that develop after
civilian open fracture are due to hospital-acquired infections (Roth etal. 1986). Gramnegative bacteria have been reported to be the most common cause of a wound Infection
in the military environment (Lindberg ef a/. 1955; Simchen and Sacks 1975; Seidenstein ef
a/. 1968), but in most reports the bacteria were isolated from the wound at the time of initial
debridement.

It has been reported that for open fractures, except in special cases of significant
environmental exposure, the bacteria that initially are found in the wound are not the
bacteria that cause the infection' (Templeman ef a/. 1998). In the civilian environment this
would include injury in water exposure and farm accidents (Templeman ef a/. 1998). It can
be seen, therefore, that military wounds can be considered as examples of significant
environmental exposure, and should not be compared to civilian road traffic accidents. This
must be considered when deciding the method of stabilisation for military open tibial
fractures. As with peacetime injuries, the method of stabilisation of the fracture has been a
subject of some debate. This will be considered in detail in the next chapter, together with a
review of other advances in the management of open fractures.
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3. Recent Developments in the Management of O p e n Tibial Fractures
3.1 Introduction

Many of the recent advances in the management of open fractures have also resulted from
war. Advances have been made in 3 main areas:

- the use of antibiotics.
- the management of the wound after adequate debridement,
- the method of stabilisation of the fracture.

3.2 Antibiotics

Antibiotics were discovered by Alexander Fleming in 1929. While working with
staphylococci, he noted that some colonies were destroyed by a contaminating mould.
Fleming identified the mould as Pen/cf/Z/um mbmm, and described a yellow filtrate that
seeped into the culture medium that he named penicillin (Fleming 1929). Unfortunately little
further research was carried out until 1940 (Chain, Jennings, Floney ef a/. 1940), and
penicillin was not available commercially until 1942.

The first antibiotics that were widely available were the sulphonamides. These were the
metabolites of the laboratory dye prontosil. Prontosil had little effect in vitro (Colebrook,
Buttle and O'Meara 1936), but in vivo had a marked antibacterial effect due to its
metabolism to a sulphonamide. One of the first reports of the local use of sulphonamides in
open fractures was by Jensen etal. who used this both experimentally in guinea pigs, and
clinically in 39 patients with open fractures (Jensen, Johnsrud and Nelson 1939). Only 2 of
these fractures (5.1%) became infected compared with an infection rate of 27% in 94 open
fractures treated without sulphonamides. All open wounds were treated by primary closure.
The wounds were tightly sutured, as Jensen believed that tight closure was important to
prevent the sulphonamides leaking out of the wound.

Campbell and Smith (1941) described the use of sulphonamides orally together with 5-20
grams in the wound. The use of the antibiotic reduced the infection rate in fresh open
wounds from 33.3% to 18.1%. They also undertook primary closure of the wound, and
noted that sulphonamides were probably not necessary in 'mild' open wounds as only 1
(2%) became infected in the non-treatment group. In addition to primary closure and
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antibiotics, internal fixation was used in selected cases. The infection rate in moderate and
severe wounds treated with sulphonamides was 35 % if internal fixation was used, and
21.2% if it was not used.

The use of antibiotics did not meet with universal approval especially when used as
prophylaxis. At the time of the Korean War it was felt that the use of antibiotics in open
fractures of the leg did not prevent infection, but may have nnasked or attenuated the
infection (Altemeier, Culbertson, Sherman ef a/. 1955).

It was not until 1974 that a controlled trial on the use of antibiotics for open fractures was
reported (Patzakis, Harvey and Ivler 1974). In a prospective study, Patzakis ef a/, allocated
310 patients with open fractures to 1 of 3 groups; to receive penicillin and streptomycin, a
cephalosporin, or no antibiotic. In the group receiving no antibiotics, 13.9 % developed
infections, in the group receiving penicillin and streptomycin 9.7%, and in the group
receiving the cephalosporin the Infection rate was 2.3%. All wounds were treated by
debridement and primary closure, internal fixation was used in a minority of cases, with
approximately the same number of cases in each group. No mention is made of the grading
of the open fractures, which has an important bearing on the risk of subsequent infection
(Gustilo and Anderson 1976). Of the organisms isolated from pre or postoperative wound
swabs in the patients receiving penicillin and streptomycin, 62% were resistant to these
antibiotics.

Patzakis et al. published a follow up report In which they specifically addressed the infection
rate after an open tibial fracture (Patzakis, Wilkins and Moore 1983). The infection rate had
been reduced from 14% to 4.5%, but by this time an aminoglycoside had been added to the
antibiotic regimen. Unfortunately the reduction in the infection rate may not be attributed just
to the change in antibiotics, as severe wounds were no longer closed primarily, and external
fixators were used in selected patients.

All of the early reports showed a benefit from the use of antibiotics, but in these reports the
wounds were closed primarily. It has been shown that delayed primary closure is
associated with a lower infection rate than primary closure (Fraser 1918; Daland 1934), and
it is likely that appropriate wound management is more important than the use of antibiotics
(Ger 1970). This is particularly true with the military wound that may be highly contaminated,
and there may be a considerable time delay before appropriate management can be
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started. In a report on the American invasion of Panama, there was a wound infection rate
of 22% in patients operated on in Panama (Jacob ef a/. 1992). This compared with an
infection rate of 66% when wound debridement was delayed until the patient was
evacuated to the United States. The higher infection rate was despite the use of early
broad-spectrum antibiotics, and delayed primary closure of the wounds. Jacob et al. also
noted that open tibial fractures had a higher infection rate than other open fractures of long
bones. This finding had been reported previously in both the civilian (Dellinger ef a/. 1988),
and the military environment (Hampton 1946). The higher infection rate was felt to be
related to the relative vascularity of the lower leg, and the fact that the wounds were all
contaminated (Ger 1970).

3.3 Management of the Wound
3.3.1 Introduction

The Carrel-Dakin method of continuous irrigation, and allowing wounds to heal by
secondary intention with contraction of the wound edges, was widely practised at the end of
the First World War. Sherman was still recommending this method of treatment in 1940.
There were concerns however, that frequent dressing changes may introduce infection
(Swett 1928), and this lead to the Winnet-Orr method of 'rest and drainage'. The wound
was dressed, and then left to granulate. The limb was stabilised by total encasement in
plaster, and the original dressing was not disturbed unless the patient developed
septicaemia. In addition, some surgeons were prepared to close the wound primarily.

3.3.2 Primary closure

Larrey, one of the earliest surgeons to describe and practice early wound debridement, also
recommended early closure of the wound (Ritter 1937), and this was widely practised in the
19th Century. Usually the wound would be closed at the time of initial surgery, but some
surgeons would insert sutures at the initial debridement, leaving them untied. The sutures
would then be tied after 48-72 hours if there was no evidence of infection (Ritter 1937).

Early wound closure in open fractures was thought to reduce the infection rate, and improve
healing of the fracture (Cannaday 1929). With the introduction of antiseptics, closure of the
wound to exclude air was thought to be less important (Lister 1867), and therefore primary
closure at the time of initial surgery was less widely practised. A distinction was made

38

Mr J C Clasper
DM Thesis

Chapter 3

between wounds caused by the bone fragments, and those caused by an external cause
(Estes 1929). Many surgeons recommended the primary closure of small puncture wounds
made by the bone fragments; they reserved the Carrel-Dakin method for the larger, more
contaminated wound. The Carrel-Dakin method was also used if the wound became
Infected after primary closure (Swett 1928).

A review of different methods of wound management was reported by Daland in 1934; he
described the outcome of 169 open fractures, 60 of which involved the tibia. Daland
reported an infection rate of 33% for open tibial fractures when the wound was debrided
and closed, and 18% when the wounds were debrided and left open. This was an
unexpected finding, the wounds left open were the most contaminated, the ones dAbrided
and closed were thought unlikely to become infected. Although this was not a controlled trial
the results do suggest that open fracture wounds should not be closed primarily. This was
also the conclusion of Epps and Adams (1961), who reviewed 85 open fractures, 49 of
which involved the tibia. They reported an infection rate of 8.3% after delayed closure, and
an infection rate of 34.1% after primary closure.

In his paper, Daland also reported that wounds treated by the Carrel-Dakin method had a
higher infection rate than wounds treated by other methods, with 31% of wounds treated by
the Carrel-Dakin method becoming infected compared to 22% of the wounds treated by all
the other methods. This may be due to the extent of the wound; as noted previously, some
surgeons reserved the Carrel-Dakin method for the more contaminated wounds. However
Daland's paper is often quoted as evidence against the Carrel-Dakin method.

3.3.3 Delayed primary closure

Delayed primary closure was originally a military practice developed due to of the risk of
wound complications during casualty evacuation. Wounds were debrided at a forward
surgical centre, and then delayed primary closure was carried out at a base hospital when
the casualty could be observed more closely. Delayed suture of wounds at an interval of 24 days was recommended for the treatment of gun shot wounds during the First World War
(Fraser 1918). Fraser defined delayed primary closure as closure of the wound before
'granulations' had formed; suture after this granulation tissue had formed was defined as
secondary suture. One of the advantages of the technique was the ability to determine the
microbiology of the wound prior to suturing. Fraser stressed the high complication rate of
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suturing wounds that were contaminated by haemolytic Streptococci; but he was prepared
to dose wounds contaminated by other organisms. At the end of the war this technique
seems to have been neglected.

In the Second World War, the technique of delayed primary closure of wounds from missile
injuries was again described (Cleveland and Grove 1945). The wounds were associated
with fractures of the long bones, skull, and pelvis in servicemen. Cleveland and Grove
emphasised the role of careful debridement, lightly packing the wound with a vaseline
gauze dressing, and then encasing the limb in plaster. They described delayed primary
closure by direct suture or skin grafting at an average of 14 days following wounding. In
2393 patients they described complete success in 66.5%, and partial failure, with a small
sinus or stitch abscess or partial loss of skin graft, in 26.8%. Overall 93.3% of wounds had
healed by the time the patient was discharged; complete failure with dehiscence or
osteomyelitis occurred in only 6.7%. Unfortunately Cleveland did not give the healing rates
for specific fractures. The interval of 14 days was not planned, but was a result of the
evacuation time to a base hospital.

Casualty evacuation was also the reason for the 3-week delay that occurred between
primary and secondary surgery in 84 open tibial fractures treated by Witschi and Omer
(1970) during the Vietnam War. They also reported good results with this technique,
together with early weight-bearing in a cast. Early weight-bearing was used extensively by
the military for both open and closed fractures of the tibia, and one report describes a 100%
healing rate for the fractures (Brown and Urban 1969).

3.3.4 Plastic surgical techniques

Basic plastic surgical procedures have been used for many years in the treatment of open
fractures. They were initially used as a method to allow primary closure of the main wound;
relaxing incisions were often made parallel to the wound to allow closure of the soft tissues
over the fracture (Cannaday 1929). If the wound could not be closed it was allowed to
granulate, and split skin or pinch grafts applied (Ritter 1937). Cross leg skin flaps were also
used (Foster 1933).

Stark described the use of a more advanced technique of a pedicle muscle flap in 1946.
This was described in wounded servicemen, and was used as a treatment for osteomyelitis
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rather than in the acute management of soft tissue loss. Ger raised the possibility that a
muscle flap may actually improve the healing of tibial fractures in 1968 when he discussed
the management of pre-tibial skin loss. He primarily used the soleus muscle, and covered
this with a split skin graft. Local muscle flaps began to be widely used, especially in the
acute management of skin loss (Weiland, Moore and Notch kiss 1983), and modifications
were made to the original technique described by Ger.

The benefit of local muscle in fracture healing was confirmed experimentally by Holden
(1972). He reported a delay in healing in rabbits when the surrounding muscles were
rendered ischaemic. Further experimental evidence was provided by Richards and
Schemitsch (1989) who demonstrated an increased blood flow in a devascularised
segment of canine tibia covered by a muscle flap, compared with cover by skin alone.

One of the problems with a local muscle flap was the possibility that the muscle itself had
been damaged if it was within the zone of initial injury. This concern was removed when the
first free flaps were described (Daniel and Taylor 1973), with the technique of distant tissue
transfer using microvascular anastomosis. The main techniques used today in the
management of the severe open tibia fracture remain the free flap, and the local muscle
flap (Weiland ef 8/1983).

3.3.5 Timing of soft tissue procedures

The optimal time for wound closure by tissue transfer has recently been debated as reports
have shown an improved outcome in severe open tibial fractures treated by the early use of
muscle flaps. Cierny etal. compared the outcome in severe open tibial fractures treated
within 7 days, with those treated between 8-30 days after injury (Ciemy, Byrd and Jones
1983). Of the fractures treated by early soft tissue cover, wound healing disturbances'
occurred in 20.8% and the fracture healed after a mean of 4.0 months. This compares to an
83.3% rate of 'disturbance', and a mean healing time of 6.4 months in the group treated by
late soft tissue cover. However, the possibility must be considered that the delay in soft
tissue cover may have been due to a more severe or contaminated injury, or a more ill
patient. This may be the reason for the poor results.

A more recent report (Fischer, Gustilo and Varecka 1991) has agreed with that of Ciemy.
Fischer ef a/, reported that deep infection occurred in 18.2% of the 11 fractures with early
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muscle flap (less than 10 days), compared to 69.2% of 13 treated by a later flap. Nineteen
wounds were allowed to granulate and then covered with a split skin graft, 53% of these
subsequently developed a deep infection.

In addition to the lower infection rate, the survival of the muscle flap has been shown to be
higher when the procedure is carried out early. Godina (1986) has reported a flap failure
rate of only 0.75% when the procedure was carried out less than 72 hours after the injury.

Major advances have been made in the management of the soft tissue injury associated
with an open fracture. Ideally all open fractures should be closed by suture or tissue transfer
within days of the injury. In the military environment, this means that the casualty must be
evacuated out of the combat zone to a stable base hospital where the necessary surgical
facilities are available. This has implications on the method of stabilisation of open fractures.

3.4 Stabilisation of Open Fractures

It was noted previously that prehistoric man splinted fractures. The oldest known splints
were used in ancient Egypt, approximately 5000 years ago (Elliot Smith 1908). These
consisted of a number of wooden struts that appear to have been wrapped around the limb
with a linen bandage. Elliot Smith described 2 splints that were used to splint an open
fracture of the femur, and of the radius and ulna. In both cases the patients died soon after
injury. Elliot Smith, a Professor of Anatomy to the Egyptian government, maintained that the
ancient Egyptians often achieved excellent results in the treatment of fractures.

Stabilisation of fractures provides pain relief, and helps to prevent further bone and soft
tissue injury. Stabilisation, with the fracture reduced, allows functional use of the limb and
improves healing (Winnet-Orr 1927), It has been suggested that complete immobilisation of
the bone ends is essential for the treatment of open fractures. This is said to reduce the risk
of infection (Rittman and Webb 1991), and therefore plaster is not a suitable method of
stabilisation (Chapman 1982). Gustilo and Anderson (1976), however, in an important
paper on the prevention of infection in open fractures held the opposite view. In the
prospective part of their study, only 8 of 326 open fractures (2.4%) became infected. Only 2
open fractures, both in association with a vascular injury, had primary internal fixation
carried out; both became infected. The authors concluded that, to avoid infection in open
fractures, adequate debridement and copious washout of the wound should be carried out.
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This should be followed by early closure of the wound, by suture, split skin graft, or
appropriate flaps. Gustilo and Anderson recommended that primary internal fixation by
plates or intramedullary nails should not be used, but that stabilisation by skeletal traction,
or transfixion pins incorporated in a plaster is used. They recommended external fixation
when stability is required to facilitate care of an open wound.

By 1990 Gustilo had changed his opinion on the role of operative methods of stabilisation
(Gustilo, Merkow and Templeman 1990). In a review article, the authors advocated
operative fixation in open fractures, to reduce the fracture and provide bony stability, Gustilo
etal. felt that with the recent technical advances, wound healing could be improved, and
therefore the infection rate lowered by operative stabilisation. At that time they considered
intramedullary nailing was a good option for type I and II tibial fractures. By contrast, the
authors favoured external fixation for type III fractures. They noted that with type III open
fractures, there was an infection rate of 7-14%, and a non-union rate of 20-30% (Gustilo ef
a/. 1990).

Thus most methods of fracture stabilisation have been considered in the management of
open fractures, and may be suitable for the treatment of military fractures. The following
methods will be considered in more detail:

- conservative methods: plaster splints and traction.
- internal fixation, usually with plates and/or screws.
- external fixation.
- intramedullary nail.

3.5 Conservative Methods of Stabilisation
3.5.1 Civilian injuries

Until the middle of the 19th Century, the majority of fractures were managed conservatively,
using external splints or occasionally traction. The main advantages of plaster, or other
external splints are that they are non-invasive, cheap, and relatively easy to apply. One of
the main disadvantages of splints is the difficulty of access to the wound, for dressings or
further soft tissue procedures. With the advances that have been made in the management
of the soft tissues, this can be a major problem.
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In addition, there is a high rate of malunion following plaster treatment of open fractures.
One of the problems with plaster or other splints is failure to adequately maintain length,
and shortening at the fracture site can occur. This is particularly Important after tibial
fractures, where shortening can be a major functional problem. It can be prevented by
incorporating skeletal pins in the plaster, or the use of traction, but this can affect the
healing of the fracture,

Ellis (1958) reviewed the effects of traction as a treatment option for tibial fractures. He
noted that fractures treated by traction were slower to unite than those treated in casts. If
distraction of the fracture site occurred, then not only were these fractures slower to unite,
but the non-union rate was also higher. Ellis also discussed the factors that influenced the
rate of healing of tibial fractures. The 3 main factors that delayed healing were complete
displacement, severe open fracture and severe comminution. These were all related to the
energy of the initial injury, and he noted a delay in healing with increasing severity of injury.
Ellis noted that, 'minor degrees of compound wounding' had no demonstrable effect on the
time to union. Infection occurred in 5 out of 105 open fractures, but fracture healing did not
appear to be delayed, when compared to non-infected fractures of comparable severity or
treatment.

Darder and Gomar reported a review of tibial fractures treated by non-operative methods of
stabilisation in 1975. They reviewed 202 fractures, 39% of which were open. Treatment
consisted of plaster, with 1 or 2 transfixion pins, and an additional os calcis pin for unstable
fractures. The average time to union was 19 weeks, and they defined delayed union as
occurring when a fracture had not united by 20 weeks. In the absence of comminution,
displacement, or an open fracture they reported a delayed union rate of 9.1%. The effect of
these factors when present can be seen below (table 3.1).
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Table 3.1 - Factors related to delay in healing of tibial fractures - from Darder and Gomar
(1975)

Factor

Delayed Union Rate

Simple, undisplaced, closed fracture

9.1%

Comminution at fracture site

14.3%

Displacement at fracture site

32.6%

Displaced, open fracture

75.0%

The authors reported a delayed union rate of 33% in open fractures without comminution or
displacement, but only 3 of the 79 open fractures could be assigned to this group.

3.5.2 Conservative treatment of military injuries

Although non-union is reported to be common after plaster treatment of open tibial fractures
(D'Aubigne, Maurer, Zucman ef a/. 1974), this may be related to the soft tissue injury rather
than the method of treatment (Holden 1972). The high non-union rate is often quoted as
evidence against the use of plaster, but it must be realised that most of the evidence is from
the management of civilian tibial fractures. Coupland (1994) emphasised the difference
between penetrating war wounds, and the high-energy wounds seen in civilian practice,
usually from road traffic accidents. Most penetrating war wounds are low-energy injuries,
and are not associated with the extensive soft tissue injury, or periosteal stripping seen in
civilian wounds, even though there may be gross contamination. As such it is possible that
the non-union rate in military wounds will be less than with civilian wounds, even if the
infection rate is higher.

Conservative management of open tibial fractures was practised with good results in the
Vietnam War. Witschi and Omer (1970) reported the outcome of 84 tibial fractures caused
by missiles, 23 of these were classified as high velocity injuries. The wounds were treated
by skin grafting as appropriate, and a well fitting plaster was applied with early weightbearing encouraged. All fractures healed, the high velocity fractures taking a mean of 22
weeks, and the low velocity injuries taking a mean of 18 weeks. Despite weight-bearing,
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83% healed with less than 1cm of shortening. Eleven of the high velocity fractures had
associated neurovascular injuries but this did not affect the fracture healing. Witschi
reported 7 (8.3%) cases of chronic osteomyelitis in healed fractures.

Plaster does have advantages, and in the management of the open tibial fracture is a safe
method of treatment. Its disadvantages are related to stability and access to the wound. In
the management of comminuted fractures, or fractures with bone loss, plaster will be
unable to prevent shortening. If access to the wound is required, or if stability is required
after vascular repair or soft tissue transfer, plaster should probably not be used as the
definitive method of treatment of an open fracture of the tibia.

3.5.3 Other external splints

The Thomas splint was specifically designed for the evacuation of patients with ballistic
fractures of the femur during the First World War. With the increased use of intramedullary
nailing of civilian femoral fractures, its use has diminished. It is a useful method of stabilising
fractures in the military environment, either alone or in combination with plaster, and can be
used in the definitive management of military fractures. The disadvantages of the Thomas
splint are related to the prolonged immobilisation necessary, and the difficulty with access to
wounds.

Other splints are available, including malleable wire and inflatable devices, but their main
role is the short-term stabilisation of fractures treated in civilian hospitals.

3.5.4 Traction

Prior to the advances in both internal and external fixation, traction was used widely to
control fractures that were difficult to manage in plaster, particularly unstable or open
fractures. It still has a place in the management of fractures when limited resources are
available, but is less than ideal when rapid, prolonged, or repeated evacuation is necessary.
To obtain good results experience in the use of traction, and regular adjustments may be
required; this may be difficult to achieve in the military environment. It does, however, have
potential in both the initial and the definitive treatment of military fractures.
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3.6 Internal Fixation
3.6.1 Introduction

The first attempts to plate fractures were made by Hansmann of Hamburg in 1886 (Cotton
1992). His plate and screws resembled modern external fixators rather than the plate and
screws used today, Hansmann's plate was bent to 90 degrees at one end, with the end
protruding through the skin for ease of removal. His screws were also percutaneous (Cotton
1992). This design was improved upon by Lambotte, Lane, and Sherman, to produce
Implants that are similar in appearance to those used today (Colton 1992).

The early attempts at internal fixation were to treat non-unions, or to prevent malunion in
unstable fractures. Robert Danis (1880-1962) was the first surgeon to recommend stable
internal fixation of acute fractures to allow early rehabilitation. His aims were to allow
immediate and active movement of the surrounding muscles and joints, restore the bone to
its pre-injury form, and to achieve primary bone healing without the production of callus
(Colton 1992). His ideas were taken on, and further developed by MOIIer, and the AO group
was formed (AO = Arbeitsgemeinschaft fOr Osteosynthesefragen).

3.6.2 Internal fixation of open fractures
3.6.2.1 Introduction

Sherman (1940) was one of the first surgeons to recommend internal fixation in the
management of open fractures. He was a believer in the Carrel-Dakin method of treatment,
and used this in combination with plating for unstable open fractures. Internal fixation was
carried out around 10 days following the injury; the main indication was failure to maintain
satisfactory reduction after manipulation and traction (Sherman 1940). In his report,
Sherman made no comment on the infection rate after this procedure.

Campbell and Smith (1941) reviewed the effect of internal fixation on 92 'moderate and
severe compound' fractures. In a group of 40 fractures treated by internal fixation, 14 (35%)
became infected, and 11 (27.5%) developed a non-union. They compared this to a gnaup of
52 fractures where internal fixation was not used, 11 (21%) became infected, and only 3
(5.8%) developed a non-union. Campbell and Smith admit to using internal fixation in the
more severe fractures with the worst prognosis. Their figures do however provide an
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indication of the infection rate following the internal fixation of open fractures. The fractures
were treated before the introduction of penicillin, but sulphonamides were used.

3.6.2.2 Wound healing following internal fixation

Veliskakis (1959) discussed the problem of wound healing following internal fixation for
open tibial fractures. He described 95 closed fractures of the tibia treated by internal
fixation, usually with a plate; 2 (2.1%) developed deep infections. Two further patients
developed superficial wound problems. He compared this with 80 open fractures treated by
internal fixation and primary wound closure. The results are shown below (table 3.2).

Table 3.2 - Wound complications following internal fixation of tibial fractures - from
Veliskakis (1959)

Infection
Type of Fracture
Closed

Number

Superficial

95

2.1%

Skin Loss
Deep
2.1%

Open - Grade 1

12

Open - Grade 2

63

6.3%

7.9%

Open - Grade 3

5

20%

60%

-

-

Mild/Moderate Severe
1.1%

-

8.3%
9.5%
-

-

60%

Veliskakis defined grade 1 as a wound less than 1 inch with no skin loss, and minimal
muscle damage. Grade 2 open fractures had a wound greater than 1 inch, skin contusion,
and muscle that required debridement. Primary wound closure of these wounds was
possible. Grade 3 wounds were caused by severe crush injuries, with extensive damage to
skin and muscles.

3.6.2.3 Movement at the fracture site

Several radiographs are shown in the paper by Veliskakis (1959), and the plates
demonstrated appear thin and narrow. It unlikely there was any compression at the fracture
site; as a result there may not have been rigid fixation, and micromotion may have
occurred. This may be a factor in the high infection rates, as it has been shown that
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unstable fixation of an experimental open fracture is associated with a higher infection rate
than that associated with the use of stable fixation devices (Friedrich and Klaue 1977;
Woriock, Slack, Harvey ef a/. 1994).

In their paper WaMock ef a/, achieved rigid fixation by the use of compression plating, with
unstable fixation the result of a loose fitting IM rod. Therefore, it could be argued that the
increased infection rate may be related to the method of fixation rather than any instability.
However in their paper Friedrich and Klaue demonstrated tliat, in the rabbit tibia, stable
fixation by either plate or an IM device resulted in fracture healing, but that with unstable
fixation using either technique failure of fracture healing occurred with clinical evidence of
osteomyelitis.

The results following open reduction and rigid internal fixation, (using the AO technique), of
open tibial fractures were described by Olerud and KarlstrOm in 1972. The AO group had
l)een set up to study internal fixation of fractures. For internal fixation of tibial fractures, AO
recommended a thick compression plate, at least 3 bicortical screws on either side of the
fracture and compression of the fracture site (Schatzker 1991). Despite the rigid fixation that
was possible using this technique, Olerud and Karlstrom described severe healing
disturbance' in 34% of 38 open transverse fractures of the tibia, and 'practically none' of the
fractures with comminution and muscle damage healed without complications.

3.6.2.4 Timing of internal fixation

Smith (1974), in a review of tibial fractures, discussed the effect of the timing of fixation. He
divided the fractures into 2 groups based on the interval between injury and operative
fixation. The immediate group were fixed on the day of injury, and the delayed group were
fixed 1 -3 weeks after the injury. The initial treatment of the wounds is not discussed by the
author. The results are summarised (table 3,3).
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Table 3.3 - Complications with tibial fractures and the effect of timing of fixation - from Smith
(1974)

Complication
Time of fixation

No.

- Open or closed fracture

Delayed

Wound

Osteo-

Union

Infection

myelitis

Immediate - Open fracture

219

48%

20%

12%

Immediate - Closed fracture

180

30%

6.6%

5.5%

Delayed (23 open, 55 closed)

78

16.6%

6.4%

3.8%

It appears that a delay in fixation of tibial fractures is associated with a reduction in the
complication rate. Many surgeons recommend a delay in fixation of closed fractures to allow
the soft tissue injury to resolve. The position with open fractures is more difficult, as eaMy
surgical debridement of the wound is required. In addition, early stabilisation of the fracture
is considered necessary to facilitate the management of the wound, and so reduce the
infection rate (Rittman and Webb 1991).

External fixation has been considered as an alternative form of stabilisation for open
fractures (Gustilo and Anderson 1976). Bach and Hansen reported a prospective trial of
plate versus external fixator for severe open tibial fractures in 1989. Of 26 fractures treated
by plate fixation 9 (35%) developed wound infections, and 5 (19%) developed chronic
osteomyelitis. Of the 30 fractures treated by external fixation 4 (13%) developed wound
infections, and only 1 (3%) developed chronic osteomyelitis. At final follow-up all the tibial
fractures had healed, but the conclusion of the authors, and that generally held today, is
that plate fixation has little role in the stabilisation of severe open tibial fractures
(Templeman ef a/. 1998).

3.6.3 internal fixation of military fractures

Internal fixation of open fractures, due to war injuries, was dismissed by the British during
both the First (Max Page and Le Mesurier 1917), and the Second World Wars (Furlong and
Clark 1948). The American military did, however, use delayed internal fixation with some
success (Hampton 1946).
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In the Second World War, the Americans used internal fixation in the treatment of open
fractures from missile injuries. Hampton (1946) reviewed the results of internal fixation in
the Mediterranean theatre of operations. He reviewed 332 fractures treated by 50 American
military surgeons. Overall, 61.5% of the patients ultimately had healing of both fracture and
wound without further surgery required. A further 15.7% had a good result, but required
implant removal or sequestrectomy. Plate fixation produced worse results than wires or
screws alone, but plates were often used where there was a bone defect. It is apparent
from the figures that fractures of the tibia have a worse prognosis, especially when plates
are used. Only 60% of open tibial fractures treated by plating had a good result, compared
with around 75% for fractures of the femur, humerus, radius or ulna. Hampton concluded
that the results of internal fixation were satisfactory with the exception of those in tibial
fractures that had been plated, and those associated with massive soft tissue loss.

During this period, British surgeons rarely carried out internal fixation with plates, for an
open tibial fracture (Osmond-Clarke and Crawford Adams 1953). The opinion of surgeons
in the war surgery supplement of the British Journal of Surgery was that internal fixation of
open fractures of the tibia should never be done' (Furlong and Clark 1948).

Internal fixation of fractures is technically demanding both in surgical skill and equipment.
Very good post-operative management is required, and plastic surgical procedures are
often necessary. Internal fixation of fractures therefore, could not be used close to the front
line.

The advantages of internal fixation with plates and/or screws are the accurate reduction,
and rigid fixation that can be achieved. This could have a place as a secondary method of
treatment, possibly in combination with initial plaster. Delayed internal fixation has been
shown to have a lower complication rate than acute plating (Smith 1974). Despite this, the
complication rate of both infection and delayed healing is still high, and with the other
advances that have been made, internal fixation probably has little place in the
management of the military fracture. This is particularly so if the infection rate following
military fractures is higher than civilian injuries.
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3.7 External Fixation
3.7.1 Early fixators

The first external fixator was designed by Malgaigne in 1843 and consisted of a daw-like
device designed for patella fractures (Colton 1992). Two points engaged the proximal
fragment, and 2 points engaged the distal fragment; a ratchet was then tightened to draw
the fragments together. Over the next few years a number of other designs were introduced
using the same basic principle of a sharp point pushed through skin to engage one cortex
of the bone. However, it was not until 1893 that the modem technique of inserting pins
through both cortices of the bone was described (Keetley 1893).

Keetley inserted a single pin into both proximal and distal fragments; these pins had been
bent to 90 degrees, and were then wired together. This device had very little stability, and
considerable motion could occur at the fracture site, however, Keetley felt that additional
external splints could be used if necessary (Keetley 1893).

Parkhill was the first author to report an external fixator that is similar to modern designs
(1898). Two steel pins were used in both proximal and distal fragments, with a metal plate
fastened to the threaded end of each pin by 2 nuts. All 4 plates were then clamped
together. A variety of different sized components were available for indivWual bones, and
the steel pins were heavily coated in silver to try to prevent infection. Parkhill's main
reasons for adopting an external frame were to avoid the prolonged use of metal
components in the body, and to avoid the requirement for a second operation to remove
the implant (Parkhill 1898).

3.7.2 External fixation in the I'* half of the 20"^ century

From the early 1900's, the use of external fixators fell out of favour until the 1930's. The
reasons are not clear, but one possible reason was the rise in popularity of open reduction
and plating. During most of the 19^ century there were no good implants or instrumentation
for internal fixation. With the development of more rigid fixation systems, together with the
use of antisepsis, open surgery for fractures became more popular. It is likely that the poor
stability of external fixators also played a part in their unpopularity.
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In 1931 Conn described a fixator with a number of modem developments. He used
stainless steel pins to avoid corrosion, with specially machined threads to increase their
pull-out strength, and these were attached to a slotted plate. Conn used a plate with a
central universal joint to allow the fracture to be reduced after the fixator was attached.

Anderson (1934), a surgeon from Seattle, developed a device using 2 thin transfixion wires
proximally and distally in the tibia. These were connected to a traction device that could also
be used to adjust angulation and rotation of the fracture. When the desired reduction had
been achieved the leg was encased in plaster incorporating the pins. The traction device
could then be removed, and the reduction maintained by the pins and plaster. Anderson
subsequently modified the technique in femoral shaft fractures using an external bar
connected to 2 half pins inserted into the proximal femur. Plaster was still required, but
patients could be mobilised and discharged from hospital much earlier (Anderson 1936).

Otto Stader, a veterinarian, also described a reduction splint for treating long bone
fractures, in dogs (Stader 1937). He had developed the device as an alternative to plaster
as dogs often chewed at, or fouled their splints. The fixator consisted of 2 pins above and 2
pins below the fracture site, the 2 sets of pins were each connected to a pin clamp. The
principal advantages of the Stader device was a bar connecting the 2 pin clamps which
maintained the reduction, and so no external splints or plaster were required.

Both the Stader apparatus (Shaar, Kreuz and Jones 1944) and the Anderson device
(Bradford and Wilson 1943) were modified for use in man. The Anderson device had been
issued to military hospitals and Bradford and Wilson reported the early results of its use in
61 patients. The indications for external fixation were thought to be casualty evacuation or
multiple injuries. No long-term follow up is available, but Bradford and Wilson reported no
pin track infections or delayed unions. Despite this early promise, the American Army
prohibited widespread use of the method (Cleveland 1956). This was due to the later
reports of a high rate of complications; pin track infection and osteomyelitis, and problems
with the healing of fractures. However, no details of the actual complication rates are given
in the report.
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3.7.3 Fracture healing with external fixation

Many of the problems associated with external fixation arose from a lack of understanding
of bone healing. This is discussed in detail in Section 10.4, however, if a fracture is
compressed and rigid immobilisation is achieved, direct bone healing without the production
of external callus can occur. This usually occurs when a fracture is plated, and a
compression screw is used. Direct bone healing is unlikely to occur when an external fixator
is used unless there is anatomical reduction, compression and no comminution is present
at the fracture site. In addition, the external fixator must be sufficiently rigid to prevent any
micromotion. Primary bone healing is a slow process taking many months, and if the
implant is removed too early, refradure may occur. This may require a fixation device to be
left in place for 12-18 months. There would probably be a high complication rate, if an
external fixator was applied for this length of time.

With most external fixators, movement at the fracture site prevents direct bone healing, and
results in the production of external bridging callus. In addition, in fractures treated by
external fixation, movement at the fracture site stresses the pin/bone Interface, and may
result in bone lysis and loosening of the pin (Pettine, Chao and Kelly 1993). This can lead to
loss of fracture reduction with subsequent shortening or malunion. Pin problems are more
likely if there is thermal necrosis of the bone during pin insertion, or with soft tissue
problems around the pin (Green 1981). Pin track complications and difficulties with fracture
healing have been the main reason for the lack of popularity external fixators, but these
complications are usually due to the prolonged use of the devices.

3.7.4 Modem external fixators

Primary bone healing using a rigid external fixator was reported by Lawyer and Lubbers in
1980, when they published a review of 34 complex tibial fractures treated by the Hoffman
apparatus. Hoffman had developed his fixator design in 1938, using a pin clamp attached to
unilateral half pins, and with the pin clamps connected by steel bars (Hoffman 1942). His
original design was modified by Vidal using transfixion pins, where both ends of the pin
protrude through the skin, with 4 connecting bars to produce a more ngid bilateral frame
(Lawyer and Lubbers 1980).

Many of the fractures reviewed by Lawyer and Lubbers had healed without callus, and the
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time to union was related to the accuracy of the fracture reduction, and therefore the
possibility of compression across the fracture site. Compression would be possible due to
the rigidity of the bilateral frame. Malunion was not a major problem, all fractures healed at
anatomic length. Pin track infections did occur. Three of the 10 (30%) severe open fractures
had pins that required debridement to treat infection. Closed or less severe open fractures
had an infection rate of (4.5%). However, despite the improved healing with transfixion pins,
they have been associated with a much higher pin track infection rate (Clifford, Lyons and
Webb 1987), and this has resulted in the technique being abandoned by most surgeons.

By the 1980's external fixation was considered the treatment of choice for open tibial
fractures, especially Gustilo type III fractures. Although the complication rate associated
with external fixation of these fractures was high, ultimately most would heal. At that time it
was thought that no other fracture device was suitable for these fractures, and that the final
result was better than an amputation. The patients usually required several operations;
Lawyer and Lubbers (1980) documented an average of 5 operations per patient.

At the state trauma centre in Maryland, Edwards ef a/, described the results of staged
reconstruction in Gustilo type III tibial fractures (Edwards, Simmons, Browner etal. 1988).
Immediate debridement, repeated if necessary, was carried out with stabilisation by external
fixation, and early soft tissue reconstruction and bone grafting. The surgery was performed
under the direct supervision of attending orthopaedic surgeons with an interest in
musculoskeletal trauma, and treatment was carried out as part of a prospective protocol.
Union occurred in 159 out of 171 fractures (93%) at an average of 9 months following
injury, but 28% of these had been bone grafted. Malalignment of more than 10 degrees
occurred in 9%, and pin track infection also occurred in about 9% of patients.

At that time, this was considered the correct management of these injuries. There was no
doubt that adequate wound debridement was vital, and early soft tissue reconstruction
seemed to improve the outcome. These fractures had to be stabilised, and open reduction
and internal fixation had fallen out of favour because of the complication rate. External
fixation did have high complication rates, but the ultimate result was usually good.
Intramedullary nailing was considered to have a role in closed, or Gustilo type I or II
fractures, but was thought by Edwards ef a/. (1988) and others to have an unacceptably
high infection rate if used for type III open fractures. However this opinion changed during
the 1990's.
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3.7.5 External fixation of military injuries
3.7.5.1 Introduction

The use of an external fixator for managing war wounds has been debated, with opinions
both for and against its use. Bradford and Wilson reported the use of the Anderson device
in 1943, when it was first issued to American military hospitals. They felt its use was
indicated in patients with multiple injuries, infected fractures, or to prevent complications
during evacuation. However Cleveland (1956) in a post war summary reported:

Exfema/ ^yaffon soon pmved /fse/f fo 6e a mef/7od fofa/Zy
to the management of military casualties
and compound

ivas

its use in both simple
assoc/afecf

a

percentage of bofA /n/iec(7on and de/ayed un/on ... 77?e use of th/s
method ivas thereAD/ie A)ft/dden and f/7e apparatus was removed
Aom f/)e /?ospAa/s'

However, as noted previously, plaster is not the ideal method of treatment for fractures with
bone loss, vascular injury or extensive soft tissue loss. Given that internal fixation, or IM
nailing (see below) are not suitable procedures to be carried out in a forward surgical facility,
then external fixation has to be considered as an option in the initial management of these
complex injuries.

Zinman and Reis (1984), described the use of an external fixator in the treatment of
casualties during the Lebanon War. The indications were severe bone or soft tissue injury,
fractures associated with burns or those requiring vascular repair. Of the 45 fractures, 15
involved the tibia. Two of the tibial fractures developed a non-union, unhealed after 1 year,
and 1 further patient suffered a refracture that healed with conservative treatment. There
were no cases of chronic infection, but pin track infection occurred in 6.2% of all pins. This
required pin removal and debridement to treat the infection.

Coupland (1989), based on his experience with the International Committee of the Red
Cross (ICRC), felt that the main role of the external fixator was in the treatment of large soft
tissue wounds associated with fractures. He once more emphasised that its role was
secondary, and that adequate wound debridement was the main priority. Coupland
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believed that application of the external fixator should be delayed for about 5 days following
the initial surgery, in case further wound debridement was necessary. He felt that the fixator
hampered wound debridement, and was concerned about the possibility of infection if pins
were inserted immediately after the patient had been 'brought in from the field'.

External fixation has been accepted by the British armed forces but they have not as yet
fully established the indications. Few external fixators were used during the Falklands War.
Spalding ef a/. (1991) reporting on 63 patients with penetrating missile injunes, described
the use of the Centrafix Military Pattern' fixator during the Gulf War. Twenty-three patients
had fractures, and external fixators were applied to 8 of these 23; 4 other patients were
treated by primary amputation, and 11 were treated by plaster. External fixation was used
when there was comminution at the fracture site or bone loss; all of these unstable fractures
were associated with severe soft tissue injury. Unlike Coupland, Spalding ef a/, found that
immediate external fixation helped rather than hindered wound management. Spalding ef
8/. also found that the external fixator was of benefit when patients were evacuated further
down the medical chain. This is a benefit that must be considered in patients with fractures
who will be transferred out of a medical facility early. Patient transfer was considered by
Coupland (1989), but he noted that patients treated by the ICRC were not normally
evacuated. There is no follow-up for the patients described by Spalding ef a/., as they were
evacuated at an early stage, and many were prisoners of war.

3.7.5.2 Complications of external fixation for military injuries

A detailed follow up on the use of the external fixator during the war in Croatia, was
provided by Dubravko et a/.; in this series 4 different types of fixator were used (Dubravko,
Zarko, Tomislav ef a/. 1994). During an 18 month period 116 external fixators were applied
to 109 patients with open fractures from missile injuries, 46 of these fixators were used to
treat tibial fractures. Of the 116 fixators, complications occurred in 79 (68.1%); pin track
infection occurred in 35.3% of all patients, and pin track osteomyelitis in 7.8% of patients. It
should be noted that in one of the authors' radiographs, some of the fixator pins appear to
cross the fracture site in the region of the wound. This is likely to increase the risk of
infection at the fracture.

Information on fracture healing is only available for 37 patients. Twelve of these patients
required bone grafting for extensive bone loss, but it is unclear from the report when this
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was undertaken. Of the remaining 25 patients, fracture healing took a mean of 193 days;
this is longer than the mean time to healing in the 'high velocity^ fractures treated
conservatively by Witschi and Omer (22 weeks -1970). Of the 116 fractures treated by
Dubravko ef a/., 8 (6.9%) required reoperation for loss of reduction of the fracture site.

Has et al. discussed the treatment of limb injuries in a further retrospective review of war
injuries from Croatia (Has, Jovanovic, Wertheimeref a/. 1995). Of 1320 open fractures
treated, external fixation was used in 215 (16.3%); 7 different types of fixators were used. Of
the 215 fractures treated by external fixation, 20 (9.3%) developed osteomyelitis, and 21
(9.8%) developed a non-union. Nine of these 21 subsequently developed osteomyelitis
(4.2% of original 215). No information is given about the other 1105 fractures treated by
methods other than external fixation, and yet the authors conclude that external fixation is
the method of choice for these open fractures. This was also the opinion of a report from
Sarajevo, where most open fractures from missile wounds were treated by external fixation,
using a locally produced Sarafix" fixator (Lavy 1995). No follow up is available for these
patients.

Labeeu ef a/, reported the use of 149 FESSA' external fixators in the management of
fractures of the lower limb during the Rwandese War (Labeeu, Pasuch, Toussaint ef a/.
1996). Again no follow up is reported, but infections were said to be 'quite numerous
especially in pin track infections'. These infections were blamed on the patients' 'African
way of life'. The authors felt that in theory all war fractures should be treated by external
fixation, and yet they do not appear to have treated many fractures by any other means.

It can be seen, therefore, that external fixation has been accepted as the treatment of
choice by many surgeons in the management of open fractures from missiles. This is
despite the fact that few reports have any follow-up studies, and those that do report a pin
track infection rate of up to 35.3%, and osteomyelitis in 7.8% of patients (Dubravko et al.
1994). Fracture healing is often delayed, with a non-union rate of 9.8% (Has etal. 1995).
Given that military open tibial fractures have a higher infection rate than civilian injuries,
then pin track infection may also be more common with military injuries. Malunion rates
have not been reported, but 6.9% of fractures in one series required reoperation for loss of
reduction (Dubravko ef a/. 1994).
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Coupland, in a review artide (1994), advised caution when considering external fixation as
the treatment of choice for fractures in the military environment. He emphasised the
importance of good initial wound debridement, relegating the means of stabilisation as a
secondary consideration in most situations. He emphasised that the International Red
Cross hospitals usually had no specialist surgeons, or onward evacuation, but Coupland did
feel that casualty evacuation was one indication for external fixation. He felt that other
indications included multiple injuries, fractures with associated vascular injuries, and
significant bone or soft tissue destruction. External fixation should be avoided in children,
fractures of the humerus, and especially when there was lack of surgical follow up.

Hammer ef a/, described the use of a new 'simplified' fixator during war conditions
(Hammer, ROOser, Lidman ef a/. 1996). This was used on 96 patients in Somalia, 'but no
long term follow up was possible'. The authors state that no fixator was removed due to pin
related complications, but admit that the incidence of pin track infection was not known. The
authors further state that the rigidity of this frame is sufficient for soft tissue recovery, and
yet there is no published information on the degree of rigidity required for 'soft tissue
recovery'. In addition it has been demonstrated that the rigidity of a frame is not solely
dependent on the design, but is also related to the way it is applied (Goodship, Watkins,
Rig by etal. 1993). Coupland's experience, together with historical reports, would suggest
that plaster provides sufficient rigidity to allow 'soft tissue recovery' to take place.

3.8 Intramedullary Nailing
3.8.1 Introduction

Intramedullary (IM) fixation, often considered a development of the 20th Century, was
practised in one form by the Aztecs 500 years ago (Haegar 1988).

'FW

bm/fen 6one s/70u/(/ Ae

fogefAer.. and

exfendec^ a n d

nof e^cffve, an /nc/s/dn s/?ou/dbe made,

the bone-ends exposed and a branch of fir-wood inserted in the
manotvcawfy...'

Lambotte had been using 'the axial method of osteosynthesis' since 1907. In addition. Rush
and Rush (1967), and Lambrundi (1940) had also described their technique of IIVI pins, but
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all of these surgeons used relatively small implants (Soeur 1946). Gerhardt KOntscher
developed the current system of IM fixation in the 1930's. He was the first surgeon to
design a canal-filling implant, for which Kuntscher chose the term 'nail' using the analogy of
the carpenters' nail becoming fully impinged in bone by elastic forces (Kuntscher 1958).
The implant was shaped like a clover-leaf in cross section, to take advantage of the elastic
forces produced by deformation, and also to allow the nail to support considerable axial
loads. Kuntscher developed a closed technique of insertion of the nail using fluoroscopic
guidance, and was prepared to nail open fractures (Le Vay 1950).

His method was criticised in Britain, where it was felt that the technique evolved because of
a shortage of hospital beds or skilled nurses (Le Vay 1950). Concerns were raised about
the risk of sepsis from moving the lights and the screening equipment, and amputation of
fingers and gangrene of the nose were expected as a result of the radiation (Le Vay 1950).
Closed IM nailing was said to carry 'an unbelievable number of complications' and a section
of The Journal of Bone and Joint Surgery was devoted to the problems and complications
(Watson-Jones 1950). This pessimistic view of IM nailing was in contrast to a number of
reports in the same journal in the previous years. Soeur (1946) had described his first 2
years experience with the technique in 55 fractures. He reviewed the literature on the
possible effects of the nail on the bone marrow, and the possibility of infection and fat
embolus, and concluded it was a safe and effective technique. At that time he did not
recommend IM nails for open femoral or tibial fractures (Soeur 1946).

3.8.2 The effect of IM nails on the cortical blood supply

This was one of the concerns of many authors, amongst them Trueta and Cavadias (1955),
who reviewed the effect of an IM device in rabbits. They demonstrated the importance of
the nutrient artery, and showed that if this was occluded, the inner two thirds of the cortex
became necrotic. Kuntscher admitted that the technique destroyed both the bone marrow
and the medullary part of the nutrient artery, but based on his experience, and animal
experiments, felt that there was no effect on the healing of the fracture (Kuntscher 1958).
Rhinelander (1973) confirmed this finding, and demonstrated that a number of adaptive
measures occurred to maintain the viability of the bone. In areas of cortical bone not in
direct contact with the nail, medullary vessels rapidly regenerated. Where the nail was in
direct contact with bone, osteoclastic removal of necrotic cortex occurred, with replacement
by vascular medullary tissue. Rhinelander also demonstrated that the nutrient artery
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adapted to the nail. Nomially the nutrient artery does not branch until the centre of the
medullary canal. After insertion of a nail filling the medullary canal, the artery formed
intracortical branches which revascularised the inner cortex of the bone.

3.8.3 Increased popularity of IM nailing

The first report of a series of patients from Britain treated by an IM nail was by Alms in 1962.
He described 50 patients with tibial shaft fractures, and emphasised the convenience of the
procedure, with an earlier return to work and the avoidance of a long leg plaster. Alms
modified a femoral clover-leaf type nail, and reported neither non-unions nor sepsis. Eight
of the 50 fractures were open, and Aims feit that the wounds should be observed until there
was evidence of healing without sepsis prior to nailing. He did however state early nailing
might be justified if there was sufficient skin loss to require a cross leg flap.

Hamza ef a/, reported a further series of 50 fractures from Britain, including 22 open
fractures, in 1971 (Hamza, DunkeMey and Murray 1971). They reported that 47 (94%) of the
patients had good or excellent results, with normal function. The average time to
radiographic union was 4 months. Three of the patients had shortening of over 2.5cm, 2 of
these were in open fractures (9.1%). Three wound infections occurred, all in open fractures
(13.6%), but all wounds eventually healed, with no evidence of osteomyelitis.

The indications for IM nailing were expanding in the 1970's, especially with development of
interlocking devices proximally and distally to help to control length and rotational stability.
This again had been Kuntscher's idea with modifications by Kempf etal. and others
(Kempf, Grosse and Beck 1985), and was first introduced in 1972. Intramedullary nailing
was also being used as a secondary salvage procedure especially for non-unions in
fractures treated conservatively.

Olerud and Karlstrom (1972) reported the use of secondary IM nailing following plating of
tibial fractures. They described 15 fractures, eight of which were open. Fourteen of the 15
fractures healed without complications. In one patient with previous wound infection, a
persistent discharge occurred but the fracture healed. They reported good or excellent
results in 13 of the 15 (86.7%).

A much larger series of fractures was reported by D'Aubigne ef a/. (1974) who described
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849 tibial fractures treated by different metiiods. The complication rates for the methods of
treatment are tabulated below (table 3.4). The authors defined delayed union as a fracture
that required an additional surgical procedure, before the fracture healed. It should be noted
that for some of the complications D'Aubigne included patients from a previous report. The
infection rate following internal fixation is not described in the report.

Table 3.4 - Complication rates of different methods of treatment - from D'Aubigne ef a/.
(1974)

Closed Fractures
Method of

Number

Treatment

Delayed

Infection

Open Fractures
Number

Union

Delayed

Infection

Union

IM nail

384

1%

0.8%

256

4.7%

6.6%

Plaster

119

4%

1.6%

31

16%

8.3%

Internal Fixation

46

8%

13

61.6%

These figures demonstrate a low complication rate following IM nailing of both open and
closed fractures. As discussed previously piaster is an ideal method of treating closed
fractures, but is associated with a high complication rate in treating open fractures. This is
confirmed by D'Aubigne's data.

Bone and Johnson (1986) reviewed the results of 112 fractures treated by IM nailing.
Seventy-six nailings were carried out for recent fractures, the remaining 36 as secondary
procedures. Twenty-six of the 76 fractures were open, and 90% of the recent fractures were
caused by a high-energy mechanism. Acute fractures were nailed at an average of 3 days
following injury. The average time to union was 17.8 weeks, with 2 (2.6%) delayed unions.
Both of these fractures united after further surgery, bone grafting in 1, and exchange nailing
in the other. Infection occurred in 4 patients, in 2 (4%) patients with closed fractures, and in
2 (7.7%) open fractures; all 4 fractures united.

3.8.4 Reamed versus unreamed IM nailing

There is little difference in the 7.7% infection rate in open fractures described by Bone and
Johnson (1986), and the 6.6% infection rate described by D'Aubigne ef a/. (1974). There is
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however, a major difference in the technique used by the authors, Bone used a reamed
technique, D'Aubigne avoided reaming, as he felt it increased the risk of infection without
providing any mechanical advantage. Reaming was originally recommended by KUntscher
who described it as the 'final but most important step in intramedullary nailing'. He
recommended reaming to widen the canal over its entire length, both to increase the
contact area and to allow a larger, stronger nail to be used (Kuntscher 1958). Reaming is
also recommended by the AO group, although they have introduced a solid unreamed tibial
nail (Muller, Allgower, Schneider ef a/. 1991). Prior to the introduction of the Kuntscher nail,
all IM devices were unreamed, and were hammered across the fracture site.

With the increased use of IM nails in the management of open fractures, concerns have
been expressed about the infection rate following reaming. The effect of reaming on the
vascularity of the tibia has been questioned (Schemltsch, KowalskI, Swiontkowski
e/ a/. 1994), and experimental studies have reported a higher risk of distant infection
following reaming (Curtis, Brown, Dick ef a/. 1995). Unreamed nails are smaller than those
used following reaming, and a higher rate of locking screw breakage has been reported
(Schandelmaier, Krettek, Rudolf et al. 1995). In addition a higher rate of delayed union has
been reported following the use of unreamed nails (Court-Brown, Will, Christie etal. 1996).

Despite these reports a recent prospective study by Keating et al. demonstrated no
difference in the clinical and radiological outcome of open tibial fractures following either
reamed or unreamed IM nail (Keating, O'Brien, Blachut ef a/. 1997).

3.8.5 Intramedullary nail or external fixation in the management of open tibial fractures

In the late 1980's external fixation was considered the treatment of choice for severe open
fractures of the tibia (Edwards ef a/. 1988). However, good results had been reported with
IM nailing of open fractures (Bone and Johnson 1986).

Schandelmaier ef a/. (1995) reported a retrospective, non-randomised comparison of
unreamed nailing and external fixation in the management of tibial fractures, where the
treatment method was determined by surgeon preference. Sixty-six fractures were treated
by external fixation (39 open fractures), and 48 were treated by unreamed nailing (34 open).
The fractures treated by external fixation required significantly more re-operations, 1.84 per
patient (compared with 0.81 in the nail group), most of these operations were bone grafts.

63

Mr J C Clasper
DM Thesis

Chapter 3

Bone grafting was carried out if there was no radiographic progression to union by 16
weeks. There was no significant difference in the healing between the groups, although
each group had its individual complications. Pin track infection occurred in 25.8% of the
external fixators, and 18.8% of IIVI nails had interlocking screws break.

The functional outcome based on return to work, shortening, and malalignment was
significantly better in the IM nail group, and based on this, and the lower reoperation rate,
the authors concluded that the unreamed IM nail was the better treatment option.

Many surgeons now feel that IM nailing rather than external fixation is the method of choice
to stabilise the fracture (Schandelmaier ef a/. 1995; Templeman ef a/. 1998). An IM nail
allows better access to the wound and the improvement in plastic surgical techniques may
be more important than the method of stabilisation. For this reason IM nailing may be the
better option for open tibial fractures.

The ability to redisplace the fracture site with an external fixator, compared with a nail,
allows repeat debridement of the bone ends if necessary. External fixation may therefore be
the better treatment option in the heavily contaminated wound. Curtis etal. (1995) have
shown in a goat model with a contaminated wound that there were significantly fewer and
less severe infections in fractures stabilised by external fixator, when compared with both
reamed and unreamed nails. In this model however the fracture site was contaminated after
the fracture was stabilised, and so does not truly represent fixation of an open fracture that
would already be contaminated. Hill etal., using a sheep model, have recently
demonstrated extensive osteomyelitis when a fracture site was nailed 6 hours after heavy
contamination of the wound (Hill, Parker, Clasper etal. 1998).

3.8.6 Intramedullary fixation of military fractures

Intramedullary fixation with a nail is currently considered to be the method of choice for the
stabilisation of open tibial fractures in the civilian environment (Tometta, Bergman, Watnik
etal. 1994; Templeman etal. 1998).

Its main disadvantage is that the operation is technically very demanding. It requires even
more equipment than plating, including image intensification. For IM nailing to be performed
in a military environment, it would require a relatively static surgical facility, and would be
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unsuitable for use near a front line. Intramedullary nailing of femoral fractures caused by
war wounds has been reported by Dudley (1973), based on his experiences in Vietnam,
although there is no follow-up of the patients. His method of open nailing, without the ability
to statically lock the nail, is likely to result in a high complication rate if used for open tibial
fractures.

In a further report from Vietnam, Rk:h ef a/, reviewed the results of open fractures that
required a vascular repair (Rich, Metz, Hutton ef a/. 1971), and discussed the method of
stabilisation of the fracture. They reported that when IM nailing was used, 50% of the nails
required removal for complications directly related to the implant. The most common
complication was infection, and the authors concluded that, in the military environment,
external splints with the use of transfixion pins was a safer option for the stabilisation of
fractures associated with vascular injuries.

The advantages of IM nailing are the high rates of healing for both wound and fracture. No
additional splints are necessary, and this allows full access to the wound for inspection,
dressings or plastic surgical procedures. As with internal fixation, IM nailing should probably
be considered as a secondary method of treatment. This could be carried out after
evacuation of the casualty, possibly after plaster immobilisation, which would be a good
method of initial stabilisation.

3.8.7 Summary of methods of stabilisation

It Is apparent that plaster and external fixation are the methods of choice for the initial
stabilisation of military fractures. For many fractures, plaster is the ideal method, but for
complex injuries external fixation is required. These indications include:

- unstable fractures, due to severe comminution or bone loss where plaster
can not maintain adequate stability.
- severe soft tissue injury, where microvascular anastomosis may be required,
such as free tissue transfer.
- fractures with associated vascular injury, where vascular repair is required
- multiple injuries.
- patients requiring evacuation, especially with femoral fractures.
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3.9 Secondary Treatment of Fractures
3.9.1 Introduction

For many fractures a change in the method of stabilisation may be necessary. This may
occur for two main reasons, either a complication in the initial method of stabilisation, or a
planned conversion as part of a treatment protocol. Examples of the former include
infection of a plate or intramedullary nail which require its removal, or secondary internal
fixation for delays in healing or malunion with plaster or external fixation (McGraw and Lim
1988; Tornqvist 1990). More recently, however, conversion from one method of fixation to
another has been part of a planned protocol (Blachut, Meek and O'Brien 1990). This is
usually carried out to avoid prolonged orthopaedic surgery in unstable trauma patients who
may not be able to tolerate the procedure (Clasper, Turen and Vanko 1998). Secondary
internal fixation can then be carried out at a later date when the patient has stabilised. A
similar treatment protocol could be considered for military fractures.

3.9.2 Initial treatment in plaster

For fractures treated by plaster, if a satisfactory position is confirmed on subsequent
radiographs, plaster can be used as the definitive treatment. If any delay in healing occurs,
early bone grafting with or without appropriate internal fixation should probably be carried
out. If the position in plaster is unacceptable, then early internal fixation, with either plates or
an intramedullary nail can be considered. In general, if excessive delays are avoided,
secondary internal fixation can be carried out safely, although, as discussed above,
infection after secondary plating may occur.

3.9.3 Initial treatment by external fixation

For the more complex injuries an external fixator may have been applied. However the long
term outcome of external fixation in the treatment of military fractures is not known, and
complications do occur with the civilian use of external fixators. Many of the problems
associated with external fixation are due to its prolonged use, and it is possible that initial
external fixation should be used followed by conversion to a different method of stabilisation
at a later date, when better facilities are available.

66

Mr J C Clasper
DM Thesis

Chapter 3

In the civilian environment this technique has been used successfully in the management of
both femoral and tibial fractures, particularly with critically ill patients. The main problem with
initial external fixation followed by early IM nailing, has been an increased risk of nail
infection (Blachut ef a/. 1990). However, this has been shown to be due to previous pin
track infection and protocols have been recommended, and techniques established. This
will be considered in more detail below.

3.9.4 Fractures with joint involvement

If the fracture involves a joint surface, and the fragments are displaced, plaster, external
fixation and IM nailing are not suitable methods of definitive treatment. If reconstruction is
possible and suitable facilities are available, early fixation with screws and/or plates should
be canried out. If reconstruction of the joint is not possible, the position should be accepted
and early mobilisation started. Fusion of the joint is an alternative for some joints,
particularly the ankle and wrist but should be avoided at the hip and knee, and particularly
the elbow if possible.

3.10 Stabilisation of Specific Bones

In general, fractures of the upper limb are best treated by plaster and other external splints,
avoiding external fixation unless there are specific indications. With the humerus,
shortening, one of the problems of treatment with plaster or other splints is not a functional
problem, whereas external fixation of the humerus has been associated with a high risk of
pin track Infection (Burny 1984), Successful treatment of gun shot wounds of the humerus
has been reported, but the majority of these were low-energy injuries (Wisniewski and
Radziejowski 1996). Forearm fractures are difficult to treat by external fixation, and better
results are obtained by initial splintage followed by early internal fixation when the patient
reaches a base hospital.

Fractures around the wrist, however, are eminently suitable for external fixation and this is
commonly performed in the civilian environment as well (Abbaszadegan and Jonsson
1990). Pins are inserted into the distal radius and (usually) the index finger metacarpal.

External fixation is commonly indicated for lower limb injuries. Fractures of the femur should
initially be stabilised by a Thomas splint or external fixation. Secondary conversion to an IM
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nail can be considered at a base hospital. Open fractures of the tibia will be one of the more
common injuries seen during armed conflict, and initial stabilisation by plaster or external
fixation can be recommended.

Most severe open fractures treated with external fixators will eventually heal, but many, if
not the majority, will develop complications. The long-term complications of the use of
external fixators have not been addressed in war wounds, but it has been recommended
that external fixation be discontinued as soon as another form of stabilisation can be used
(Jacob et a/. 1992). External fixation has become less popular for peacetime open
fractures, and often IM nailing is considered the better treatment option (Tometta ef a/.
1994; Templeman ef a/. 1998). Unfortunately primary IM nailing is not a practical proposition
in the field, in wartime conditions, but secondary IM nailing is certainly an option if
evacuation is possible.

One method of treatment, which has been considered for peacetime fractures of the tibia,
but has never been investigated for war injuries, is external fixation at the time of initial
debridement followed by early conversion to an IM nail. This conversion might be possible
at the time of wound closure, if the casualty has been evacuated to a hospital with the
necessary facilities. This has all of the initial advantages of external fixation, providing
immediate stability, and facilitating evacuation. Early conversion to an IM nail would avoid
the disadvantages of delayed union or pin track infections, which are associated with the
prolonged use of external fixators. This technique would also allow the definitive
management of the injury to be safely delayed until all treatment options are available.

This technique will be discussed in detail in the next chapter.
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4. Conversion of External fixation to Intramedullary Nail
4.1 Introduction
4.1.1 Initial reports

Rohan and Miller (1969) were the first authors to report secondary IM nailing following pin
fixation of a tibial shaft fracture. One of their patients was initially treated by traction, which
was then converted to transfixion pin fixation incorporated into a plaster. The patient
subsequently developed a pin track infection, the pins were removed and plaster reapplied.
Despite several more months in a plaster, followed by secondary IM nailing, the implant
became infected, and ultimately the patient required an amputation.

The first report of converting from an external fixator to an IM nail was by KarlstrGm and
Olerud in 1975. In a report of 28 patients treated by external fixation, they describe 1 patient
who had conversion to a nail carried out 3 months after the original injury, for a delayed
union. This became infected, and 2 revision procedures and bone grafting were carried out
before the fracture finally healed and the infection was 'cleared'.

In a review of their experience with IM nailing, Bone and Johnson (1986) described 5
patients who had initially been treated by external fixation. One of these patients developed
infection around the nail; the fracture healed, but a chronic sinus developed. No additional
information is given about the other 4 patients.

McGraw and Urn (1988) were the first authors to specifically report a series of patient who
had conversion from external fixation to an IM nail. They described 16 patients who had
nailing carried out after complications following external fixation. The patients were treated
with an external fixator for a mean of 8.5 weeks, this was then removed, and IM nailing
carried out at a mean of 3 weeks later. Only 5 of the 18 fractures healed without major
complications, or further surgery being required. Non-union occurred in 8 patients, and
persisted in 5, all of whom had deep infections. The authors concluded that alternative
forms of treatment should be considered. Of note, however, is the fact that 7 of the 16
patients had a history of complications before the IM nailing was carried out, and this was
related to subsequent problems. Five patients who had previous wound infections
devebped deep infections after IM nailing.
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Initial attempts at conversion from external fixation to an IM nail were therefore associated
with a high complication rate, particularly infective problems. In an attempt to reduce the
infection rate, some authors developed a protocol for secondary IM nailing. Hansis and
HGntzsch (1988) reported a series of 39 patients where IM nailing was carried out as a
salvage procedure following external fixation, for both open and closed tibial fractures. They
describe their protocol, which included 8-10 days in plaster while the pin sites healed, perioperative prophylactic antibiotics, and the use of intraluminal drains. Of their 39 patients, 2
(7.7%) developed early postoperative deep infections, both with a history of previous pin
track sepsis. One other patient developed a late infection.

4.1.2 Role of previous pin track infection

IVIaurer ef a/. (1989) reported 24 patients with a duration of external fixation of 52 days,
followed by an interval of 65 days prior to IM nailing. Six (25%) of their patients developed
an infection around the nail. The authors looked for predictors of infection, and found that
duration of external fixation, wound coverage, or other injuries were not related to
subsequent infection around the nail, but that pin track infection was. Of 7 patients with
previous infection at one or more pin sites, infection developed around the nail in 5 (83.3%).
Of the 17 patients with no history of pin sepsis, subsequent infection developed in only 1
(5.9%) patient.

Several other authors have reported pin track infection as a risk factor for subsequent
sepsis, and the relationship between osteomyelitis around the nail, and previous pin track
infection can be seen in table 4.1. Not all patients with pin track infections developed
osteomyelitis after IM nailing, but a very high percentage of patients with osteomyelitis had
a previous pin track infection (66.7 -100%).
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Table 4.1 - Relationship of infected nail to previous pin track infection

Author

Number

Duration of

Interval

Number of

Number with

of

External

Before IM

Infected IM

Previous Pin

Patients

Fixation

Nail

nails

Track Infection

8-10 days

3 (7.7%)

2 (66.7%)

Hansis & HOntzsch

39

Maurer et al.

24

52 days

65 days

6 (25%)

5 (83.3%)

Tornqvist

6

72 days

218 days

4 (66.7%)

4(100%)

-

TOmqvist (1990) agreed with previous authors about the risk of pin track sepsis. He
reported 12 non-unions, where the initial treatment had been by methods other than
external fixation. All of the fractures healed after secondary IM nailing, without any
complications, Tornqvist compared this to 6 cases of non-union where the initial treatment
was by external fixator. All 6 had a history of pin track infection, and 4 of these 6 developed
intramedullary sepsis, with the same bacteria as previously isolated from the pin sites. This
is despite a mean delay of 218 days (range 112-449 days) between the removal of the
fixator and secondary IM nailing.

Only one report dismisses pin track infection as a risk factor for subsequent infection
(Marshall, Saleh and Douglas 1991). In a retrospective review of 25 fracture non-unions or
limbs undergoing lengthening, Marshall etal. reported only 1 deep infection, despite all
patients having pin track sepsis prior to nailing. This deep infection occurred in a patient
with evidence of previous osteomyelitis. Of the 25 cases, only 9 involved the tibia.

Most authors however, accept that previous pin track infection is a risk factor for
subsequent infection, and many would regard it as a contraindication to secondary IM
nailing. Johnson etal. reported 13 patients, 3 with segmental fractures, all of which healed
following secondary IM nailing for tibial fractures (Johnson, Simpson and Helfet 1990). Six
of the fractures were closed and the authors specifically excluded any patient with a Gustilo
type III fracture, or any patients with previous pin track sepsis or osteomyelitis. In their
series, external fixation was used for a mean of 12 weeks (range 3-25 weeks), with a mean
interval of 13 days (range 5-30 days) between fixator removal and IM nailing. The authors
concluded that the procedure was a relatively safe option, after excluding potentially highrisk patients. In Johnson's patients, as in the previous reports, secondary IM nailing was
being used as a salvage procedure when the previous method of treatment had failed.
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4.1.3 Planned conversion to IM nail

Blachut ef a/. (1990) were the first authors to describe secondary nailing as part of a
planned treatment, rather than as a salvage procedure after failed external fixation. They
reviewed 39 patients, all with open fractures with a mean duration of external fixation of 17
days (range 6-52 days). Conversion to IM nailing was carried out after a mean of 9 further
days in plaster (range 0-24 days). Two of the patients developed pin track sepsis, but
neither had problems at subsequent nailing. Two patients did develop deep infections
following IM nailing, but neither had pin track problems prior to nailing. One of these patients
had simultaneous external fixator removal and IM nailing, without a period in plaster. The
authors concluded that this sequential treatment protocol, with a short period of external
fixation yielded excellent results.

Siebenrock ef a/, considered that changing to an IM nail after treatment of an open tibial
fracture was a more effective means of treatment, than continuing with external fixation, or
plating a fracture (Siebenrock, Schillig and Jakob 1993). The results are summarised below
(table 4.2).

Table 4.2 - Complications of different methods of secondary treatment of tibial fractures
following initial external fixation - from Siebenrock ef a/. (1993)

Number

Osteomyelitis

Non-union

IWIalunion

External Fixation

73

8.2%

8.2%

32.8%

IM Nail

24

4.1%

4.1%

24%

Plate

38

10.2%

7.8%

29%

Method of Secondary Treatment

There was however, a difference in the timing of the procedures. Secondary IM nailing was
carried out at a mean of 6.4 weeks after injury, compared to a mean of 13.1 weeks for
delayed plating. In both groups about 50% of the patients had fbcator removal and the
secondary procedure carried out at the same operative session. Siebenrock ef a/, also
noted that secondary IM nailing could be carried out following external fixator removal,
without a period in plaster. It was suggested that this should be done soon after injury, 1-3
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weeks after the external fixator was initially applied.

Antich-Adrover etat. published a more recent comparison of different secondary treatments
following initial external fixation of open tibial fractures (Antich-Adrover, Marti-Garin, MuriasAlvarez ef a/. 1997). They removed the external fixator at 4-5 weeks post injury, and
compared definitive treatment in plaster (27 patients), with secondary IM nailing (17
patients).

Secondary IM nailing was delayed by a mean of 10 days to allow the pin sites to heal. Time
to union was shorter in the group treated by IM nailing (26 weeks vs 35 weeks), the
incidence of malunion was lower, and the rate of non-union was less (5.8% vs 29.6%). One
patient treated by IM nail developed a deep infection that required nail removal, bone
grafting, and reapplication of the external fixator.

In recent years there has been a change in the role of secondary IM nailing of tibial
fractures, from salvage of a non-union, (which can be associated with a high complication
rate), to planned early conversion to IM nail. The early conversion is often planned when an
IM nail is felt to be the initial treatment of choice, but this cannot be carried out for medical
reasons. This may be in the polytrauma patient, fractures with severe soft tissue injury, or in
the patient considered medically unfit to undergo IM nailing at that time. These indications
are similar to the role of early conversion to IM nail for femoral fractures (Clasper et al.
1998).

Hontzsch et al. reported a prospective study of 61 femoral, and 106 tibial fractures, where
conversion to IM nail was carried out within 3 weeks of injury (Hontzsch, Weller, Engels et
a/. 1993). A one-stage conversion, with removal of the fixator, and IM nailing during the
same operative session, was carried out in 55 of the 106 tibial fractures. A two-stage
conversion with removal of the fixator and IM nailing at a separate time, was carried out in
the remaining 51. In two stage procedures the IM nail was carried out when the wounds had
healed, usually at 5-8 days following fixator removal. The infection rate for the tibial
fractures, after IM nailing, was only 1.9%.

It can be seen therefore, that the main complication of secondary IM nailing is due to pin
track infection. Despite this, secondary IM nailing has been carried out successfully, despite
previous pin sepsis (Blachut ef a/. 1990). If the pin track infection can be prevented, or
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managed appropriately, it would appear that initial external fixation followed by a planned
early conversion to an M nail is a safe and effective procedure in selected patients. In a
military environment where initial IM nailing is not possible, but evacuation to a facility
capable of IM nailing is likely, this technique has much to offer. It is possible however, that
pin track infection may be more common in the military injury, and therefore, it is necessary
to study the effect of secondary IM nailing when there is a history of pin track sepsis.

4.2 Pin Track Infection
4.2.1 Introduction

The incidence of external fixator pin track infection is reported to vary between 0 - 1 0 0 %
(Green 1983), but overall is thought to occur in approximately one third of patients, and
involve 10% of all pins (Edwards 1986). The incidence increases with duration of external
fixation (Green 1981), but even with a short duration of 17 days, an incidence of 5.1% has
been reported (Blachut ef a/. 1990).

Harkess ef a/, have classified the severity of pin track infection by its clinical appearance
(Harkess, Ramsey and Harkess 1996):

Grade 1 - Serous drainage.

Grade 2 - Superficial cellulitis.

Grade 3 - Deep infection.

Grade 4 - Osteomyelitis.

Green (1983) described a simpler classification, dividing pin track infections into major and
minor. A major infection is defined as sufficient redness, pain or discharge to require
hospital admission for parenteral antibiotics and/or pin removal. Any other pin reaction,
including serous discharge, is defined as a minor infection.

Pin track infections have been associated with loosening of the pin (Mahan, Seligson,
Henry etal. 1991), but it is not known whether infection or loosening occurs first. It has been
demonstrated that pins may loosen in the absence of sepsis (Pettine et al. 1993), but again.
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it is not known if loosening is necessary for a pin track infection to develop.

Pin loosening can be assessed clinically, or quantified by measuring the maximum
extraction torque of the pin. Bumy has devised a clinical grading of loosening (Bumy 1984):

Stage 1 - Perfect anchorage; no perceptible motion between pin and bone.

Stage 2 - Slight motion noticeable between pin and bone.

Stage 3 - Considerable motion between pin and bone (clinical loosening).

Stage 4 - Possibility of manual extraction (or spontaneous pull out) of pin.

In a further report, Bumy ef a/, reported the mean torque of external fixator pins in the
clinical setting, and documented a reduction of torque with time (Bumy, Domb,
Donkenwolcke ef a/. 1984). In well-fixed pins, the mean torque measured after 45 days was
65% of the torque at insertion. The authors also documented a mean torque of 57% for
stage 2 loosening, 26% for stage 3 loosening, and 12% for stage 4 loosening. The duration
of external fixator for the stage 2-4 loosening is not reported by the authors.

In an animal model, pin loosening was reported to be more common with an unstable
fracture (Pettine ef a/. 1993), but a 40% reduction in torque was noted in pins inserted into
an intact tibia. This reduction in torque may be related to creeping substitution of the bone.
Aro et al. demonstrated that 43% of the cortical bone had been replaced by 12 weeks after
pin insertion (Aro, Markel and Chao 1993). Aro ef a/, also demonstrated that unicortical
loosening of the pin was evident within 1 month; they felt this represented local bone failure
caused by high stresses.

4.2.2 Models of pin track infection

Animal models of pin track infection have been developed (Respet, Kleinman and Meinhard
1987; Warme, Brooks, Carpentered a/. 1998), but these models have a number of
shortcomings.

Respet ef a/. (1987) were the first authors to develop an animal model to study pin track
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infection. In a canine model they reported that the medullary canal of 2 out of 4 (50%) pin
tracks (2 animals) were contaminated by 2 weeks, and that 6 out of 9 (67%) were
contaminated by 4 weeks (5 animals). The authors did not contaminate the pins, and the
infecting organism in 7 of the 8 (88%) contaminated pin tracks was also cultured from the
skin. Respet etal. used 0.062 inch wires rather than 4 or 5mm half-pins, and there was no
fracture of the bone. The pins were inserted with a hand drill to avoid thermal necrosis of
the bone.

Respet etal. also reported the results of delayed culture of the bone following pin removal.
Bacteria could still be isolated from the medulla 2 weeks after the pin had been removed,
but by 3 weeks following pin removal, all medullary cultures were negative. It should be
noted that Respet's results relate to a canine model; dogs behave differently from humans,
and often lick pin sites. This could explain both the early contamination, and the prolonged
contamination of the medulla following pin removal.

A caprine model has recently been described (Warme ef a/. 1998), where the pins were
deliberately contaminated with SfapA)y/ococcus aureus, and then inserted into an intact
tibia. However the 5mm pins were contaminated during insertion, and this does not truly
represent the clinical situation. Clinically, infection is most likely to occur after the pin has
been inserted, and then spread to the medullary canal. In their model, the authors were
unable to comment on the bone as a barrier against infection, or to determine if infection is
present within the medullary canal.

This may be particularly important in any study on secondary nailing in the presence of a
pin track infection. If infection is confined to the superficial wound, then it is possible that M
nailing could be carried out safely, especially if debridement is carried out and specific
antibiotics are administered. However, if infection has spread to the medulla of the bone
then IM nailing is likely to disseminate infection, particularly if reaming of the canal is carried
out.

A further animal model has, however, demonstrated that bacteria spread rapidly to the
medulla of the bone, and that contamination may be present despite a normal clinical
appearance (Clasper, Parker, Simpson et al. 1999). A number of aspects of external fixator
pin track infection have been studied by this author, using an ovine model (Clasper 2000).
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In this model three 4mm pins were inserted into the intact tibia of a sheep. Following
satisfactory placement of the pins, they were contaminated with Sfap/ryfococcus aureus,
and the animals allowed to recover and weight-bear as tolerated. A pin track infection
developed around all contaminated pins, with spread of infection to the medulla in all cases.
Given the clinically relevant method of contamination, and as infection developed at all
sites, this is an ideal animal model to study secondary IM nailing in the presence of a pin
track infection. In order to use this model to study secondary IM nailing in the military
environment, it is necessary to confirm the clinical finding that implant infection develops
after IM nailing in the presence of a pin track infection. This is one of the aims of this work.

4.2.3 Aetiology, prevention and treatment of pin track infection

As previously noted, pin track infections have been associated with loosening of the pin
(Mahan ef a/. 1991). Loosening can be reduced by under-drilling the initial hole, thereby
ensuring a tight fit, and so radially preloading the pin (Hyldahl, Pearson, Tepic ef a/. 1991).
Radially preloading reduced micromotion at the pin/bone interface, and reduced the
possibility of high local stresses at the interface, which can cause bone lysis.

Thermal necrosis of the bone can also predispose to infection of the pins (Green 1981).
Temperatures of 89°C have been recorded within 0.5mm of a drill hole (Eriksson,
Albrektsson and Albrektsson 1984). It has been shown that water-cooling the drill,
predrilling a smaller hole or the use of new drill bits, can reduce the maximum temperature
(Matthews and Hirsch 1972).

Other factors thought to predispose to infection include abscess formation around the pin,
and the presence of excessive motion between the pin and the adjacent tissues (Green
1981). This may be due to the development and accumulation of fluid around the pin/bone
interface (Clasper, Cannon, Stapley ef a/. 2001). Excess motion may be the reason for the
higher rate of infection reported with the use of transfixion pins (Clifford ef a/. 1987), which in
many cases had to pass through muscle and other deep tissues. Pins should ideally be
inserted into the subcutaneous surface of a bone.

Despite all these precautions pin track sepsis can still occur, and this will have a significant
effect on the outcome of secondary IM nailing. It is likely that in the military fracture pin track
infection will be more common, due to more extensive contamination and limited resources.
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Further work is needed to investigate the contamination of military fractures, as well as
define the role of pin sepsis, and to detennine if any therapy can reduce the infection rate
after secondary nailing.

There Is little controversy surrounding the treatment of a pin track infection (Green 1981;
Edwards 1986). The pin should be assessed for clinical evidence of loosening. If the pin is
loose it should be removed, replacing it with a pin in a different location if necessary. If the
pin is not loose, the skin around the pin should be incised to allow drainage, adequate pin
care should be ensured, and the patient should be started on an appropriate oral antibiotic if
significant cellulitis is present. Any weight-bearing should be discontinued, and the patient
instructed to elevate and rest the limb.

Most infections will resolve with this management, but if the problem persists the patient
should be admitted to hospital for strict bedrest, elevation of the limb and intravenous
antibiotics. If the pin track infection still fails to resolve, the pin should be removed, and this
will usually cure the problem. A persisting infection, after removal of the pin, is an indication
of chronic osteomyelitis of the track, and requires surgical debridement.

4.2.4 Contamination of military fractures

One factor that has not been considered is the possibility that an external fixator pin may be
inserted through a contaminated area, and so may carry infected material into the medulla
of the bone. This will have disastrous consequences if secondary IM nailing is carried out.
The possibility of inserting a pin into a contaminated area is particularly relevant to the
military casualty, especially with high-energy transfer wounds where extensive cavitation
may have occurred. This may be the reason for the high pin track infection rate after
external fixation of military fractures, and must be considered prior to any widespread use of
secondary IM nailing in management of a military fracture. This will be investigated in the
next chapter.
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4.3 Aims

The initial aim of this research is to develop an /n vAro model of a ballistic fracture to study
the dissemination of contamination. If it can be demonstrated that external fixation can be
carried out without introducing pins through contaminated areas, secondary IM nailing may
be suitable for the military casualty. In addition an animal model of secondary IM nailing will
be developed, to attempt to mirror the clinical finding of a high implant infection rate after IM
nailing when a known pin track infection is present. Using standard methods of treatment it
may be possible to prevent implant infection, and this will also be studied in a second group
of animals.
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5. Contamination of Ballistic Fractures: An /n y/(ro Model
5.1 Aim

The aim of this work was to study the fracture pattern and extent of contamination in an /n
vitro model of a ballistic fracture. This would help to determine if initial external fixation
followed by secondary IM nailing is a realistic option in the management of military fractures.

5.2 Material and Methods

The study was carried out using a sheep model of a long bone fracture. Three separate
groups were studied: In groups 1 and 2 sheep femora were used, in group 3 a complete
hindleg was used, with the fracture created in the tibia.

5.2.1 Direct fracture group (n=7)

All soft tissues were removed, and the bones were individually suspended in a 20% gelatin
solution (Croda Colloids Ltd, Widnes, Cheshire. U.K.) to form blocks measuring 30 cm in
length with a cross-section of 15x15 cm^. The blocks were made 48 hours in advance of
their use and all experiments were carried out at room temperature (16° C). Ball bearings
(diameter 7.94 mm and mass 2.1 g), were used as projectiles and fired using a standard
7.62 mm cartridge. The barrel was connected to a Mann pressure housing, and was
remotely fired by an electrically activated 24V DC solenoid (local manufacture). This
assembly was supported by a V block (local manufacture and assembly). A laser-sighting
device was used to ensure the missile actually struck the bone.

In order to assess the contamination of the fracture site, gauze soaked with 1 ml of
fluorescein solution (Martindale Pharmaceuticals Ltd Romford) was placed on the outer
surface of the gelatin block, and the missile passed through the gauze prior to striking the
bone (Figure 5.1). Direct fractures were produced by aiming at the centre of the lateral
cortex in the transverse mid-diaphyseal plane. The entrance velocity of the ball bearing was
measured using an electronic sensor (Skan chronoscope® IVIK7 DRSC, Reading, UK).
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Figure 5.1 - Experimental setup for the direct fracture group

5.2.2 Indirect fracture group (n=17)

The experimental setup was similar to that described above. In this group, however, the
missile was aimed 5mm posterior to the bone. This resulted in a reproducible indirect
fracture.

Following the creation of a fracture the gelatin blocks and bones were dissected under
ultraviolet light to assess the spread of fluorescein.

5.2.3 Clinically relevant fracture group (n=5)

In the 2 previous groups assessment of the extent of contamination and comminution was
greatly aided by the transparent nature of the gelatin. The models, however, are not truly
representative of the clinical situation. In order to make the in vitro model clinically
representative, a further group was studied.

The left hindleg of 5 adult sheep were obtained at post-mortem. These animals were
involved in a separate project that did not involve this limb. The leg was disarticulated at the
hip joint, the skin was shaved, and the limb was suspended from a stand with a metatarsal
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damp. A sheet of cotton, which had been presoaked in fluorescein dye, was placed over
the midshaft of the tibia (Figure 5.2). All legs were shot to produce a high-energy wound
involving bone. The experiments were carried out within 4 hours of death to minimise the
effect of post-mortem changes.

A 7.62mm bullet (NATO 7.62 x 51 L2A2 ball ammunition) was fired at the midshaft of the
subcutaneous surface of the tibia from a distance of 2.3m. The 9.4g bullet was fired through
a rifled barrel (RSA Enfield UK) mounted in a Whitworth rest, using a laser aiming device.

Antero-posterior and lateral radiographs of the leg were taken, and the extent of bony
involvement was measured. This was expressed as a percentage of a pre-operative
radiograph of the intact tibia. After the radiograph was taken, the leg was removed from the
stand, and the wound track was formally explored. The entry and exit wounds were
measured, and based on the surface appearance an estimation of the macroscopic extent
of traumatised skin was made. The area of this wound was calculated using the formula:

A = :iab/4

where a and b were the 2 long axes of the ellipse.

All skin from the leg was excised by dissection in the subcutaneous plane, and the wound in
the deep fascia was measured. In addition, the subcutaneous spread of fluorescein was
measured under ultraviolet light. Finally the periosteal spread of fluorescein was measured,
and related to the extent of the fracture, both at dissection and on the radiograph.

5.3 Results

The mean velocity of the rounds in groups 1 and 2 was 599 ms"\ In group 3 it was
approximately 840 ms"\

5.3.1 Direct fracture group

A multifragmentary fracture was produced in all bones, with a mean of 8.3 fragments (range
4 -12, Figure 5.3). These fragments varied greatly in size (2 x 1mm to 35 x 15mm). In all
cases widespread contamination of the wound track, by fluorescein, was present including
the medullary cavity of the bone. In addition, bony fragments were found in the wound track
in all specimens. The mean spread of fluorescein along the periosteal surface of the bone

82

Mr J C Clasper
DM Thesis

Chapter 5

was 4.1 cm (range 2.0-5.0) proximally and 3.3 cm distally (range 0 - 5.0). The results are
presented in table 5.1.

Figure 5.2 - Experimental setup for the clinically relevant group

k
Figure 5.3 - Direct fracture
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Table 5.1 - Summary of data from direct fracture group

Bone

Number of Proximal

Distal

Medullary

Fragments In

Number

Fragments

Spread (cm)

Spread (cm)

Contamination

Wound Track

1

6

4.0

5.0

Yes

Yes

2

12

4.0

3.0

Yes

Yes

3

11

5.0

4.0

Yes

Yes

4

4

5.0

3.0

Yes

Yes

5

7

4.0

3.0

Yes

Yes

6

6

5.0

5.0

Yes

Yes

7

12

2.0

0

Yes

Yes

Mean

8.3

4.1

3.3

5.3.2 Indirect fracture group

Group 2 - A fracture resulted in only 14 of the 17 bones, and the 3 intact bones were
excluded from further analysis. Of the remaining 14, a simple 2 part fracture was produced
in 9, there was 1 additional fragment in 4, and 2 additional fragments in 1 bone. Only 3 of
the 14 bones had evidence of medullary contamination, and there were no bony fragments
in the wound track (Figure 5.4). The mean spread of fluorescein along the periosteal
surface of the bone was 1.6 cm (0-5.0) proximally and 2.2 cm distally (0-6.0). The
Kolmogonov-Smirnov test was used to compare the 2 groups, as it was not certain if the
data had the same distribution. There was a significant difference in the spread of
fluorescein, along the periosteal surface, between the 2 groups (p=0.002). The results are
presented in table 5.2.
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Table 5.2 - Summary of data from indirect fracture group

Bone

Number of

Proximal

Distal

Medullary

Fragments In

Number

Fragments

Spread (cm)

Spread (cm)

Contamination

Wound Track

1

1

0

0

No

Yes

2

1

2.0

4.5

No

No

3

0

0

0

No

No

4

0

4.0

4.0

No

No

5

0

0.3

0

No

No

6

0

0.1

0

No

No

7.

0

0

0.5

No

No

8

1

5.5

5.0

Yes

No

9

0

0

0.5

No

No

10

0

3.0

6.0

Yes

No

11

0

0

0

No

No

12

0

0

0

No

No

13

1

2.0

5.0

No

No

14

2

5.0

5.0

Yes

No

Mean

0.4

1.6

2.2

5.3.3 Clinically relevant group

An entry and exit wound was produced in all legs, together with a multifragmentary fracture
(Figure 5.5). At dissection widespread contamination of the soft tissues was noted. This
was greater than the macroscopic appearance suggested. The extent of the soft tissue
wound and contamination is presented in table 5.3. The area of the exit wounds was
significantly greater than that of the entry wounds (p=0.004, Kolmogonov-Smimov Test).
However there was no significant difference between the subcutaneous contamination of
the entry and exit wounds.

A direct fracture was produced in all legs, as demonstrated by the wound track passing
through the middle of the fracture site. The extent of the fracture and bony contamination is
presented in table 5.4.
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Figure 5.4 - Indirect fracture

QQ
Figure 5.5 - Fracture in clinically relevant group
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Table 5.3 - Gross tissue damage and soft tissue contamination in clinically relevant group

Entry Wound

Mean (mnf)

Range (mm')

Area of Entry Wound

70

43-95

Area of Contamination of Deep Fascia

1650

687-2120

Area of Exit Wound

636

126-2136

Area of Contamination of Deep Fascia

1531

687-5891

ExK Wound

Table 5.4 - Extent of fracture comminution and bone contamination in clinically relevant
group - expressed as a % of the length of the intact tibia

Mean

Range

Extent of Comminution

42%

34-52%

Extent of Contamination

45%

34-55%

The data for individual limbs is given in appendix 1.

5.4 Discussion

Although this was an in vitro study, a number of observations can be made, and these can
be applied to the clinical situation. The multifragmentary nature of the fractures is consistent
with those reported clinically. Rose et al. in a retrospective review reported that with highenergy weapons, such as military or hunting rifles, all fractures were complete, and
comminuted (multifragmentary). For low-energy weapons, such as handguns, 60% of the
fractures were incomplete, and only 22% were multifragmentary (Rose ef a/. 1988).

Further confirmation that high-energy injuries were associated with greater bony damage
came from an /n vAm study from Ragsdaie and Josselson (1988). They reported that
increasing pre-impact velocity was associated with an increased cavitation effect and
increased fragmentation. For a handgun with a pre-impact velocity of approximately 200
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ms'\ there were 2 fragments. However, for a military rifle with a pre-impact velocity of nearly
1000 ms'\ there were 33 fragments. In the current study the entrance velocity for group 1
of nearly 600 ms'\ and for group 3 of 840 ms'^ would be expected to produce a
multrfragmentary fracture.

In addition, as discussed in section 2.3, a fracture may also result despite the missile not
actually striking the bone. These indirect fractures are thought to be due to the cavitation
effect, with the acceleration of bone away from the track of the missile. This type of fracture
is usually only seen with high-energy transfer wounds, and the fracture is usually simple
rather than the multifragmentary pattern seen when the missile hits the bone (Shephard
1981). This is consistent with the results in group 2, and demonstrates that our model can
be compared to the clinical situation. Although in groups 1 and 2, the bones were
embedded in gelatin, this has been shown to have the same drag co-efficient has human
soft tissue, and is widely used as a soft tissue substitute (Janzon and Seeman 1985).

Although group 3 was an in vitro study, it was made as realistic as possible. All soft tissues
were retained, and the tibia rather than the femur was used. This permitted an intact Joint
above and below the injured bone to be maintained, allowing the soft tissue envelope to be
optimized. All the legs were shot within 4 hours of death, and most were shot within 1 - 2
hours to minimise post-mortem changes. The projectile measured 7.62 x 29mm, and as
discussed in section 2.2, the small entry wounds indicate that relatively little energy was lost
as it passed through the skin (Figure 5.6). The much larger exit wounds, together with their
star-like appearance are highly suggestive of a high-energy transfer wound (Janzon et al.
1997, Figure 5.7). This is confirmed by the radiographic appearance (Figure 5.8). In 2 of the
legs, a much greater transfer of energy appears to have occurred, as the exits wounds
were much larger than in the other legs, and metallic fragments are visible on the
radiograph.
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Figure 6.6 - Entry wound

Figure 5.7 - Exit wound

III

Spread of contamination was greater than the skin wounds suggested, consistent with
clinical observations (Strawitz ef a/.1955), but was confined to tissue planes. This may be
related to shearing forces during cavitation, which may separate the tissue planes. This is
particularly true for the entry site, where considerable subcutaneous contamination was
present despite a very small entry wound (Figure 5.9). During debridement, therefore.
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tissue planes should be thoroughly washed out. In this model intramuscular spread was
limited, and therefore removal of necrotic muscle should be sufficient, during debridement,
to reduce the risk of infection.

Results from all 3 groups confirm that the whole of the fracture site must be considered
contaminated, and with direct fractures the contamination is more extensive. The results
from group 3 would suggest, however, that there is little spread beyond the fracture site,
and adequate exposure and thorough washout would be sufficient.

Whilst this is an in vitro study, it allows a number of observations on the spread of
contamination to be made. With direct, high-energy fractures endosteal spread is universal,
and the spread of infection is more extensive than with indirect fractures. As the fracture
pattern is different, the extent of contamination can be estimated on radiographs prior to
debridement, and it would seem sensible to recommend that radiographs be taken, prior to
surgical treatment, of military fractures.

Fluorescein was used to demonstrate the contamination of the soft tissues, particularly the
tissue planes. The extent of contamination was much greater than the appearance of the
wounds suggested (Figure 5.9), and this is probably due to the formation of a temporary
cavity as discussed in section 2.2.

This model allows recommendations to be made for the treatment of military fractures.
Whilst minimal skin excision is necessary, the subcutaneous space, and all tissue planes
should be thoroughly washed out. The debridement of muscle should be based on the
clinical appearance, with excision of necrotic appearing non-contractile tissue. This would
appear to be adequate to remove contaminated tissue. The fracture site, however, should
be considered highly contaminated, and while many fragments will appear viable, the
wounds must be washed out, and if necessary small fragments should be excised to
minimize the risk of infection.
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Figure 5.8 - Radiograpii of clinically relevant group

Figure 5.9 - Subcutaneous spread of fluorescein

Of note, however, is the limited spread of contamination beyond the fracture site. This is
relevant to the means of stabilisation. If the fracture site remains contaminated despite
debridement, external fixator pins can be safely inserted, as long as they avoid the fracture
site. As pins will be inserted into intact segments of bone, they will be sterile initially. Thus
secondary IM nailing is a possibility and the aim of the next two chapters is to develop an
animal model.
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6. S e c o n d a r y Intramedullary Nailing Following Pin Track Infection - Materials
and Methods

6.1 Selection of Animal

Twelve mature, female, mixed breed sheep with a weight range 65-76kg (mean 70.4kg)
were used. The animals were ex-breeding ewes purchased from a commercial flock. Six
animals were used for the control group, when no treatment was given to prevent the
spread of infection. A further 6 animals were used in the treatment group, when the effect of
local and systemic treatment was studied. All experimental work complied with the Animals
(Scientific Procedures) Act, 1986.

6.2 Selection of Bacteria

Sfap/?yfococcus au/ei/s (ATCC 29213) was used to contaminate the external fixator pins.
Staphylococci are pathogens of sheep (Buxton and Fraser 1977), and have been used
previously in experimental fracture work in sheep (Hill ef a/. 1998).

6.3 Experimental Design

Anaesthesia was induced by the inhalation of 5% halothane (Zeneca Pharma, Winslow,
UK), and maintained by an intravenous infusion of midazolam (Roche, Welwyn Garden
City, UK), and ketamine (Parke-Davis Medical, Eastiiegh, UK), titrated to effect. The animals
were intubated with a cuffed endotracheal tube (Portex Ltd, Hythe, UK), and 0.9% saline
solution (Animal Care Ltd, Dunnington, UK) was infused through a jugular venous catheter
(Abocath, Abbot Laboratories Ltd, Queenborough, UK) as maintenance fluids. In addition a
wide bore oral tube was inserted (Vygon UK Ltd, Cirencester, UK) to decompress the
rumen.

The right hindleg was shaved, and the skin prepared with povidone-iodine (Seaton
Healthcare, Oldham, UK). A single longitudinal skin incision was made at the lateral aspect
of the subcutaneous border of the tibia, extending from the inferior aspect of the tibial
tuberosity for approximately 8cm. Two external fixator pins were inserted. The proximal pin
was placed approximately 2cm distal to the inferior aspect of the tibial tuberosity, and the
second pin was inserted 5cm distal to the first pin. Bicortical pin placement was achieved in
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all cases. A Centrafix (Military Pattern) external fixator (Central Orthopaedics Ltd, High
Wycombe, UK) was used. The pins are designed to be self-drilling and self-tapping, but a
2.5mm guide hole was required as the cortex of the sheep tibia proved too hard to allow the
pins to self-drill. Following satisfactory pin position the final insertion and extraction torques
were recorded (RS Dial Torque wrench 575-633, Corby, UK), and all pins were connected
to a single external fixator bar. Bacteriological swabs of all pin sites were taken, as was a
post-operative lateral radiograph (Figure 6.1). The central portion of the wound was then
approximated with 2/0 polyprolene monofilament sutures (Ethicon Ltd, Edinburgh UK).

Both pins were contaminated by placing 0.1ml of a suspension of Staphylococcus aureus
(mean 2.4 x 10® colony forming units per ml) into the wound around the pin (Figure 6.2).
After 1 hour bacteriological swabs were taken, a sterile, dry dressing was applied; the
sheep were allowed to recover from anaesthesia and returned to their pens. Buprenorphine
was administered as required, and the sheep were allowed to weight-bear as tolerated.

The dressings were removed after 24 hours, and the pin sites were left exposed. At 48
hours the pin sites were assessed clinically for the presence of infection, and graded using
the classification described by Harkess etal. (1996 - see section 3.2.1).

Figure 6.1 - Radiograph after pin insertion
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Figure 6.2 - Technique of contaminating pins

6.4 Technique of Intramedullary Nailing

Fourteen days later, the sheep were re-anaesthetised. The clinical assessment of the pins
was repeated (Harkess et al. 1996), bacteriological swabs of each superficial pin track were
taken, and a further lateral radiograph of the tibia was made. Any pin loosening was
recorded using the classification of Burny (1984), and the extraction torque of each pin was
measured. Both pins were then removed and swabbed, and further swabs of the medulla
taken through the pin site (Figure 6.3). The tip of the pin was cut off with sterile bolt cutters
and retained for further bacteriological analysis.

Figure 6.3 - Swabs of the medulla after pin removal
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An occlusive dressing (National Veterinary Supplies, Stoke on Trent, UK) was applied over
the pin sites, to prevent any contamination of the subsequent surgical wound, and the
animal was taken into a clean, dedicated operating theatre.

The skin of the right hindleg was prepared with povidonenodine and disposable surgical
drapes (Guardian, BDF Ltd, Girvan, UK) were applied to isolate the anterior aspect of the
stifle (knee) joint as a sterile field. A 5cm medial para-patellar incision was made, and
deepened onto the fat pad. A portion of the fat pad was excised for access, and the correct
entry point for the nail was identified using image intensification (Siremobil 2, Siemens,
Gemiany). An IM humeral nail was used (Smith & Nephew Richards, Memphis TN, USA)
and was inserted using the recommended instrumentation (Figure 6.4). The dimensbns of
this implant approximate to the sheep tibia. This nail has a proximal angle, and an intraarticular starting point was required. Bacteriological swabs of the stifle joint were taken on
entry. A starting hole for the nail was made with a 6mm drill (RS Components Ltd, Cortiy,
UK), and further bacteriok)gical swabs of the drill bit and proximal metaphysis were taken. A
2mm ball-tipped guide rod (Smith & Nephew Richards, Memphis TN, USA) was inserted
into the tibia, pushed down the medulla past the pin sites, and its position in the distal
metaphysis was confirmed with image intensification. The guide rod was removed, and its
tip was swabbed. Using successive 7, 8 and 9mm hand reamers (Synthes pseudoarthrosis
reamers, Stratec Medical Limited, Welwyn Garden City, UK), the medullary cavity was
enlarged. Bacteriological swabs of all reamers were taken as they were removed, and
following removal of the 9mm reamer, the stifle joint and proximal metaphysis were again
swabbed. An 8mm nail of the appropriate length was inserted and a proximal locking screw
was inserted using the supplied jig (Smith & Nephew Richards, Memphis TN, USA). A 20cm
nail was used in all animals, in one animal however this was found to be too long, and was
exchanged for an 18cm nail. Swabs were taken from both the inside and outside of the first
nail on removal.
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Figure 6.4 - Insertion of the nail

The final position of the implant was confirmed by image intensification, all instrumentation
was removed and the wound was closed with 2/0 polyglactin (Coated Vicryl, Ethicon Ltd,
Edinburgh UK), and 2/0 polyprolene monofilament sutures. A sterile dressing was applied,
and antero-posterior and lateral radiographs of the tibia were taken (Figure 6.5).

Figure 6.5 - Lateral radiograph after nail insertion
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The sheep were then allowed to recover and returned to their pens. Buprenorphine was
administered as required, and the sheep were allowed to weight-bear as tolerated.

6.5 Examination at 2 Weeks

All surviving animals were re-anaesthetised at 14 days. The pin site wounds were
assessed, and bacteriological swabs were taken if they had not healed. Radiographs were
taken, and the animals were recovered and returned to their pens.

6.6 Termination of the Experiment

All experiments were terminated, the animals were killed, and a post-mortem was carried
out 28 days after IM nailing. They were killed earlier if there were signs of distress, or if a
purulent discharge developed. The animals were killed by an overdose of sodium
pentabarbitone (Euthatal, RhAne MArieux Ltd, HaMow, UK).

6.7

Post-mortem Technique

Bacteriological samples were obtained from the proximal and distal metaphysis and the nail,
the external fixator pin tracks, and the stifle joint. In each case a separate skin incision was
made with sterile instruments, after the site was prepared with povidone-iodine solution and
isolated from the rest of the limb.

A transverse incision was initially made immediately proximal to the flare of the distal
metaphysis, and was deepened onto the distal tibia. Using a sterile Gigli saw (National
Veterinary Supplies, Stoke on Trent, UK), an osteotomy of the distal tibia was made, and
the distal aspect of the nail and metaphysis were exposed. Tissue from the distal
metaphysis (for qualitative bacteriology), and swabs of both the inside and outside of the
implant were taken.

To expose the posterior aspect of the pin tracks, a longitudinal incision was made on the
postero-medial side of the tibia, well away from the pin site wounds. The posterior cortex of
the tibia was exposed at the site of the pin tracks, and samples were taken. The anterior
cortex of the tibia was approached through a separate antero-lateral skin incision. A soft
tissue flap was raised and reflected medially to expose the previous external fixator pin
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sites, further specimens were then taken.

A medial approach to the stifle joint was made and samples of any fluid present taken for
bacteriology. The top of the nail and proximal locidng screw were exposed and swabbed.
The screw was removed and an osteotomy of the proximal tibia was made with a second
Gigli saw, and samples talten as described for the distal metaphysis. The IM nail was then
removed, and placed in a sterile container for further analysis. The diaphysis of the tibia
was dissected out, and prepared for histological examination.

Finally, a laparotomy was carried out to obtain biopsies of the deep inguinal lymph nodes
for both bacteriology and histology, and the remainder of the carcass was then disposed of
according to local regulations.

6.8 Bacteriological Analysis of Samples

All bacteriological specimens obtained from the animals were inoculated onto blood agar
and MacConke/s agar plates (bioM6rieux, Basingstoke, UK), and incubated aerobically at
37°C for 24 hours. In addition, inoculated blood agar plates were incubated anaerobically for
48 hours. At that stage they were analysed and sub-cultured as appropriate, and the plates
re-incubated for up to 5 days to detect slow growing organisms.

All organisms obtained at primary culture were sub-cultured and identified. The presence of
haemolysis on the plates was noted, and Gram staining (bioMerieux, Basingstoke, UK),
oxidase testing (Bactident Oxidase test strips, Merck Ltd, Poole UK), and cataiase testing
(bioMerieux, Basingstoke, UK) were carried out. Final identification was made, based on
biochemical characteristics, using appropriate API microbial identification systems
(bioM6neux, Basingstoke, UK).

6.9 Radiological Examination

Initial pin insertion was carried out with the aid of image intensification (Siremobil 2,
Siemens, Germany), and bicortical pin placement was confirmed. For the 14 day
experiments (Chapters 7 & 8) lateral radiographs of the pin were taken after insertion, and
at 7 and 14 days. These were taken using a mobile X-ray machine (Model R-20MO; Picker
International, Ohio, U.S.A.), with the X-ray plate placed under the hindleg, with a film to
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focus distance of 100 cm. All radiographs were obtained using Kodak T-MAT G/RA film, 24
X 30 cm, mounted in a Kodak X-omatic LW cassette with a Lanex Regular Screen
(Eastman Kodak Company, Rochester, U.S.A.). The exposure settings remained constant
for all radiographs (50 kV and 10 mAs), and films were developed immediately after
exposure (Agfa-Gevaert processor model 94327131, Agfa G153 developer, G354 fixer;
Agfa-Gevaert Ltd., Mortsel, Belgium). All radiographs were reviewed by a veterinary
surgeon, with experience in animal radiology.

6.10 Histological Preparation of the Samples

All samples were initially placed in fixative containing 10% (w/v) buffered formaldehyde
(Merck Ltd, Poole UK), for at least 14 days. The specimens were placed in a proprietary
decalcifier (TBD-2, Shandon Scientific, Romford UK), until they could be trimmed with a
scalpel. After trimming the sample, further decalcification, for approximately 2-3 weeks, was
carried out in a saturated solution of ethylenediaminetetra-acetic add (EDTA). The
specimens were placed back into 10% (w/v) buffered formaldehyde, for 2-3 days to remove
the residual EDTA,

Overnight processing was carried out, with alcohol dehydration followed by chloroform
linked wax impregnation, using a commercially available processor (Tissue-Tek VIP -1000
Vacuum Impregnation Process, Bayer PLC, Basingstoke, UK). Following this, the
specimens were embedded in paraffin wax (Paramat, Merck Ltd, Poole UK), and after
trimming, they were left to soak in hard tissue softener (glycerine - 43%, ethanol - 43%,
distilled water-14%, Merck Ltd, Poole UK) for a further 7 days. Using a commercial
microtome (Leica rotary microtome, Leica Microsystems Inc, Milton Keynes, UK), sections
of approximately Spun thickness were cut and stained with Haematoxylin and Eosin
(Shandon Scientific, Romford, UK).

A pathologist, who was unaware of the details of the animal or the results of any radiological
or bacteriological tests, examined all specimens. He was asked to determine whether a
sample was infected, possibly infected or equivocal, or not infected, based on the presence
of acute inflammatory changes, viable bacteria or microabscesses, and also to assess
changes within the bone. Samples from both pin track as well as the diaphysis of the bone
were examined.
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Samples were described as infected if viable bacteria, microabscesses, or at least 5
polymorphonuclear leukocytes per high power field were present in at least 5 distinct
microscopic fields. Possibly infected or equivocal was based on the presence of a number
of polymorphonuclear leukocytes, but not at least 5 polymorphonuclear leukocytes per high
power field, and not infected was when there was no microscopic evidence of bacteria,
microabscesses, or an acute inflammatory reaction.
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7. S e c o n d a r y Intramedullary Nailing Following Pin Track Infection - Control
group

7.1 Aim

The aim of this experiment was to assess the outcome of secondary ll\^ nailing of an
external fixator pin track infection in an animal model. No treatment was given to prevent
the spread of infection.

7.2 Selection of Animal

Six mature, female, mixed breed sheep with a weight range 65-76kg (mean 69.7kg) were
used.

7.3 Experimental Design

Secondary IM nailing was carried out as described in section 6.3.

7.4 Termination of the Experiment

All animals developed warm swollen stifle joints, and would not weight-bear approximately 1
week after IM nailing. All experiments were terminated, and the animals were killed, if they
displayed signs of distress, or if a purulent discharge from the stiffle joint developed. Two
animals were killed at 9 days following ll\4 nailing (Animals 2 and 3 - purulent discharge),
one animal was killed at 10 days (Animal 4 - abscess in stifle joint), and one animal was
killed at 11 days (Animal 1 - abscess in stifle joint). The remaining 2 animals were killed at
12 days, after an abscess developed at the posterior aspect of the tibial shaft (Animals 5
and 6).

7.5 Results
7.5.1 Clinical findings at 48 hours and 7 days

The pin sites were examined 48 hours after the initial operation, and evidence of pin track
infection was noted in all cases, with cellulitis present around the pins (Stage 2 - Harkess ef
8/. 1996). One week following extemal fixation, deep infection was evident at all pin sites
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(Stage 3 - Harkess ef a/. 1996).

7.5.2 Results at conversion to IM nail
7.5.2.1 Clinical findings

In 5 of the 6 animals evidence of pin track infection was still present at 14 days, with deep
infection around both pins. In the 6th animal (Animal 6), although deep infection was
present around the proximal pin, the distal pin did not appear clinically infected. This was
despite the fact that both pins were inserted through the same skin incision, and both pins
had been contaminated. In all animals, despite the presence of infection, the sutured
portion of the wound, between the pins, had healed.

7.5.2.2 Pin loosening and extraction torque

All pins felt tight at the time of insertion, with no perceptible motion between pin and bone
(Stage 1 - Bumy 1984). After 14 days, at the time of extraction, all pins remained well fixed,
with no evidence of loosening despite the presence of infection.

The extraction torque of the pins was reduced in 10 of the 12 pins (83%). The mean
extraction torque of the pins at 14 days was 82% (range 63 - 100%) of the initial extraction
torque.

7.5.2.3 Radiographic appearance

Radiographs taken at 14 days showed a periosteal reaction at 11 of the 12 (92%) pin sites.
Bone lysis was evident at 1 of the pin sites (Animal 6 - proximal pin).

7.5.2.4 Bacteriological results at pin removal

SfapAyfococcus aumus was isolated from all 12 pin tracks, and in addition 7 other species
of bacteria were identified.

The extraction torques, radiographic appearances and bacteriological results are presented
in table 7.1.
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Table 7.1 - Extraction torque, radiographic appearance and bacteriology at 14 days

Extraction torque at conversion expressed as a % of initial extraction torque

Animal

Pin

Extraction

Radiographic

Torque at

Appearance

Bacteriology

Conversion
1

Proximal

69%

Periosteal Reaction

Sf8p/)y/ococcus aureus
Corynebacterium
Alcaligenes faecalis

Distal

71%

Periosteal Reaction

Staphylococcus aureus
Corynebacterium

2

Proximal

100%

Normal

Sfaphy/ococcus aureus
Proteus

Distal

73%

Periosteal Reaction

SfapAy/ococct/s au/eus
Pmfeug

3

Proximal

91%

Periosteal Reaction

SfapAyy/ococcus aureus
Corynebacterium
Alcaligenes faecalis

Distal

100%

Periosteal Reaction

Sfap/iy/ococcus aureus
Corynebacterium

4

Proximal

87%

Periosteal Reaction

Staphylococcus aureus
Corynebacterium

Distal

89%

Periosteal Reaction

Staphylococcus aureus
Corynebacterium

5

Proximal

79%

Periosteal Reaction

Staphylococcus aureus
Pasturella haemolytica
Gemmella morbillorum
Escherichia coli
Pantoea

Distal

90%

Periosteal Reaction

Staphylococcus aureus
Panfoea

6

Proximal

63%

Periosteal Reaction

Sf8p/]yfococcus aunsus

and Lysis
Distal

68%

Periosteal Reaction

SfapAy/ococcus aureus
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7.5.2.5 Bacteriological results after reaming

There was no bacterial growth from any of the joints on entry, or from the proximal
metaphysis or guide rod. Staphylococcus aureus was isolated from the reamers of 3 of the
6 (50%) animals. In a further animal (Animal 5), exchange of the IM nail was required as the
initial implant was too long. Although there was no bacteriological growth from any of the
routine swabs in this animal, additional swabs were taken from the first nail on removal. A
swab from the Inside of the first nail isolated Staphylococcus aureus. This demonstrates
that widespread contamination of the medullary canal had occurred in at least 4 of the 6
(67%) animals. These data are illustrated in table 7.2.

Table 7.2 - Results of bacterial swabs at IM nailing

SfapAy/ococcus aureus = S. aumus

Animal

Guide

7mm

8mm

9mm

Proximal

Proximal

Rod

Reamer

Reamer

Reamer

Tibia after Locking Screw
Reaming

after Drilling

1

No growth

S. aureus

No growth

S. aureus

No growth

No growth

2

No growth

S. aureus

S.aureus

S.aureus

S. aureus

S. aureus

3

No growth

S. aureus

S. aureus

S. aureus

No growth

S. aureus
Corynebactehum

4

No growth

No growth

No growth

No growth

No growth

No growth

5

No growth

No growth

No growth

No growth

No growth

No gnawth

6

No growth

No growth

No growth

No growth

No growth

No growth

7.5.3 Post-mortem results
7.5.3.1 Clinical findings

At post-mortem 5 of the 6 animals (83%) had purulent material in the stifle joint. In addition
4 animals (67%) had a separate abscess cavity at the posterior aspect of the pin sites
(Figure 7.1). Of the remaining 2 animals, 1 had a clinically infected haematoma (Animal 6),
and in the other necrotic tissue was noted posteriorly (Animal 1). The nail was clinically
infected in all 6 animals, with purulent material and necrotic tissue around the full length of
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the implant (Figure 7.2). The superficial pin tracks appeared to be healing satisfactorily in 4
of the 6 animals. In 1 animal (Animal 5), the tissue appeared very oedematous, and in a
further animal (Animal 2) there was a separate abscess cavity anteriorly. This data is
illustrated in table 7.3.

Figure 7.1 - Abscess posteriorly

Table 7.3 - Clinical appearances at post-mortem

Animal

Stifle Joint

Posterior

Anterior

Appearance

Pin Track

Pin Track

of implants

1

Abscess

Necrotic Tissue

Healing

Infected

2

Abscess

Abscess

Abscess

Infected

3

Abscess

Abscess

Healing

Infected

4

Abscess

Abscess

Healing

Infected

5

Effusion

Abscess

Oedematous

Infected

6

Abscess

Infected haematoma

Healing

Infected
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Figure 7.2a & b - Clinical evidence of infection along full length of implant

7.5.3.2 Radiological appearance

At post-mortem, a periosteal reaction was evident at all pin sites, and had progressed since
the insertion of the nail. Bone lysis was present at 11 of the 12 (92%) pin sites, but there
was no evidence of bone lysis around the nail.

7.5.3.3 Bacteriological results at post-mortem

Bacteriological results confirmed infection around the implant, within the stifle joint, and at
the pin sites in all 6 animals. In addition bacteria were isolated from the inguinal nodes in 5
of the 6 (83%) animals. Only 1 of the 6 (17%) animals had the same species of bacteria
isolated at both the time of IM nailing, and at post-mortem (Animal 2). Three of the 6
animals (50%) had additional bacteria isolated at post-mortem (Animals 4, 5 and 6). In 2 of
the animals (33%) Alcaligenes faecalis was identified at IM nailing, but was not isolated
from post-mortem specimens (Animals 1 and 3).
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Sfap/?y/ococcus au/ist/s was isolated from the implant of all 6 animals, but was isolated from
the stifle joint in only 3 of the 6 (50%) animals (Animals 3, 4 and 5). Five of the 6 (83%)
animals had purulent material present, but a different organism was isolated in 3 of these
animals (Co/ynebacfemm spp. in Animals 1 and 6, and Prnfeus spp. Animal 2). Only 1
animal did not have purulent material within the joint, in this animal an effusion was present,
from which Sfap/7j//ococcus aureus, Esc/yencA/a co//, CoryneAacfewm spp. and
Sf8p/7y/ococcus au/Tcu/a/K were isolated (Animal 5). The bacteriological findings at postmortem are illustrated in table 7.4.

Table 7.4 - Bacteriological results at post-mortem

Sfap/?yfococcus = Sfap/?.

Animal

Stifle Joint

Implant

Pin Site

Inguinal Nodes

1

Co/ynebacfewm

SfapA. aureus

Corynebacfer/um

Corynebacfer/um

Pmfeus

SfapA. aureus

Co/ynebacfenum
2

Pmfeus

Sfap/?. aureus
Proteus

3

4

5

Profeus

8fap/7. aureus

Sfap/7. aureus

Staph, aureus

Sfap/7. au/eus

Corynebacfenum

Corynebacterium

Co/yr?ebacfenum

Corynebacterium

SfapA. aureus

Sfap/7. aureus

SfapA. aureus

Corynebacterium

Corynebacterium

Co/ynebacfenum

Corynebacterium

Sfap/7.

Staph.

Sfap/?.

Sfap/7.

/7aemo/y(fcus

Aaemo^cus

/faemo/y^cus

/?aemo/x<7Cus

Staph, aureus

Sfap/7. au/eus

Sfap/7. aureus

Sfap/7. aureus

Esc/7encA/8 co/f

Eschenich/a co//

Escf)er7c/i/a co/f

Sfaph. capAus

Co/yneAacfe/7um

Corynebacterium

Corynebacterium

Yeast

Sfap/?. auncu/ans

Pepfo-

Sfaph. aureus

Sfaph. aureus

No growth

CoryneAacfenum

Corynebacterium

Sfrepfococcus
anaerobius
6

Co/ynebacfenum
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7.5.3.4 Histological results

Acute inflammatory changes were noted at all pin sites with viable bacteria and
microabcess formation in a number of the samples. All histological specimens
demonstrated bone lysis, and in the opinion of the pathologist all pin sites, and all samples
from the diaphysis were infected (Figures 7.3 - 7.5).

Figure 7.3 - Infected pin track

Figure 7.4 - Bone lysis
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Figure 7.5 - IVIicroabscess

1

7.6 Conclusion

This experiment has confirmed that widespread dissemination of infection occurs after IM
nailing of an external fixator pin track infection. For early conversion to an IM nail to be
accepted in the military environment, the pin tracks would have to be managed
appropriately to prevent widespread infection. The effect of different treatment modalities
can now be studied using this animal model.
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8. S e c o n d a r y Intramedullary Nailing Following Pin Track Infection - Treatment
group

8.1 Aim

The aim of this experiment was to assess the effect of local and systemic treatment of a pin
track infection, at the time of secondary IM nailing, on the dissemination of infection. Both
local and systemic antibiotics were administered, as well as local surgical debridement.

8.2 Selection of Animal

Six mature, female, mixed breed sheep with a weight range 65-74kg (mean 71.2kg) were
used.

8.3 Experimental Design

The basic surgical technique was the same as the control group described in section 6.3
but in addition, at the time of pin removal, tissue samples were taken from the posterior
aspect of the tibia, at the pin tips. This was carried out through 2 small incisions at the
postero-medial aspect of the tibia, and was performed to assess any spread of infection to
the back of the tibia.

In addition, in this treatment group, local and systemic antibiotics were administered, as well
as debridement of the pin tracks.

Antibiotic sensitivities were determined for all species of bacteria isolated in this experiment.
The bacteria were cultured in the presence of antibiotic discs containing rifampicin 5p,g,
amoxicillin/clavulanic acid 30pg and gentamicin 120p,g. Based on the appearance of the
culture plate, the bacteria were classified as resistant (R), sensitive (S) or having some
resistance (RS) to the antibiotic. This was based on the presence of a zone of inhibition
around the disc, and the size and definition of the edge of the zone. Bacteria with some
resistance to the antibiotics (RS) had a smaller zone of inhibition, and a less well defined
edge than the bacteria that were sensitive to this antibiotic.
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8.3.1 Local treatment of pin tracks

After removal of the external fixator, the pin sites were dAbrided. The skin edges and all
granulation tissue were excised, and the superficial wound track was curetted (Figure 8.1).
The pin tracks through bone were over drilled using a 5mm drill (RS Components Ltd,
Corby, UK), and finally the wounds were lavaged with 1 litre of 0.9% saline solution (Animal
Care Ltd, Dunnington, UK).

8.3.2 Systemic antibiotics

After removal of the external fixator, approximately 30 minutes prior to secondary IM nailing,
intravenous co-amoxiclav GOOmg (Augmentin - davulanic acid 100mg/amoxycillin SOOmg,
Beecham Research, Welwyn Garden City UK) was administered. After IM nailing had been
carried out, approximately 2 hours after the intravenous dose, clavulanic acid
lOSmg/amoxycillin 420mg (Synulox, Pfizer Limited, Sandwich, UK) was administered
intramuscularly (approximately 9mg/kg). Synulox is an off-white suspension formulated for
once daily administration to animals; it was administered for a total of 5 days after IM
nailing.

8.3.3 Wound lavage

Conversion to an IM nail was carried as described in section 6,4, but prior to insertion of the
implant, the stifle joint and intramedullary canal were washed with 1 litre of 0.9% saline
containing 0.6% chlorhexidine gluconate (Zeneca, Winslow, UK). The medulla of the tibia
was lavaged using a sterile disposable catheter (Pharma-Plast, Denmark) inserted down
the nail track.

8.3.4 Local antibiotic administration

Gentamicin was administered locally, by the use of a bio-absorbable collagen sponge
(Gentacoll, Schering-Plough Ltd, Welwyn Garden City, UK). A portion of the sponge
containing 33mg of gentambin was placed in the centre of the nail prior to insertion of the
implant (Figure 8.2).
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Figure 8.1 - Pin sites after debridement

Figure 8.2a & b - Gentamicin impregnated collagen inserted into implant

After IM nailing had been carried out, the surgical wound was sutured, and a sterile
dressing was applied. The occlusive dressing over the pin sites was then removed, and
further portions of the collagen sponge were inserted into the superficial wound track
(Figure 8.3), and the posteromedial incision at the back of the tibia. A total of 33mg of
gentamicin was administered to each of the 2 pin tracks.

A total of 100mg of gentamicin was administered locally to each animal.
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Figure 8.3 - Gentamicin impregnated collagen inserted into superficial wound track

8.4 Complications

A number of complications occurred in this group of animals. In the immediate postoperative period, Animal 9 developed a large haematoma at the stifle wound that resulted in
wound dehiscence. It was returned to the operating theatre for washout and resuturing. The
wound subsequently healed without further problems.

Animal 10 was noted to be reluctant to weight-bear 17 days after IM nailing. This animal had
previously been fully weight-bearing, had appeared well that morning, and had no clinical
evidence of infection. The animal was anaesthetised, and a radiograph demonstrated a
spiral fracture involving the distal pin site (Figure 8.4). It was killed at that stage, and a postmortem was carried out.

Figure 8.4 - Radiograph of pathological fracture (after removal of implant)
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Animal 7 was killed 22 days after IM nailing. This animal had always been reluctant to
weight-bear, and when weighed 21 days after ll\4 nailing, was noted to have bst
approximately 10% of the original body weight (72kg to 65kg). Radiographs taken after
death revealed a spiral fracture of the distal tibia. There was evidence of a periosteal
reaction extending distally, and at post-mortem there was evidence of healing of the
fracture; it is likely that this fracture occurred several days previously. There was no
evidence of a fracture on the radiographs taken at 14 days. At post-mortem, this was the
only animal of the treatment group to have widespread implant infection.

The remaining 4 animals were killed at 28 days and a post-mortem carried out.

8.5 Results
8.5.1 Results at 48 hours and 1 week

At 48 hours evidence of pin track infection was noted in all cases, with cellulitis present
around the pins (Stage 2 - Harkess ef a/. 1996). One week following external fixation, deep
infection was evident at all pin sites (Stage 3 - Harkess ef a/. 1996).

8.5.2 Results at conversion to IM nail
8.5.2.1 Clinical findings

In all 6 animals deep infection was still evident around both pins. Despite the presence of
infection, in 5 of the 6 animals the portion of the skin wound between the pins had healed,
resulting in 2 separate wounds. In the 6th animal (Animal 7), this had not occurred, and
there was a single large wound.

8.5.2.2 Pin loosening and extraction torque

At 14 days, at the time of extraction, all pins remained well fixed (Stage 1 - Bumy 1984),
with no evidence of loosening despite the presence of infection. The extraction torque was
reduced at all 12 pins. The mean extraction torque of the pins at 14 days was 82% (range
65 - 92%) of the initial extraction torque; this is similar to the mean extraction torque of the
control group.
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8.5.2.3 Radiographic appearance

A periosteal reaction was evident at 10 of the 12 pins (83%). There was no radiographic
evidence of bone lysis in this group of animals.

Radiographs taken after the nail had been inserted showed that IM reamings had been
extruded from the distal tibial pin site in 3 of the 6 animals (Figure 8.5).

8.5.2.4 Bacteriological results at pin removal

Staphylococcus aureus was isolated from all 12 pin tracks, and in addition 9 other species
of bacteria were identified. The extraction torques, radiographic appearances and
bacteriological results are presented in table 8.1.

Figure 8.5 - Extruded reamings from distal pin site
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Table 8.1 - Extraction torque, radiographic appearance and bacteriology at 14 days

Extraction torque at conversion expressed as a % of initial extraction torque
Animal

7

Pin

Proximal

Extraction

Radiographic

Torque at

Appearance of Pin

Conversion

Track

92%

Normal

Bacteriology

Staphylococcus aureus
Micrococcus

8

Distal

78%

Periosteal Reaction

Sfap/iyfococcus aureus

Proximal

78%

Periosteal Reaction

Staphylococcus aureus

Distal

91%

Periosteal Reaction

Sfap/?y/ococcus aumus
Pasfure/Za haemo/yf^a
Fusobacterium nucleatum

9

10

Proximal

78%

Periosteal Reaction

Staphylococcus aureus

Distal

90%

Periosteal Reaction

Sfap/7y/ococcus aureus

Proximal

65%

Periosteal Reaction

Staphylococcus aureus
Pasturella haemolytica

11

Distal

86%

Periosteal Reaction

Staphylococcus aureus

Proximal

91%

Normal

Staphylococcus aureus
Esc/)encA/a co//

Distal

75%

Periosteal Reaction

SfapAy/ococcus au/eus
EscAe/fcA/a CO//

12

Proximal

79%

Periosteal Reaction

Staphylococcus aureus
Esc/?enc/7/a co//
Corynebacterium
Geme/Za morb/Z/owm
^/ca//genes /aeca//s

Distal

80%

Periosteal Reaction

Staphylococcus aureus
Escherichia coli
Staphylococcus
chromogenes
Co/y/iebacWum u/cerans
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8.5.2.5 Bacteriological results after reaming

In 5 of the 6 animals (83%) there was no growth from specimens taken from the stifle joint
on entry. In 1 animal (Animal 8) a single colony of SfapA?y/ococcus aureus was isolated from
the stifle joint. There was no bacterial growth from the proximal metaphysis or guide rod in
any of the animals. Sf8p/?y/ococcus aumus was isolated from the reamers of 5 of the 6
(83%) animals. This demonstrates that contamination of the medullary canal had occurred
in at least 5 of the 6 (83%) animals, despite local treatment of the pin sites. These data are
illustrated in table 8.2.

Table 8.2 - Results of bacterial swabs at IM nailing

Sf8p/7y/ococcus aureus = S. aureus

Animal

Guide

7mm

8mm

9mm

Proximal

Proximal

Rod

Reamer

Reamer

Reamer

Tibia after Locking Screw
Reaming

after Drilling

7

No growth

No growth

No growth

S. aureus

No growth

No growth

8

No growth

S. aumus

S. aumus

No growth

No growth

No growth

9

No growth

S. aureus

No growth

Single

No growth

No growth

colony
S. aureus
10

No growth

No growth

No growth

No growth

No growth

No growth

11

No growth

S. aureus

No growth

No growth

No growth

No growth

12

No growth

S. aureus

S. aureus

S. aureus

S. aureus

No growth

8.5.3 Results at 2 weeks
8.5.3.1 Clinical appearance

In all 6 animals the surgical wounds over the stifle joint and the postero-medial aspect of the
tibia appeared to be healing satisfactorily. There was no evidence of sepsis, or effusion in
the joint.

The single pin track wound in Animal 7 was healing, with contraction of the wound edges,
and no evidence of infection (Figure 8.6). The remaining 5 animals had 2 separate pin track
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wounds; in 1 of these animals (Animal 11) both wounds had healed, and in 2 other animals
(Animal 8 and 10), one wound had healed and the other wound was healing without
evidence of sepsis. In the remaining 2 animals (Animal 9 and 12) one of the wounds was
healing without evidence of infection, but there was cellulitis around the second pin site.

Figure 8.6 - Healing wound at 2 weeks

8.5.3.2 Radiographic appearance at 2 weeks

Radiographic changes advanced in all but one animal (Animal 11). In all other animals
more extensive periosteal reaction and bone lysis were evident at all pin sites (Figure 8.7).
In one animal (Animal 10) sclerosis was evident at the proximal pin site.

Figure 8.7 - Advanced radiographic features at 2 weeks
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8.5.3.3 Bacteriological findings at 2 weeks

No bacteriological swabs were taken from animal 11 as the wounds had healed. In 2 other
animals (Animals 8 and 10), both without evidence of infection, there was no bacterial
growth. Bacteria were isolated from both animals with cellulitic pin sites (Animals 19 and
12). Sfap/yy/ococcus au/ieus and ^emcoccus spp. were isolated from the single wound in
Animal 7. The clinical and radiographic appearances, and the bacteriological findings are
presented in table 8.3.
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Table 8.3 - Findings 14 days after IIVI nailing.

Animal

7

Pin

Proximal

Distal

Clinical

Radiographic

Appearance

Appearance

Single Wound

Periosteal Reaction

Healing

and Lysis

Not Infected

Periosteal Reaction

Bacteriology

SfapAy/ococcus aumus

Aerococcus spp.

and Lysis
8

Proximal

Healed

Periosteal Reaction

No Swabs Taken

and Lysis
Distal

Healing

Periosteal Reaction

No growth

and Lysis
9

Proximal

Healing

Periosteal Reaction

SfajD/7y/ococcus aureus

and Lysis
Distal

10

Proximal

Cellulitis

Healing

Periosteal Reaction

Sfaphyfococcus auncu/ans

and Lysis

Sfap/?y/ococcus cap^us

Periosteal Reaction,

No Growth

Lysis, Sclerotic Edge
Distal

Healed

Periosteal Reaction

No Swabs Taken

and Lysis
11

Proximal

Healed

Normal

No Swabs Taken

Distal

Healed

Periosteal Reaction

No Swabs Taken

unchanged
12

Proximal

Healing

Periosteal Reaction

No Swabs Taken

and Lysis
Distal

Cellulitis

Periosteal Reaction

Staphylococcus aureus

and Lysis

8.5.4 Post-mortem results
8.5.4.1 Clinical findings

The superficial pin tracks had healed in 3 of 6 (50%) animals (Figure 8.8), and appeared to
be healing satisfactorily in a further 2 animals (Figure 8.9). In 1 animal (Animal 10) the distal
wound had healed, but there was a serous discharge from the proximal wound. This was,
however, the animal that the sustained the fracture that day.
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Figure 8.8 - Healed superficial wounds

Figure 8.9 - Healing superficial wounds

None of the 6 animals had clinical evidence of infection in the stifle joint or at the posterior
aspect of the pin sites (Figure 8.10). When the nail was removed from 2 animals (Animal 11
and 12) there was noted to oedematous, necrotic looking tissue on the surface of the
implant. In the remaining 4 animals there was no clinical evidence of infection around the
implant (Figure 8.11).
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At post-mortem there was no clinical evidence of infection at the posterior aspect of the tibia
of the pin sites. In all animals, however, there was oedematous tissue at the anterior aspect
of the tibia (Figure 8.12). The clinical findings at post-mortem are presented in table 8.4.

Figure 8.10 - No clinical evidence of infection posteriorly

Figure 8.11 - No clinical evidence of infection around implant
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Figure 8.12 - Oedematous superficial pin tracks

Table 8.4 - Clinical appearances at post-mortem

Animal

Superficial

Stifle Joint

Wounds
7

Healed

Not Infected

Posterior

Anterior

Appearance

Pin Track

Pin Track

of Implant

Not Infected

Oedematous

Not Infected

?Infected
8

Healing

Not Infected

Not Infected

Proximal ?Healing

Not Infected

Distal ?lnfected
9

Healed

Not Infected

Not Infected

Oedematous

Not Infected

?lnfected
10

Proximal

Not Infected

Discharge

Not Infected

Infected

Not Infected

Fracture

11

Healed

Not Infected

Not Infected

Oedematous

?lnfected

12

Healing

Not Infected

Haematoma

Not Infected

?lnfected
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8.5.4.2 Radiographic appearance

There was no radiographic abnormality around the implants in any animals. A spiral fracture
of the distal tibia, involving the distal pin site was evident in 2 animals (Animals 7 and 10). In
these 2 animals the appearance of the proximal pin site had not changed since the 2 week
radiograph. The appearance of both pin sites in Animal 8 was also unchanged since the 2
week radiograph. There was evidence of increased bone lysis at the proximal pin site in 2
animals (Animal 11 and 12), and there was increased periosteal reaction and bone lysis at
the distal pin site of animal 9.

8.5.4.3 Bacteriological results at post-mortem

There was no bacteriological evidence of infection in the stifle joint of any of the animals.
Bacteria were isolated from the implants in only one animal (Animal 7); there was no growth
form the swabs of the other animals, despite the clinical appearances.

Staphylococcus aureus was isolated from the posterior aspect of the tibia in only 2 animals
(Animals 7 and 9). Both these animals had sustained fractures, and the organism was only
isolated from the distal pin site. Staphylococcus aureus was isolated from the anterior part
of both pin tracks from Animal 7, and from the distal pin site only in Animals 8, 9 and 10.
The radiographic and bacteriological findings are shown in tables 8.5 and 8.6.

Staphylococcus aureus was isolated from the medulla of the distal tibia of Animal 12,
despite the absence of growth from either the implant or the distal pin.

In addition to Staphylococcus aureus, a second species of bacteria was isolated from 3 of
the animals at post-mortem. These organisms had not been isolated from the animals
previously.

8.5.4.4 Antibiotic sensitivities

All aerobic bacteria isolated from the animals were sensitive to amoxicillin/clavulanic acid.
Aerococcus viridans was isolated from the wounds of Animal 7, 2 weeks after IM nailing,
and Geme//a mo/t/Vomm was isolated from the proximal pin track of Animal 12 at the time
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of pin removal. Both of these species were resistant to gentamicin, but neither species was
isolated from the animals at post-mortem.

8.5.4.5 Histological results

Acute inflammatory changes consistent with active infection were present at all pin sites,
suggesting that despite the bacteriological findings, chronic infection had persisted. The
samples with the most advanced features of bone lysis were present in the distal pin tracks
of the 2 animals that sustained the fractures (Animals 7 and 10). In addition
microabscesses were evident at the distal pin track of Animal 9, which was also noted to
have more advanced radiological features. In all 3 animals the clinical appearance also
suggested that these pin sites had remained infected. Although the distal pin site of Animal
11 appeared infected on histological appearance, there was no bone lysis. This pin site did
not appear clinically infected, bacterial cultures were negative, and the radiological
appearances had not advanced. The histological findings, together with the clinical and
radiological appearances, are shown in table 8.5.
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Table 8.5 - Radiographic and bacteriological results of pin sites at post-mortem
SfapAy/ococcus = Sfap/?.
Animal

7

Pin

Proximal

Clinical

Radiographic

Appearance

Appearance

? Infected

Unchanged

Bacteriology

Histological
Appearance

Sfap/7. aureus

Infected - Bone
Lysb

Distal

8

Proximal

?lnfected

Not Infected

Fracture

Unchanged

SfapA. aureus

Infected - Bone

Staph.

Lysis and

chromogenes

Bacteria

No Growth

Infected - Bone
Lysis

Distal

HeaNng

Unchanged

Sfap/7. aureus

Infected - Bone
Lysis

9

Proximal

?lnfected

Unchanged

No Growth

Infected - Bone
Lysis

Distal

? Infected

^ore

Sfaf)/). aureus

Infected - Bone
Lysis and

advanced

Microabscesses
10

Proximal

?lnfected

Unchanged

No Growth

Infected - Bone
LysG

Distal

? Infected

Fracture

Sfap/?. aureus

Infected - Bone
Lysis

11

Proximal

Not infected

Bonel^^^

No Growth

Lysis

evident

12

infected - Bone

Distal

Not Infected

Unchanged

No Growth

Infected

Proximal

Not Infected

Increased

No Growth

Infected - Bone
Lyas

Distal

Not Infected

Unchanged

No Growth

Infected - Bone
Lysis
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Table 8.6 - Bacteriological findings at post-mortem

SfapAy/ococcus = Sfap/?.; Proximal = Prox; Distal = Dist

Animal

Stifle Joint

Implant

Pin Site

Superficial
Wounds

7

No Growth

Sfap/7. aumus

Sfap/7. aureus

Healed - No
swabs taken

Sfaph.
c/7mmogenes
8

No Growth

No Growth

Prox- No Growth

Staph, aureus

Dist- Sfap/7.

Sfap/). s/mu/ans

aureus
9

No Growth

No Growth

Prox- No Growth

Healed - No

Dist- Staph.

swabs taken

aureus
10

No Growth

No Growth

Prox- No Growth

Prox- Sfap/?.

Dist- Sfap/7.

aureus

aureus

Streptococcus
acidominimus

11

No Growth

No Growth

No Growth

Healed - No
swabs taken

12

No Growth

No Growth

No Growth

No Growth

8.6 Summary of IM Nailing Experiments

The control group confirmed that widespread dissemination of infection occurred after IM
nailing of an external fixator pin track infection. This has been compared with a treatment
group when standard methods of infection control were utilised both before and after
nailing.

In the control group, the animals were killed at a mean of 10.5 days following nailing, when
widespread infection was evident, with septic arthritis, posterior abscess formation, and
infection of the entire length of the tibia in all 6 animals. In the treatment group, none of the
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6 animals had clinical evidence of infection in the stifle joint or at the posterior aspect of the
pin sites and all surgical wounds healed without evidence of infection. When the nail was
removed from 2 animals there was noted to oedematous, necrotic looking tissue on the
surface of the implant, however, in the remaining 4 animals there was no clinical evidence
of infection around the implant. Four of the 6 animals survived for 28 days, with the other 2
animals killed at 17 and 22 days after pathological fractures occunod.

At post-mortem, however, despite the improved clinical course, bacteriological samples
were positive in 5 of the 6 animals and histological appearances demonstrated that
infection was still present in all animals.

Therefore, treatment was successful at redudng, but not eliminating, infection after
secondary nailing.
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9. Discussion and Recommendations for Further Work
9.1 /n V%ro Model

As discussed in chapter 5 this model can be compared to the clinical situation. The fracture
pattern is consistent with clinical reports of ballistic fractures {Rose et al. 1988; Liu et al.
1988), and therefore the pattern of contamination may also be relevant to the clinical
situation. This has demonstrated that external fixation can be safely canried out without the
risk of inserting pins through contaminated tissue and, therefore, that secondary IM nailing
is a possibility. The use of a fresh sheep tibia, with all soft tissues intact makes group 3
more clinically relevant, and further discussion on this model is given in chapter 5.

9.2 Selection of Animal for the //?

Model

Sheep have an incomplete fibula, and the tibia has a subcutaneous surface that allows
external pin placement without damage to deeper structures (Getty 1975). The ovine tibia
has been used as a long bone model for experiments involving external fixation (Hyldahl ef
a/. 1991), IM nailing (Schemitsch efa/. 1994), and plate fixation (Heitmeyer, Claes,
Hierholzer ef a/. 1990). This is, therefore, an appropriate model to study secondary IM
nailing after initial external fixation.

In this model, neither a fracture nor an osteotomy were created. With the small number of
animals involved, it was felt that this may add a significant contributory factor that would
make a true comparison difficult to make. In addition, the presence of an infected,
potentially loose, pin with a fracture of the bone may cause unacceptable suffering to an
animal.

This may be considered a major weakness of this study as instability at the fracture site has
been shown to affect the infection rate following internal fixation (Friedrich and Klaue 1977).
Due to the significance of instability, this experiment could be repeated with the addition of a
fracture site. However as the control group of animals did badly despite the presence of an
intact bone it could be considered unethical to repeat the experiment with the addition of a
factor that would be likely to increase any distress to the animals. In addition despite the
presence of stability, infection could not be eliminated in any animal in the treatment group
and as this represents failure in a best-case scenario there would seem little indication to
repeat the treatment group either.
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9.3 Selection of Bacteria

In developing this model it was necessary to use a species of bacteria known to infect
sheep, and therefore Staphylococcus aureus was used; staphylococci are pathogens of
sheep (Buxton and Fraser 1977), and have been used previously in a sheep model of
external fixator pin track infection (Clasper ef a/. 1999). This is a virulent bacteria, and
causes external fixator pin track infections in man. Rommens ef a/, reported that 12 of 95
patients treated by external fixation developed a pin track infection, and Staphylococcus
aureus was isolated from all 12 pin sites (Rommens, Broos, Stappaerts etal. 1988). in
another report, virulent SfapAy/ococcus aureus was the second most common bacterial
species isolated from pins that were cultured at the time of removal (Mahan ef a/. 1991). Of
214 pins, 75% were colonised by bacteria, and Sfaphyfococcus aunsi/s was isolated from
37.5% of these pins (Mahan ef a/. 1991). Staphylococci are also the most common cause
of implant infection and have been used previously to study infections involving IM nails
(Curtis ef a/. 1995).

9.4 Selection of External Fixator Pin

The fixator used in these experiments was chosen as it was on general issue to the medical
units of the British Army. The pins are designed to be self-drilling, but a 2.5mm pilot hole
was required. It has been reported that the use of a pilot hole that is much smaller than the
core diameter of the pin results in microfractures at the pin/bone interface (Penren, Cordey,
Baumgart et a/. 1992), and this may predispose to pin loosening or bacterial spread to the
medulla. However, mechanical damage has been reported to occur irrespective of the size
of the pilot hole, and the use of a 2.5mm pilot hole with a 4mm pin was not associated with
a major fall in mechanical properties (Clary and Roe 1996).

9.5 Pin Loosening

All 24 pins were clinically tight at the time of removal (Stage 1 - Bumy 1984), and the mean
reduction in torque was the same in both groups (82% of original extraction torque). This
confirms previous findings that clinical pin loosening is not necessary for a pin track
infection to develop, and that, even with a well fixed pin, bacteria can spread to the medulla
of the bone (Clasper ef a/. 1999). It is possible, however, that the reduction in stress at the
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pin/bone interface, as a consequence of the tibia being intact, may have prevented or
retarded pin loosening (Pettine ef a/. 1993).

In their paper Pettine ef a/, reported a reduction of 40% of the initial insertion torque after 40
days with an intact bone. This is similar to a clinical paper that documented a 35% reduction
in torque after 45 days (Burny et al. 1984). There are no reports of either the measured or
expected reduction of torque after 14 days, but it is unlilcely that, given the above figures,
there would not be a significant difference from the 18% reduction measured in this thesis.

9.6 Selection of Nail

A humeral nail was inserted, as the dimensions of this nail approximate to that of the sheep
tibia. Previous reports have used a custom-built nail in the sheep tibia (Schemitsch et al.
1995), but the use of a humeral nail has been described (Hill et al. 1998). An intra-articular
point of insertion was used; although a tibial nail would not normally be inserted through the
knee joint, the shape of the humeral nail required a more posterior insertion point than with
a tibial nail. Intra-articular insertion of an implant is required when retrograde femoral nailing
is carried out, and a recent clinical report has described septic arthritis following nailing of a
severe open fracture (Ostrum, DiCicco, Lakatos etal. 1998). The authors recommended
caution when using an intra-articular entry point in the presence of severe contamination,
and the findings in this study would support this view.

9.7 Control Group

In the control group, widespread infection, with overwhelming local sepsis, developed in all
animals after IM nailing. This has not been reported in the clinical situation, but this may be
due to the administration of antibiotics, clinically, when the first signs of infection are evident.
In addition, secondary IM nailing of an obviously infected pin track would not be carried out
clinically, but was carried out in this experiment, to study the treatment of a pin track
infection, at the time of secondary nailing. It has, however, confirmed the clinical finding of
implant infection after secondary IM nailing with a history of pin track infection (Maurer et al.
1989), and allows the effect of treatment at the time of conversion to be studied.

In this model, strict precautions were taken to prevent infection from the superficial pin
tracks contaminating the surgical field at the time of secondary IM nailing. The sterility of the
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field was confirmed by the absence of bacterial growth from swabs of the stifle joint and
proximal metaphysis. Only 1 colony of Staphylococcus aureus was isolated from 1 of the
animals. Bacteriological swabs from the reamers, and at nail exchange, confirmed the
widespread contamination of the bone and joint following reaming of the infected pin sites.
Given the reported low sensitivity of bacteriological swabs (An and Friedman 1998), it is
possible that widespread contamination occurred in all 12 animals after reaming.

Dissemination of infection occurred after reaming an infected pin track, and local abscess
formation may well have been caused by the extrusion of infected reamings at the time of
the procedure (Figure 9.1). In addition to extrusion of reamings out of the pin holes,
reamings were pushed into the distal metaphysis, and this may have contributed to the
widespread infection (Figure 9.2).
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Figure 9.1a & b - Extruded reamings evident clinically and radiographically after nailing

Figure 9.2 - Reamings pushed distally
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In retrospect, the use of an unreamed technique may have reduced the spread of
contamination proximally, but spread would have still occurred distally when the implant was
inserted. Although the use of unreamed nails has been recommended for open fractures
(Sanders etal. 1994), the use of these implants has led to specific problems. Unreamed
nails are smaller, and have an increased rate of locking screw failure (Schandelmaier et al.
1995). In addition, a recent report on the use of unreamed nails documented that 36% of 55
implants could not be inserted without reaming, despite the measurement of pre-operative
radiographs to identify the appropriate size of nail (Uhlin and Hammer 1998).

9.8 Treatment Group

Systemic antibiotics were administered prior to IM nail insertion, as recommended in the
protocol for secondary IM nailing described by Blachut ef a/. (1990). Broad-spectrum
antibiotics have been shown to be effective in reducing the incidence of infection after
closed fractures (Boxma, Broekhuizen, Patka etal. 1996), and also open fractures
(Patzakis etal. 1974). For these experiments, a combination of amoxicillin and clavulanic
acid was chosen for its broad spectrum of activity, and the availability of a once daily
preparation suitable for sheep. In retrospect this would appear to have been the correct
choice, as all species of bacteria isolated were sensitive to this combination. The sensitivity
of bacteria to rifampicin and gentamicin was also tested, as gentamicin was used locally,
and rifampicin has been recommended for the treatment of implant infections (Zimmerii,
Widmer, Blatter et al. 1998). There was some resistance to both of these antibiotics from
bacteria isolated at IM nailing, but all species of bacteria isolated at post-mortem were
sensitive to the antibiotics.

The use of local antibiotic therapy in addition to systemic antibiotics has been reported to
reduce risk of chronic osteomyelitis after open fractures (Ostermann, Henry and Seligson
1995), and the prophylactic use of gentamicin has been reported to reduce the infection
rate after joint replacement (Malchau and Herberts 1996). Gentamicin was therefore
administered locally using a biodegradable collagen sponge.

Debridement of the pin tracks was carried out by overdrilling the pin tracks together with
curetting and excision of infected soft tissues. Pin track debridement of both acute (Green
1983) and chronic infections (Green and Ripley 1984) has been recommended, together
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with administration of systemic antibiotics. Despite local treatment of the pin tracks, at the
time of reaming, Staphylococcus aureus was isolated from 5 of the 6 (83%) animals. This
confirms that local treatment was inadequate in eliminating infection from the pin tracks, and
demonstrates that lavage of the wound and antibiotics had an important role in preventing
infection in the stifle joint.

Despite this debridement of pin tracl(s should still be considered at the time of pin removal,
particularly when there is a history of infection. This may be carried out by overdrilling the
pin track, or the use of a small curette introduced along the track. More extensive
debridement should be considered with chronically infected pin tracks, loose pins or the
presence of sclerosis on radiographs.

It is possible that the debridement of the pin tracks by overdrilling may have contributed to
posterior abscess formation. However, given the radiographically visible reamings present
posteriorly after reaming, it would appear more likely that this was the predominant factor.

Copious irrigation of open fractures with 0.9% saline has been recommended to reduce the
incidence of subsequent infection (Gustilo and Anderson 1976), but there is no consensus
on the volume of fluid required. In an experimental model, it has been shown that the
addition of an antiseptic to the lavage solution increased the elimination of bacteria from the
wound. The addition of chlorhexidine was noted to be more effective than hydrogen
peroxide or iodine solutions (Taylor, Leeming and Bannister 1992). Chlorhexidine solution
was therefore used to lavage the wounds and medullary canal prior to insertion of the
implant.

It is possible, however, that this solution is toxic to bone or cartilage cells, and with a longer
follow up, articular cartilage degeneration may have developed. In the absence of a fracture
in these experiments, it is not possible to comment on the effect of this solution on fracture
healing.

In the treatment group, at the time of pin removal, incisions were made at the posterior
aspect of the pin sites. In a previous study infection was demonstrated at the posterior
aspect of the tibia in only 20% of the pins (Clasper etal. 1999), and yet all animals in the IM
nailing control group developed a posterior abscess. It was felt that this was due to the
extrusion of reamings at the time of conversion, and to confirm the sterility of the posterior
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tibia, additional samples were taken from this site prior to any treatment of the infected pins.
There was no growth from the swabs or tissue samples from any of the 12 pin sites. It can
be concluded that the posterior cortex of the tibia acts as a barrier to bacteria in the
presence of a pin track infection, and that abscess formation was probably due to extruded
infected reamings.

Posterior abscess formation has not been described in the clinical situation following a pin
track infection, and may have developed, in this study, as a result of increased
intramedullary pressure at the time of conversion. This increased pressure would be due to
the intact bone; in the clinical situation, if reamings were extruded, it would be at the fracture
site, and may be one cause of an infected fracture. In addition, posterior incisions were
made in the treatment group to allow the insertion of gentamicin impregnated collagen
sponge. It was possible to prevent abscess formation in the treatment animals, and this
may have been due to the local and/or systemic antibiotics.

Infection persisted at the pin sites despite debridement. Chronic osteomyelitis of pin tracks
has been reported despite removal of the pin and debridement, and these persisted in at
least one third of cases despite further surgery (Green and Ripley 1984). It has been
reported that chronic osteomyelitis of pin sites is usually due to retained necrotic bone
(Edwards 1986), and even arthroscopic surgery has been used to allow direct inspection of
the track and ensure all necrotic tissue is removed (Morgan-Jones, Burgert and Richardson
1998). It is possible, therefore, that the surgery carried out in this study was inadequate,
and this contributed to the persistence of infection.

The persistence of infection is also related to the type of bone, as chronic osteomyelitis has
only been reported in cortical bone, and not in cancellous bone such as found in the pelvis
or calcaneus (Green 1981).

Although all 12 pin sites appeared infected histologically, the distal pins appeared to be
more infected. In 2 animals fractures occurred through the distal pins, and in 2 further
animals (Animals 8 and 9) clinical and histological features appeared more advanced. It has
been reported that distal tibial pins are more likely to be chronically infected than proximal
pins (Green and Ripley 1984), and the findings in this study would be consistent with this
observation. This may be due to greater thermal necrosis when drilling thicker cortical bone.
This is the reason for ensuring bicortical placement of pins, as transcortical placement is a
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factor in chronic osteomyelitis (Green and Ripley 1984).

Thermal necrosis is one of the factors responsible for the bone cell death that is observed
adjacent to an implant (Schatzker, Home and Sumner-Smith 1975). This is also a factor in
the establishment of infection, as bacteria must initially adhere to a susceptible surface,
such as a foreign body or damaged tissue, before infection can occur (Gristina, Naylor and
Myrvik 1991).

9.9 Bacteriology of Pin Track Infection

Staphylococcus aureus was isolated from all pin tracks, as well as a number of other
species of bacteria. In both groups 5 of the 6 animals had additional species of bacteria
isolated; only 1 animal in both groups was infected by only Sfap/7y/ococcus aureus. In the
control group 7 additional species of bacteria were isolated, compared with 9 additional
species from the treatment group. This is similar to previous findings when developing the
pin track infection model (Clasper ef a/. 1999). The polymicrobial nature of trauma wounds
has been previously reported (Brook 1998), and this has major implications for the choice
of antimicrobials.

Corynebacterium spp., a gram-positive rod, was isolated from animals in both experimental
groups, and dissemination occurred in the control group after IM nailing. It is commonly
isolated from the mucous membranes, gastrointestinal, and genitourinary tracks of healthy
sheep, and is usually considered non-pathogenic (Buxton and Fraser 1977). Clinical
problems can develop if predisposing factors produce a favourable local environment
(Buxton and Fraser 1977), The infected IM nail may have produced such an environment,
allowing the bacteria not only to become established, but also to become the predominant
species of bacteria in some animals,

Escherichia coli, Pasturella spp. and Alcaligenes faecalis were also isolated from animals in
both groups, infection by these gram-negative enterobacteria may have been favoured by
the choice of animal, or their normal living conditions, but wound infections by these
bacteria has been reported in man (Robinson et al. 1989), particularly in the military
environment (Lindberg ef a/. 1955).
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It is possible that, in vivo, the presence of one species of bacteria allows another species to
become established more easily. This could explain the presence of several different
species of bacteria isolated from most samples. From one IM nail. Staphylococcus aureus
was isolated as well Escherichia coli, Corynebacterium spp. and Peptostreptococcus
anaerobius (part of the normal anaerobic ruminal flora).

9.10 Radiographic Appearance

Radiographs taken at the time of pin removal demonstrated a periosteal reaction at 21 of
24 (88%) pin sites, and bone lysis at 1 pin site. A periosteal reaction can occur in a number
of pathological conditions including trauma and neoplasia, but it can be considered as an
early radiographic sign of infection (An and Friedman 1998). In the control group, at a mean
of 24.5 days after pin insertion, the periosteal reaction had become more pronounced, and
bone lysis was visible at 11 of 12 (92%) pin sites. Bacteriological swabs confirmed that
infection was still present, and suggest that a chronic infection had persisted despite
removal of the pins 10 days earlier.

In the treatment group, antibiotics were administered together with debridement of the pin
sites. Despite this, the periosteal reaction was more pronounced and bone lysis was
present at 10 of the 12 (83%) pin sites 4 weeks after the pins were inserted. At postmortem, although no microbiological evidence of infection was found in 5 of these 10 pins,
the histological appearance did suggest that these pins were infected, consistent with the
radiographic findings. The changes were, however, more florid when bacteria were isolated.

9.11 Histological Appearance

In the diagnosis of implant infection, histology has been considered as the gold standard by
which other methods are compared (Atkins, Athanasou, Deeks etal. 1998). In animal
models of implant infection, however, it has been stated that only the presence of
microabscesses is definite histological evidence of infection (An and Friedman 1998).
Histology is often used in combination with microbiology in the diagnosis of implant infection
(Atkins, Athanasou, Simpson etal. 1996). The presence of a positive culture, together with
acute inflammatory changes at histology, have been taken to indicate infection (Atkins et al.
1996). In the control group, there was no doubt about the presence of infection as clinical
appearance and bacteriological findings confirmed the diagnosis. The histological
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appearance was also consistent with infection, with acute inflammatory changes bacteria
and in most cases microabscesses.

However, in the treatment group, histological features suggested that infection was present
at all 12 pin sites at the time of post-mortem, despite no bacterial growth on cultures from 7
of the 12 pin sites. The low sensitivity of bacteriological swabs has been discussed
previously (An and Friedman 1998), and even when tissue from debrided areas has been
cultured, it has been reported that bacteria may not be isolated despite chronic infection
(Perry, Pearson and Miller 1991). The results from the animals in this study add further
weight to the belief that microbiology of chronic infection is inaccurate, and that histology is
a more useful investigation (Padgett, Silverman, Sachjowicz ef a/. 1995).

9.12 Complications

Although widespread infection occurred in the control group, there were no other
complications. Two major complications occurred in the treatment group, 2 animals
sustained spiral fractures involving the distal pin hole. These can both be considered as
pathological fractures, as bacteriological findings confirmed both pin tracks were chronically
infected. Fracture of the tibia, through a chronically infected pin site, has been reported
previously in man (Green 1981).

In retrospect, the use of distal locking screws through the nail may have increased the
rotational stability of the bone, and would possibly prevented the fractures. A number of
animal models of pin track infection have been described, but secondary IM nailing has not
been reported in an animal model. It was therefore impossible to predict that this
complication would have occurred in an animal model.

It is interesting to note that, in the treatment group, the only animal with widespread
infection involving the implant had a fracture of several days duration. Unstable internal
fixation, in the presence of bacterial contamination of the fracture site, has been shown in
an animal model to increase the risk of infection (Worlock et a/. 1994). It is possible that, in
the absence of a fracture, the infection would not have become so widespread in this
animal.
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9.13 Future Work
9.13.1 Introduction

Despite the use of conventional methods of infection control, Staphylococcus aureus was
isolated from 5 of the 6 animals in the treatment group, and histological features consistent
with infection were present in all 6 animals. However all animals in the treatment group
fared better than the control animals, as illustrated in table 9.1.

Table 9.1 - Overall comparison of control and treatment groups at post-mortem

Control Group

Treatment Group

Mean Survival After Nailing

10.5 days

25 days

Infection in Surgical Wound

6 animals

0 animals

Infection Around Implant

6 animals

1 animal

Infection at Superficial Pin Track

6 animals

2 animals

Infected Pin Track Through Bone

12 pins

12 pins

The major problem with this technique is the persistence of infection in the pin tracks. This
lead to pathological fractures in 2 of the animals, and if the study had been over a longer
period may have lead to implant infection and possibly failure in all animals. This outcome is
not good enough for the recommendation of this technique to the military casualty, and
further methods of infection control must be considered.

9.13.2 Delay between removal of external fixator and secondary IM nailing

Some authors have advocated a period of time in plaster, or traction prior to secondary
nailing (Blachut etal. 1990). This would be difficult to achieve in a sheep, although dividing
the patellar tendon has been carried out to limit weight-bearing, after excessive pin
loosening occurred (Gilbert, Cahners and Atkinson 1989). As pathological fractures
occurred in 2 animals in the treatment group, despite the presence of an IM nail, there may
be a high risk of fracture, and excessive suffering in animals managed by a delay in
secondary IM nailing. In addition Tornqvist (1990) has demonstrated that secondary implant
infection can occur despite a mean delay of 218 days after removal of external fixator, prior
to IM nailing. This treatment protocol was, therefore, not studied in this model, and to further

140

Mr J C Clasper
DM Thesis

Chapter 9

develop this work it is necessary to prevent or treat an infected pin track prior to nailing.

9.13.3 Pinmodification
As discussed, there are potential problems with the design of the external fixator pins used
in these experiments. Different designs are available, and a different pin is now used by the
British Army. The pin has a larger diameter, and 2 different thread diameters, which is
designed to prevent cutting out of the thread of the near cortex when the cutting tip initially
engages the far cortex. This may reduce the bacterial spread to the medulla, and future
work could include an assessment of the effectiveness of the pin in this animal model.

In addition, the use of hydroxyapatite (HA) coating has been reported to improve the
pin/bone interface and reduce loosening (R^oroni, Orienti, Stea ef a/. 1996). There are,
however, reports that HA coating may increase the risk of infection, as the positive charge
on the bacteria may attract the negatively charged bacteria (Oga, Arizono and Sugioka
1993).

Recent reports have described the use of HA as a method of drug delivery for both
chemotherapy (Itokazo, Sugiyama, Ohno etal. 1998), and antibiotics (Conceigao, Martins,
Goissis et al. 1998). The use of HA coated external fixator pins and antibiotic loaded HA
could be assessed using this animal model.

The use of antiseptically coated external fixator pins in goats (Nelson, DeBerardino, Brooks
etal. 1999), and IM nails in rabbits (Darouiche, Farmer, Chaput etal. 1998) has also been
described recently, and it is likely that these modifications would reduce the risk of infection
in this animal model. However, the optimum method of applying this coating, its durability
and its shelf-life have yet to be determined (personal discussion with authors). This is vital
information before the acceptance of this technique by the military.

In addition, tobramycin-impregnated polymethylmethacrylate sleeves for external fixator
pins have been reported in a goat model (Voos, Rosenberg, Fagrhi etal. 1999). The
sleeves were applied shortly after the pins were contaminated with Staphylococcus aureus,
and prevented any of the pin sites from becoming infected. These sleeves could be applied
after a pin track infection has developed, prior to secondary IM nailing. This may also
reduce the risk of subsequent infection. One of the potential problems with the use of
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antibiotics is the possibility of resistance developing, particularly as the antibiotic levels fall.
Any of these possible options could be studied in this animal model.

9.13.4 Pinless fixation

Given that the main problem with secondary IM nailing is spread of infection from the
superficial pin track infection, one possible solution is the pinless fixator, which grips, but
does not penetrate the cortex of the bone (Figure 9.3). This technique would also facilitate
subsequent nail insertion, as it holds the fracture in a reduced position, while the nail is
inserted. Although the technique has potential in the trauma situation, a number of factors
would compromise its usefulness in the military environment:

1. - The pinless fixator must only be seen as a temporary method of stabilisation, and it was
not designed for the long-term treatment of fractures. With the potential logistic problems of
the military environment, problems with casualty evacuation are likely to occur, particularly
in a mass casualty situation. This may result in the fixator failing before definitive treatment
can be instigated.

2. - The stability of the device may not be sufficient for casualty evacuation, particularly
prolonged evacuation across rough terrain.

3. - Despite the absence of pins breaching the cortex of the bone, bacteria have been
isolated from the medulla of 36% of patients treated by the pinless fixator (Winkler,
Hochstein and Wentzen 1994). This would increase the infection risk if secondary IM nailing
were carried out.

4. - The device is only suitable for the tibia, and only for fractures involving the shaft. With
high-energy transfer wounds to the tibia significant comminution occurs, and there may be
insufficient bone for pin insertion. With a conventional external fixator it is possible to bridge
joints, utilising the bone above or below, e.g. inserting pins into the femur and/or foot for
complex tibial fractures. This will not be possible with the pinless fixator, and further work is
required to define its role in the treatment of military fractures.
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Figure 9.3a & b - Pinless fixator, designed to grip ratlier than penetrate cortex
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9.13.5 The use of electricity

It has been known for many years that electric current has an antibacterial role (Anderson
and Finkelstein 1919), but also may affect the viability of bone (Friedenberg, Andrews,
Smolensk! et al. 1970). Provisional results show that it may be possible to limit bacterial

spread, without affecting the stability of the pins, and further work is required in this field
(Clasper 2000).

9,14

Summary

An animal model of secondary IM nailing of an external fixator pin track infection has been
developed. If the pin track infection was not treated, widespread sepsis occurred in all
animals after nailing, and this is consistent with the reported finding that implant sepsis after
secondary nailing is due to a previous pin track infection (Maurer ef a/. 1989).

Using standard methods of treatment for a pin track infection, removal of the pin and
systemic antibiotics, combined with thorough lavage and local antibiotic administration, it
was possible to control the infection. Infection was eliminated in only 1 animal, but all
animals in the treatment group did better than the control group.

This model of a pin track infection represents a worst case scenario. Any pin track infection
developing in the military situation is likely to be less severe than in these animals, and it is
unlikely that secondary IM nailing would be carried out in the presence of such clinically
obvious sepsis. Despite the severity of the infection in the control animals, it could be
controlled, and therefore, in the military environment, secondary IM nailing may be suitable
for the treatment of ballistic fractures of the tibia, but further work is necessary.
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10. Appendices
10.1 Contamination and Comminution of Ballistic Fractures (Chapter 5)

10.1.1 Leg 1
10.1.1.1 Extent and contamination of soft tissues
Entry

Exit

Size of Skin Wounds

10 X 9mm

45 X 18mm

Macroscopic Extent of

20 X

50 X 25mm

15mm

Damaged Skin
Contamination of Fascia

60 X 35mm

60 X 30mm

10.1.1.2 Extent of fracture
Length of Proximal

Length of

Length of Distal

Extent of Fracture

Fragment

Fracture

Fragment

(% of intact length)

7.5cm

8cm

4.5cm

40%

10.1.1.3 Contamination of fracture
Proximally

Distally

Extent of Fracture Contamination
(% of intact length)

Contamination

15mm Proximal

At Distal Extent

of Fracture

to Fracture

of Fracture

48%
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10.1.2 Leg 2
10.1.2.1 Extent and contamination of soft tissues
Entry

Exit

Size of Skin wounds

9 x 7mm

16 x 11mm

Macroscopic Extent of

15x11mm

22 X 16mm

90 X 30mm

65 X 30mm

Damaged Skin
Contamination of Fascia

10.1.2.2 Extent of fracture
Length of Proximal

Lengtin of

Length of Distal

Extent of Fracture

Fragment

Fracture

Fragment

(% of intact length)

8cm

7.5cm

6.5cm

34%

10.1.2.3 Contamination of fracture
Proximally

Extent of Fracture Contamination

Distally

(% of intact length)
Contamination

At Proximal Extent

10mm Distal

of Fracture

of Fracture

to Fracture

39%

10.1.3 Leg 3
10.1.3.1 Extent and contamination of soft tissues
Entry

Exit

Size of Skin Wounds

8 X 7mm

16 X 10mm

Macroscopic Extent of

18 X 12mm

24 X 16mm

35 X 25mm

35 X 25mm

Damaged Skin
Contamination of Fascia

10.1.3.2 Extent of fracture
Length of Proximal

Length of

Length of Distal

Extent of Fracture

Fragment

Fracture

Fragment

(% of intact length)

6.5cm

7.5cm

6.5cm

37%

10.1.3.3 Contamination of fracture
Proximally

Distally

Extent of Fracture Contamination
(% of intact length)

Contamination

5mm Distal to Proximal

At Distal Extent

of Fracture

Extent of Fracture

of Fracture

34%
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10.1.4 Leg 4
10.1.4.1 Extent and contamination of soft tissues
Entry

Exit

Size of Skin Wounds

12 X 9mm

100 X 38mm

Macroscopic Extent of

18 X 12mm

115 X 50mm

30 X 35mm

100 X 50mm

Damaged Skin
Contamination of Fascia

10.1.4.2 Extent of fracture
Length of Proximal

Length of

Length of Distal

Extent of Fracture

Fragment

Fracture

Fragment

(% of intact length)

6cm

9.5cm

5cm

46%

10.1.4.3 Contamination of fracture
Distally

Proximally

Extent of Fracture Contamination
(% of intact length)

Contamination

At Proximal Extent

At Distal Extent

of Fracture

of Fracture

of Fracture

46%

10.1.5 Leg 5
10.1.5.1 Extent and contamination of soft tissues
Entry

Exit

Size of Skin Wounds

11 x 11mm

85 X 32mm

Macroscopic Extent of

15x15mm

95 X 42mm

60 X 40mm

150 X 50mm

Damaged Skin
Contamination of Fascia

10.1.5.2 Extent of fracture
Length of Proximal

Length of

Length of Distal

Extent of Fracture

Fragment

Fracture

Fragment

(% of intact length)

4.5cm

11.5cm

6cm

52%

10.1.5.3 Contamination of fracture
Proximally

Distally

Extent of Fracture Contamination
(% of intact length)

Contamination

At Proximal Extent

5mm Distal

of Fracture

of Fracture

to Fracture

55%
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10.2 Results

of

External

Fixation

Followed

by

Conversion

to

IM

nail

No

Treatment (Chapter 7)
10.2.1 Animal 1
10.2.1.1 Results up to removal of external fixator pins
Staph. = Staphylococcus, Torque = Nm

Clinical Appearance-48 hours
Clinical Appearance-2 weeks
Loosening (Burny 1984)
Initial Insertion Torque
Initial Extraction Torque
Final Extraction Torque
% of Initial Torque
Radiographic Appearance at
2 weeks
Bacteriological Results

Proximal
Superficial Cellulitis
Deep Infection
Stage 1
1.3
1.3
0.9
69
Periosteal Reaction
SfapA. aureus
Co/ynebacfewm spp.
)4/c8/^enes /aeca/zs

Pin
Distal
Superficial Cellulitis
Deep Infection
Stage 1
1.4
1.4
1.0
71
Periosteal Reaction
Sfap/7. aureus
Co/ynebacfenum spp.

10.2.1.2 Bacteriological findings at IIVI nailing
Stifle Joint on Entry
Proximal Tibia
Guide Rod
7mm Reamer
8mm Reamer
9mm Reamer
Proximal Tibia after Reaming
Proximal Locking Hole

No growth
No growth
No growth
Staph, aureus
No growth
Staph, aureus
No growth
No growth

10.2.1.3 Results at post-mortem

Stifle Joint
Posterior Pin Track
Anterior Pin Track

Appearance
Purulent Material
Necrotic Tissue
Healing

Implant

Infected

Inguinal Lymph Nodes

Bacteriological Findings
Cor/nebacfenum spp.
Corynebacterium spp.
Staph, aureus
Co/ynebacfenum spp.
SfapA. aureus
Co/ynebacfe/Yum spp.
Co/ynebacfenum spp.

10.2.1.4 Radiographic appearance

Proximal Pin Track
Distal Pin Track

Radiographic Appearance
Bone Lysis, Periosteal Reaction
Bone Lysis, Periosteal Reaction
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10.2.2 Animal 2
10,2,2.1 Results up to removal of external fixator pins
SfapA. = SfapAy/ococcus, Torque = Nm

Clinical Appearance-48 hours
Clinical Appearance-2 weeks
Loosening (Burny 1984)
Initial Insertion Torque
Initial Extraction Torque
Final Extraction Torque
% of Initial Torque
Radiographic Appearance at
2 weeks
Bacteriological Results

Proximal
Superficial Cellulitis
Deep Infection
Stage 1
1.2
1.3
1.2
92
Normal

Pin
Distal
Superficial Cellulitis
Deep Infection
Stage 1
1.1
1.1
0.8
73
Periosteal Reaction

Sfap/). aureus
Pmfeus spp.

Staph, aureus
Pmfeus spp.

10.2.2.2 Bacteriological findings at IM nailing
Stifle Joint on Entry
Proximal Tibia
Guide Rod
7mm Reamer
8mm Reamer
9mm Reamer
Proximal Tibia after Reaming
Proximal Locking Hole

No growth
No growth
No growth
Staph, aureus
Sfaph. aureus
Staph, aureus
SfapA. aureus
SfapA. aureus

10.2.2.3 Results at post-mortem

Stifle Joint
Posterior Pin Track

Appearance
Purulent Material
Purulent Material

Anterior Pin Track
Implant

Purulent Material
Infected

Inguinal Lymph Nodes

Bacteriological Findings
Proteus spp.
Pmfeus spp.
Escherichia coli
Proteus spp.
Staph, aureus
Pmfeus spp.
Staph, aureus
P/Dfeus spp.

10.2.2.4 Radiographic appearance

Proximal Pin Track
Distal Pin Track

Radiographic Appearance
Periosteal Reaction
Bone Lysis, Periosteal Reaction
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10.2.3 Animal 3
10.2.3.1 Results up to removal of external fixator pins
Sfap/7y/ococcus, Torque = Nm
Pin
Proximal
Distal
Clinical Appearance-48 hours Superficial Cellulitis
Superficial Cellulitis
Deep Infection
Clinical Appearance-2 weeks Deep Infection
Loosening (Burny 1984)
Stage 1
Stage 1
Initial Insertion Torque
2.2
1.2
2.0
Initial Extraction Torque
1.2
Final Extraction Torque
1.3
1.2
% of Initial Torque
65
100
Radiographic Appearance at Periosteal Reaction
Periosteal Reaction
2 weeks
Bacteriological Results
SfapA. aureus
Sfa^/7. aureus
Corynebacterium spp.
Co/ynebacfenum spp.
vA/ca/Zgenes /aeca//s

10.2.3.2 Bacteriological findings at IM nailing
Stifle Joint on Entry
Proximal Tibia
Guide Rod
7mm Reamer
8mm Reamer
9mm Reamer
Proximal Tibia after Reaming
Proximal Locking Hole

No growth
No growth
No growth
Sfap/). aureus
Staph, aureus
SfapA. aureus
No growth
Staph, aureus
Co/ynebacfe/Yum spp.

10.2.3.3 Results at post-mortem

Stifle Joint

Appearance
Purulent Material

Posterior Pin Track

Purulent Material

Anterior Pin Track

Healing

Implant

Infected

Inguinal Lymph Nodes

Bacteriological Findings
Staph, aureus
Corynebacterium spp.
SfapA. aureus
Co/yneAacfenum spp.
Staph, aureus
Corynebacterium spp.
Staph, aureus
Co/yneAacfenum spp.
Staph, aureus
Corynebacterium spp.

10.2.3.4 Radiographic appearance

Proximal Pin Track
Distal Pin Track

Radiographic Appearance
Bone Lysis, Periosteal Reaction
Bone Lysis, Periosteal Reaction
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10.2.4 Animal 4
10.2.4.1 Results up to removal of external fixator pins
Staph. = Staphylococcus, Torque = Nm

Clinical Appearance-48 hours
Clinical Appearance-2 weeks
Loosening (Burny 1984)
Initial Insertion Torque
Initial Extraction Torque
Final Extraction Torque
% of Initial Torque
Radiographic Appearance at
2 weeks
Bacteriological Results

Proximal
Superficial Cellulitis
Deep Infection
Stage 1
1.5
1.5
1.3
87
Periosteal Reaction

Pin
Distal
Superficial Cellulitis
Deep Infection
Stage 1
0.9
0.9
0.8
89
Periosteal Reaction

SfapA. aunsus
Co/yneAacfenum spp.

Sfap/i. aureus
Corynebacfenum spp.

10.2.4.2 Bacteriological findings at IIVI nailing
Stifle Joint on Entry
Proximal Tibia
Guide Rod
7mm Reamer
8mm Reamer
9mm Reamer
Proximal Tibia after Reaming
Proximal Locking Hole

No growth
No growth
No growth
No growth
No growth
No growth
No growth
No growth

10.2.4.3 Results at post-mortem

Stifle Joint

Appearance
Purulent Material

Posterior Pin Track

Purulent Material

Anterior Pin Track

Healing

Implant

Infected

Inguinal Lymph Nodes

Proximal Pin Track
Distal Pin Track

Bacteriological Findings
Stapt). aureus
Co/ynebacfe/7i/m g/ucumno/yf/cum
Sfap/7y/ococcus Aaemo/yAcus
Sfap/). aureus
Co/ynebacfenum g/ucumno/yffcum
Staphylococcus haemolyticus
SfapA. aureus
Cofyf?ebacfenum g/ucumno/yf/cum
Staphylococcus haemolyticus
Staph, aureus
Co/ynebacfenum g/ucufonoZ/Acum
Staphylococcus haemolyticus
Co/yoebacfenum spp.

Radiographic Appearance
Bone Lysis, Periosteal Reaction
Bone Lysis, Periosteal Reaction
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10.2.5 A n i m a l s
10.2.5,1 Results up to removal of external fixator pins
Staph. = Staphylococcus, Torque = Nm

Clinical Appearance-48 hours
Clinical Appearance-2 weeks
Loosening (Burny 1984)
Initial Insertion Torque
initial Extraction Torque
Final Extraction Torque
% of Initial Torque
Radiographic Appearance at
2 weeks
Bacteriological Results

Proximal
Superficial Cellulitis
Deep Infection
Stage 1
2.4
2.4
1.9
79
Periosteal Reaction
Staph, aureus
Pasturella haemolytica
Esc/?e/7c/7/a co//
Geme//a mofb///ofum
Pantoea spp.

Pin
Distal
Superficial Cellulitis
Deep Infection
Stage 1
1,9
2,0
1.8
90
Periosteal Reaction
Sfaph. aureus
Panfoea spp.

10.2.5.2 Bacteriological findings at IM nailing
Stifle Joint on Entry
Proximal Tibia
Guide Rod
7mm Reamer
8mm Reamer
9mm Reamer
Proximal Tibia after Reaming
Proximal Locking Hole
First Nail at Exchange

No growth
No growth
No growth
No growth
No growth
No growth
No growth
No growth
Staph, aureus
Esc/?encA/a co//
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10.2.5.3 Results at post-mortem

Stifle Joint

Appearance
Effusion

Posterior Pin Track

Purulent Material

Anterior Pin Track

Oedematous

Implant

Infected

Inguinal Lymph Nodes

Bacteriological Findings
SfapA. aureus
Escherichia coli
Staphylococcus auriculahs
Sfaph. aureus
CorxneAacferium spp
Escherichia coli
Staph, aureus
Cofynebacfenum spp
Escherichia coli
SfapA?. aumus
Corynebacterium spp.
Escherichia coli
Pepfosf/iepfococcus anaerob/us
SfapA. aunsus
SfapAy/ococcus cap/fus
Yeast

10.2.5.4 Radiographic appearance

Proximal Pin Track
Distal Pin Track

Radiographic Appearance
Bone Lysis, Periosteal Reaction
Bone Lysis, Periosteal Reaction
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10.2.6 Animal 6
10.2.6.1 Results up to removal of external fixator pins
SfapA. = Sfap/7y/ococcus, Torque = Nm

Proximal
Superficial Cellulitis
Deep Infection
Stage 1
2.9
2.9
1.5
52
Bone Lysis
Periosteal Reaction
SfapA. auneus

Clinical Appearance-48 hours
Clinical Appearance-2 weeks
Loosening (Bumy 1984)
Initial Insertion Torque
Initial Extraction Torque
Final Extraction Torque
% of Initial Torque
Radiographic Appearance at 2
weeks
Bacteriological Results

Pin
Distal
Superficial Cellulitis
Not Infected
Stage 1
2.5
2.5
1.7
68
Periosteal Reaction
SfapA. aureus

10.2.6.2 Bacteriological findings at IM nailing
Stifle Joint on Entry
Proximal Tibia
Guide Rod
7mm Reamer
8mm Reamer
9mm Reamer
Proximal Tibia after Reaming
Proximal Locking Hole

No growth
No growth
No growth
No growth
No growth
No growth
No growth
No growth

10.2.6.3 Results at post-mortem

Stifle Joint
Posterior Pin Track

Appearance
Purulent Material
Infected Haematoma

Anterior Pin Track

Healing

Implant

Infected

Inguinal Lymph Nodes

Bacteriological Findings
Co/ynebacfenum spp.
Sfap/). aureus
Corynebactehum spp.
Staph, aureus
Corynebacterium spp.
SfapA. au/ieus
Co/ynebacfenum spp.
No growth

10.2.6.4 Radiographic appearance

Proximal Pin Track
Distal Pin Track

Radiographic Appearance
Bone Lysis, Periosteal Reaction
Bone Lysis, Periosteal Reaction
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10.3 Results After Conversion to IM Nail - Treatment G r o u p (Chapter 8)
10.3.1 Animal?
10.3.1.1 Results up to removal of external fixator pins
Sfap/7y/ococcu5, Torque = Nm
Pin
Proximal
Distal
Clinical Appearance-48 hours Superficial Cellulitis
Superficial Cellulitis
Clinical Appearance-2 weeks
Deep Infection
Deep Infection
Loosening (Burny 1984)
Stage 1
Stage 1
Initial Insertion Torque
1.25
1.8
Initial Extraction Torque
1.2
1.8
Final Extraction Torque
1.1
1.4
92
% of Initial Torque
78
Radiographic Appearance at Normal
Periosteal Reaction
2 weeks
Reaminqs Extruded
Bacteriological Results from SfapA. aureus
Sfaph. aureus
Wound Track
M/cmcoccus spp.
Bacteriological Results from No Growth
No Growth
Posterior Tibia
10.3.1.2 Antibiotic sensitivities - S = Sensitive
Rifampicin Amoxicillin/Clavulanic
Acid 30p,g
5^9
Sfap/?. au/%us
S
S
S
Mcrococcus spp. S
10.3.1.3 Bacteriological findings
Stifle Joint on Entry
Proximal Tibia
Guide Rod
7mm Reamer
8mm Reamer
9mm Reamer
Proximal Tibia after Reaming
Proximal Locking Hole
Reamings from Distal Pin Wound
10.3.1.4 Results at 2 weeks
Pin
Clinical Appearance
Track
Single Wound
Proximal
Distal

Healing, Not infected

Gentamicin
120ng
S
S

at IM nailing
No growth
No growth
No growth
No growth
No growth
SfapA. aureus
No growth
No growth
SfapA. aureus

Bacteriology

Radiological Appearance

Sfap/v. aureus

Bone Lysis
Periosteal Reaction
Bone Lysis
Periosteal Reaction

,4erococcus wrfdans

10.3.1.5 Antibiotic sensitivities at 2 weeks - S = Sensitive, RS = Some resistance
Rifampicin Amoxicillin/Clavulanic Gentamicin
5|ig
Acid 30|ig
120ng
Staph, aureus
s
8
S
Aerococcus wncfans s
RS
S
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10.3.1.6 Results at post-mortem

Superficial Wounds
Stifle Joint
Posterior Pin Track
Anterior Pin Track

Appearance
Healed
Not Infected
Not Infected
Oedematous tissue
?Necrotic
Not Infected

Implant

Bacteriological Findings
No Swabs Taken
No growth
Proximal - No growth
Distal - Staph, aureus
Sfa/)/). aureus
Both Pins
SfapA. cAmmogenes

10.3.1.7 Radiographic appearance

Proximal
Pin
Track
Distal Pin Track

Radiographic Appearance
Unchanged from 2 Weeks

Histological Appearance
Infected - Bone Lysis

Fracture, Changes more Advanced
than 2 Weeks

Infected - Bone Lysis and
Bacterial Colonies
Infected

Shaft
10.3.1.8 Antibiotic sensitivities - S = Sensitive

Sfaph. aureus
Staph, chromogenes

Rifampicin
5ng
S
S

Amoxicillin/Clavulanic
Acid 30|j,g
S
S

Gentamicin
120ng
S
S
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10.3.2 Animals
10.3.2.1 Results up to removal of external fixator pins
Staphylococcus, Torque = Nm
Pin
Proximal
Distal
Clinical Appearance-48 hours Superficial Cellulitis
Superficial Cellulitis
Clinical Appearance-2 weeks
Deep Infection
Deep Infection
Stage
1
Loosening (Burny 1984)
Stage 1
Initial Insertion Torque
1.3
1.2
Initial Extraction Torque
1.15
1.1
Final Extraction Torque
0.9
1.0
% of Initial Torque
78
91
Radiographic Appearance at Periosteal Reaction
Periosteal Reaction
2 weeks
Bacteriological Results from SfapA. aunsus
Staph, aureus
Wound Track
Pasfuns/Za Aaemo/yAca
Fusobacfenum nuc/eafum
Bacteriological Results from No Growth
No Growth
Posterior Tibia

10.3.2.2 Antibiotic sensitivities - S = Sensitive
Rifampicin Amoxicillin/Clavulanic
Acid 30|ig
5w,g
S
S
Sfap/?. aureus
Pasturella haemolytica
S
S
Not Tested
Fugobacfe/Yum nuc/eafum

Gentamicin
120ng
S
S

10.3.2.3 Bacteriological find ings at IM nailing
Stifle Joint on Entry
Single colony - Staph, aureus
Proximal Tibia
No growth
No growth
Guide Rod
7mm Reamer
Sfap/?. aureus
8mm Reamer
Sfap/i. aureus
9mm Reamer
No growth
Proximal Tibia after Reaming
No growth
Proximal Locking Hole
No growth
10.3.2.4 Results at 2 weeks
Pin
Clinical Appearance
Track
Healed
Proximal
Distal
Healing

Bacteriology

Radiological Appearance

No Swabs Taken
No growth

Bone Lysis Periosteal Reaction
Bone Lysis Periosteal Reaction
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10.3.2.5 Results at post-mortem

Superficial wounds

Stifle Joint
Posterior Pin Track
Anterior Pin Track
Implant

Appearance
Proximal - Healed
Distal - Healing, small scab

Bacteriological Findings
No Swab Taken
Staph, aureus
Staph, simulans
No Growth
No Growth
Proximal - No Growth
Distal - Staph, aureus
No Growth

Not Infected
Not Infected
Proximal - Oedematous, healing
Distal - Oedematous, Infected
Not Infected

10.3.2.6 Radiographic appearance and histological appearance

Proximal Pin Track
Distal Pin Track
Shaft

Radiographic Appearance
Unchanged from 2 Weeks
Unchanged from 2 Weeks

Histological Appearance
Infected - Bone Lysis
Infected - Bone Lysis
Equivocal

10.3.2.7 Antibiotic sensitivities - S = Sensitive
Rifampicin
5ng
Sfap/?. aureus
SfapA. s/mu/ans

s
s

Amoxicillin/Clavulanic
Acid 30ng
S
S

Gentamicin
120^9
S
S
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10.3.3 Animals
10.3.3.1 Results up to removal of external fixator pins
10.3.3.2 Sfap/7. = Sfap/7y/ococcus, Torque = Nm
Pin
Proximal
Distal
Clinical Appearance-48 hours
Superficial Cellulitis
Superficial Cellulitis
Clinical Appearance-2 weeks
Deep Infection
Deep Infection
Loosening (Burny 1984)
Stage 1
Stage 1
Initial Insertion Torque
1.8
3.0
Initial Extraction Torque
1.8
3.0
Final Extraction Torque
1.4
2.7
% of Initial Torque
78
90
Radiographic Appearance at 2 Periosteal Reaction
Periosteal Reaction
weeks
Reamings Extruded
Bacteriological Results from Staph, aureus
Sfap/7. aureus
Wound Track
Bacteriological Results from No Growth
No Growth
Posterior Tibia

10.3.3.3 Antibiotic sensitivities
Rifampicin
5ng
Staph, aureus
S
10.3.3.
Stifle Joint on Entry
Proximal Tibia
Guide Rod
7mm Reamer
8mm Reamer
9mm Reamer
Proximal Tibia after Reaming
Proximal Locking Hole

- S = Sensitive
Amoxicillin/Clavulanic
Acid 30pg
S

Gentamicin
120ng
S

No growth
No growth
No growth
Staph, aureus
No growth
Single colony - Staph, aureus
No growth
No growth

10.3.3.5 Results at 2 weeks
Clinical Appearance
Pin
Track
Proximal
Healing
Distal
Swollen, Cellulitis

Bacteriology

Radiological Appearance

Sfap/?. auneus
SfapA. auncu/ans
Sfap/7. cap/fus

Bone Lysis, Periosteal Reaction
Bone Lysis, Periosteal Reaction

10.3.3.6 Antibiotic sensitivities - S = Sensitive
Rifampicin Amoxicillin/Clavulanic
Acid 30ng
5ng
Sfap/7. ai/reus
s
S
Staph, auricularis s
S
Staph, capitus
s
S

Gentamicin
120ng
S
S
S
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10.3.3.7 Results at post-mortem

Superficial Wounds
Stifle Joint
Posterior Pin Track
Anterior Pin Track

Appearance
Healed
Not Infected
Not Infected
Oedematous ? Infected

Implant

Not Infected

Bacteriological Findings
No Swabs Taken
No Growth
No Growth
Proximal - No Growth
Distal - Staph, aureus
No Growth

10.3.3.8 Radiographic appearance

Proximal
Pin
Track
Distal Pin Track

Radiographic Appearance
Unchanged from 2 Weeks

Histological Appearance
Infected - Bone Lysis

Changes More Advanced than 2
Weeks

Infected
Bone
Microabscesses
Equivocal

Shaft

Lysis

and

10.3.3.9 Antibiotic sensitivities - S = Sensitive

SfapA. aureus

Rifampicin
5ng
S

Amoxicillin/Clavulanic
Acid 30ng
S

Gentamicin
120^ig
S
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10.3.4 Animal 10
10.3.4.1 Results up to removal of external fixator pins
Staph. = Staphylococcus, Torque = Nm

Clinical Appearance-48 hours
Clinical Appearance-2 weeks
Loosening (Bumy 1984)
Initial Insertion Torque
Initial Extraction Torque
Final Extraction Torque
% of Initial Torque
Radiographic Appearance at
2 weeks
Bacteriological Results from
Wound Track
Bacteriological Results from
Posterior Tibia

Proximal
Superficial Cellulitis
Deep Infection
Stage 1
1.6
1.7
1.1
65
Periosteal Reaction
Sfap/7. auneus
Pasfure/Za Aaemo/yfzca
No Growth

Pin
Distal
Superficial Cellulitis
Deep Infection
Stage 1
2.9
2.9
2.5
86
Periosteal Reaction
Reamings Extruded
Staph, aureus
No Growth

10.3.4.2 Antibiotic sensitivities - S = Sensitive
Rifampicin
Sfap/?. aureus
Pasfum//8 /?aemo/yOca

Skig
s
s

Amoxicillin/Clavulanic
Acid 30ng

s
s

Gentamicin
120ng

8
s

10.3.4.3 Bacteriological findings at IM nailing
Stifle Joint on Entry
Proximal Tibia
Guide Rod
7mm Reamer
8mm Reamer
9mm Reamer
Proximal Tibia after Reaming
Proximal Locking Hole

No Growth
No Growth
No Growth
No Growth
No Growth
No Growth
No Growth
No Growth

10.3.4.4 Results at 2 weeks
Pin
Track
Proximal

Clinical Appearance

Bacteriology

Radiological Appearance

Healing

No Growth

Distal

Healed

No Swabs Taken

Bone Lysis, Periosteal Reaction
Sclerotic Rim
Bone Lysis, Periosteal Reaction
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10.3.4.5 Results at post-mortem

Superficial Wound - Proximal
- Distal
Stifle Joint
Posterior Pin Track
Anterior Pin Track
Implant

Appearance
Discharging
Healed
Not Infected
Not
Infected,
Fracture Distally
Infected
Not Infected

Bacteriological Findings
Sfap/). aureus
Streptococcus acidominimus
No Swabs Taken
No growth
Staph, aureus - distal only
Stapti. aureus - distal only
No growth

10.3.4.6 Radiographic appearance and histological appearance

Proximal Pin Track
Distal Pin Track
Shaft

Radiographic Appearance
Unchanged from 2 Weeks
Fracture

Histological Appearance
Infected - Bone Lysis
Infected - Bone Lysis
Equivocal

10.3.4.7 Antibiotic sensitivities - S = Sensitive
Rifampicin
Sua

Sfaph. aureus
Streptococcus acidominimus

s
s

Amoxicillin/Clavulanic
Acid 30ng
S
S

Gentamicin
120ng
S

s
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10.3.5 Animal 11
10.3.5,1 Results up to removal of external fixator pins
Staph. = Staphylococcus, Torque = Nm

Clinical
Appearance-48
hours
Clinical Appearance-2 weeks
Loosening (Bumy 1984)
Initial Insertion Torque
Initial Extraction Torque
Final Extraction Torque
% of Initial Torque
Radiographic Appearance at
2 weeks
Bacteriological Results from
Wound Track
Bacteriological Results from
Posterior Tibia

Proximal
Superficial Cellulitis

Pin
Distal
Superficial Cellulitis

Deep Infection
Stage 1
1.2
1.1
1.0
91
Normal

Deep Infection
Stage 1
0.8
0.8
0.6
75
Periosteal Reaction

Staph, aureus
Escherichia coli
No Growth

SfapA. aureus
EscAe/7c/?/a co//
No Growth

10,3.5.2 Antibiotic sensitivities - S = Sensitive, R = Resistant

Sfap/7. aureus
Escherichia coli

Rifampicin
5ng
S
R

Amoxicillin/Clavulanic Acid
30ng
S
8

Gentamlcin
120ng
S
8

10.3.5.3 Bacteriological findings at IM nailing
Stifle Joint on Entry
Proximal Tibia
Guide Rod
7mm Reamer
8mm Reamer
9mm Reamer
Proximal Tibia after Reaming
Proximal Locking Hole

No Growth
No Growth
No Growth
Staph, aureus
No Growth
No Growth
No Growth
No Growth

10.3.5.4 Results at 2 weeks
Pin Track
Proximal
Distal

Clinical Appearance
Healed
Healed

Bacteriology
No Swabs Taken
No Swabs Taken

Radiological Appearance
Normal
Unchanged from Pin Removal
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10.3.5.5 Results at post-mortem

Superficial Wounds
Stifle Joint
Posterior Pin Track
Anterior Pin Track
Implant

Appearance
Healed
Healed
Healed
Oedematous
? Infected

Bacteriological Findings
No Swabs Taken
No Growth
No Growth
No Growth
No Growth

10.3.5.6 Radiographic appearance and histological appearance

Proximal Pin Track
Distal Pin Track
Shaft

Radiographic Appearance
Bone Lysis
Unchanged from Pin Removal

Histological Appearance
Infected - Bone Lysis
Infected, but no lysis
Equivocal
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10.3.6 Animal 12
10.3.6.1 Results up to removal of external fixator pins

Clinical Appearance-48 hours
Clinical Appearance-2 weeks
Loosening (Burny 1984)
Initial Insertion Torque
Initial Extraction Torque
Final Extraction Torque
% of Initial Torque
Radiographic Appearance at 2
weeks
Bacteriological Results from
Wound Track

Bacteriological Results from
Posterior Tibia

Proximal
Superficial Cellulitis
Deep Infection
Stage 1
1.3
1.2
0.95
79
Periosteal Reaction

Pin
Distal
Superficial Cellulitis
Deep Infection
Stage 1
2.0
2.0
1.6
80
Periosteal Reaction

Esc/?enchfa co//
Corynebacterium spp.
Gemella morbillorum
A/ca//genes /aeca//s
No Growth

S(ap/?.
Esc/)ench/a co/;
Staph, chromogenes
Co/y/iebacfenum
u/cerans
No Growth

10.3.6.2 Antibiotic sensitivities - S = Sensitive, R = Resistant, RS = Some Resistance
Rifampicin Amoxicillin/Clavulanic Gentamicin
Acid 30|ig
120ng
5ng
s
S
Sfaph. aumus
S
Escherichia coli
s
R
s
s
Corynebacterium spp.
S
s
Geme//a morb/Z/owm
s
s
R
Alcaligenes faecalis
S
RS
s
s
S
Sfap/?.
s
s
Corynebacterium ulcerans s
s
10.3.6.3 Bacteriological fine ings at IM nailing
No Growth
stifle Joint on Entry
Proximal Tibia
No Growth
Guide Rod
No Growth
7mm Reamer
SfapA. au/ieus
8mm Reamer
Sfap/7. aureus
9mm Reamer
Sfap/;. aureus
Proximal Tibia after Reaming
SfapA. au/Bus
Proximal Locking Hole
No Growth
10.3.6.4 Results at 2 weeks
Clinical Appearance
Pin
Track
Proximal
Healing
Distal
Cellulitis

Bacteriology

Radiological Appearance

No Swab Taken
Sfap/7. aufsus

Bone Lysis, Periosteal Reaction
Bone Lysis, Periosteal Reaction

10.3.6.5 Antibiotic sensitivities - 8 = Sensitive
Rifampicin Amoxicillin/Clavulanic
Acid 30|ig
5ng
s
SfapA. aureus s

Gentamicin
120ng
S
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10.3.6.6 Results at post-mortem

Superficial Wounds
Stifle Joint
Posterior Pin Track
Anterior Pin Track
Implant
Medulla of bone

Appearance
Proximal - Healed
Distal - Small Scab
Not Infected
•edematous, Heamatoma
Not Infected
? Infected
?Infected Distally

Bacteriological Findings
No Swab Taken
Distal - No Growth
No Growth
No Growth
No growth
No Growth
Staph, aureus from distal tissue

10.3.6.7 Radiographic appearance and histological appearance

Proximal Pin Track
Distal Pin Track
Shaft

Radiographic Appearance
Bone Lysis More Advanced
Unchanged from 2 Weeks

Histological Appearance
Infected - Bone Lysis
Infected - Bone Lysis
Equivocal

10.3.6.8 Antibiotic sensitivities - S = Sensitive

Staph, aureus

Rifampicin
Sua
S

Amoxicillin/Clavulanic
Acid 30ng
S

Gentamicin
120ng
S
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10.4 Appendix 2 - Fracture Healing
10.4.1 Introduction

The majority of long bone fractures heal with the production of new bone and subsequent
remodelling to restore the original form. This is different from many other tissues where
permanent scar tissue is produced after injury. Most fractures heal by indirect bone healing,
when loss of contact and movement between the fracture fragments results in external
bridging callus forming to immobilise the fracture site.

Under certain circumstances direct or primary bone healing can take place; this occurs
when there is no movement, and virtually no gap at the fracture sMe, and existing cells can
bridge and repair the fracture. External bridging callus formation is not required.

10.4.2 Indirect bone healing

This can be divided into 3 main stages.

Stage 1 - Inflammation

The initial event after a fracture is the formation of a local haematoma. Periosteum is
stripped from the bone for a variable distance, and along with disruption of the local blood
supply, results in necrosis of the bone ends. Chemical mediators including Bone
Morphogenic Protein and Prostaglandins (Aaron 1996) are released and attract additional
inflammatory cells. Macrophages, fibroblasts and osteoclasts are also attracted. These cells
join the pool of cells in and around the haematoma. Organisation of the haematoma takes
place, and granulation tissue consisting of fibroblasts and new capillaries forms. During
indirect fracture healing, osteoclasts remove necrotic bone from the end of the fracture
fragments.

Stage 2 - Repair

This stage is characterised by the formation of external bridging callus, composed of
disorganised woven bone, which contributes to the immobilisation of the fracture site.

Cells within the granulation tissue differentiate into cartilage producing cells. The
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fibrocartilage content increases until most of the haematoma has been replaced, and the
mechanical stability of the fracture increases. The fibrocartilage of the callus is gradually
replaced by bone, by a process of endochondral ossification, with osteoblasts producing an
extracellular matrix that is subsequently mineralised.

In some areas of the fracture, bone can form by intramembranous ossification, without the
need for a cartilage precursor. This takes place adjacent to the fracture site, and results in a
cuff of periosteal callus The cuff forms within the first weeks of the healing process, and
increases the cross sectional area of the fracture. This provides a biomechanical advantage
by increasing the lever arm, and may increase the stability of the fracture (Perren 1979).

Bone can also form by intramembranous ossification at the periphery of the callus. This will
not occur until the fracture has been stabilised by the external callus, and therefore, will not
be evident until several weeks after the fracture.

There are several theories to explain why cartilage forms before bone in a healing fracture.
One theory is based on the rigidity and tolerance to strain of the different cells (Perren
1979), another states that cartilage production is related to blood supply; cartilage rather
than bone is produced in areas of low oxygen tension (McKibbin 1978). It may be that both
of these theories are in part correct. Cartilage forms initially and is gradually replaced by
bone as a result of biomechanical factors; these are discussed in section 13.4. This
replacement requires an adequate blood supply, and therefore bone will form initially at the
periphery of the zone of injury, where the blood supply is restored first.

By the end of the repair stage, the fracture is united both clinically and radiologically.
Fracture callus is still evident on radiographs.

Stage 3 - Remodelling

This progresses over months, or even years. The immature woven bone of the callus is
gradually replaced by mature lamellar bone. The medullary canal is restored and
radiologically the bone returns to a normal appearance.
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10.4.3 Direct bone healing

Direct (or primary) bone healing occurs without external bridging callus being formed. This
type of repair was noted after anatomical reduction and rigid fixation of fractures, and was
described as 'autogenous welding' by Danis, one of the earliest advocates of rigid internal
fixation (Schenk 1982).

Direct bone healing can only occur when there is no movement at the fracture site; in
practice this usually requires compression of the fracture site, often with a lag screw.
Despite the anatomical reduction and compression, there will not be complete bone to bone
contact at all areas of the fracture site. In areas where the two sides of the fracture are in
contact, remodelling will take place. Osteoclasts remove bone as a cutter cone traverses
the fracture site. This cutter cone consists of a resorption cavity produced by osteoclasts.
This defect is then reossified by osteoblasts lining the defect, and a new osteon is
produced, bridging the fracture gap. Radiologically this will be seen as a gradual
disappearance of the fracture line.

In other areas there will not be direct bone contact, and a gap will exist between the bone
surfaces. Provided there is no movement, then direct fracture healing can still take place.
New bone will be produced by osteoblasts, filling the gap with osteoid. Initially the
trabeculae of this osteoid are orientated at 90 degrees to the long axis of the bone, as
osteoblasts are dependent on the capillary ingrowth from the overlying periosteum and soft
tissue. It should also be noted that the ends of the bone fragments still consist of necrotic
bone following the injury, and therefore the fracture site is still mechanically weak. As
remodelling occurs, the fracture gap will be replaced by living bone. Cutter cones will cross
the fracture site, and the trabeculae of the new bone will be orientated along the long axis of
the bone. The mechanical strength of the fracture will increase over a period of months as
the remodelling progresses.

If the fixation device is removed before complete remodelling has occurred, refracture
through the necrotic bone is possible. This has been described clinically, particularly after
plate fixation of the radius or ulna (Hidaka and Gustilo 1984).
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10.4.4 Movement at the fracture site

A number of studies have demonstrated that altering the local mechanical environment of a
fracture site can affect indirect fracture healing. It has been shown that early weight-bearing
after experimental tibial fractures improved healing with increased external callus production
(Sarmlento, Schaeffer, Beckerman etal. 1977), Studies of human tibial fractures have
demonstrated that several millimetres of displacement can occur at the fracture site, if it is
dynamically loaded (Sarmiento, McKellop, Llinas et al. 1996). When the force was
removed, this displacement corrected, and the original position was restored. Over
subsequent weeks the maximal displacement possible reduced, as the fracture
consolidated.

Excess motion at the fracture site can result in a hypertrophic non-union, where external
callus has formed, but the fracture has not united (Stirling 1939; Rosen 1991).

These findings suggest that some motion at the fracture may be beneficial for healing, but
when a threshold limit is exceeded, union is delayed. This was confirmed experimentally by
Kenwright and Goodship (1989), using a sheep model with a fracture gap of 3mm, and the
fracture splinted by an external fixator. When the fixator design was made less rigid, more
proliferative callus was evident by 3 weeks post-operatively. In a further modification,
controlled axial micromotion was applied to the fracture site from 1 week post-operatively.
Micromotion of 0.5mm across the 3mm gap resulted in more proliferative callus compared
with no applied micromotion; whereas an applied micromotion of 2mm was found to impair
healing.

The stability of the external fixator, and thus the micromotion at the fracture site, appears to
have a more important role than that of weight-bearing when an external fixator is applied.
Goodship etal. (1993) using a sheep model, demonstrated that increasing the stability of
an external fixator by reducing the offset, resulted in more weight-bearing in the limb.
Despite the increase in weight-bearing that was possible, the healing rate of the fracture
was slower than with a less stable configuration.

Perren (1979) has investigated the role of micromotion and of microstrain at the fracture
site. Strain is defined as a change in length of a structure as a result of an applied force.
Bone is a rigid structure and has a low tolerance to strain, failure will occur with elongation
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of only 2% of its original length (or 2000nstrain). Cartilage is less rigid and will tolerate a
greater strain (10-13% elongation); granulation tissue will tolerate 100% elongation.

Perren has suggested that tissue formation, and callus production, is stimulated by
interfragmentary strain. There is a threshold level of microstrain for this differentiation, and
as noted above there is a limit at which tissue failure occurs. Once a tissue has formed
within the fracture gap, its mechanical properties (rigidity) will further affect the mechanical
environment of the fracture by reducing the microstrain. This then favours the formation of a
more rigid tissue. Granulation tissue is initially produced when there is gross motion at the
fracture site. The soft fibrous callus will reduce movement at the fracture, and allow
fibrocartilage to form. This fibrocartilage will further reduce movement at the fracture site,
and allow a rigid structure such as bone to form. If there is no motion at the fracture site,
then external bridging callus will not form, as the critical strain threshold will not be achieved.
Rigid internal fixation, will therefore prevent the formation of callus.

This could, potentially, result in a failure of fracture healing. If a fracture has been reduced
and fixed, but not compressed, micromotion can still occur at the fracture site. This may
produce a strain that exceeds the tolerance of bone tissue (2%) and prevents direct
healing. If the motion at the fracture site does not reach the threshold required to induce
tissue differentiation; indirect bone healing will not occur, as no external bridging callus will
be produced. Bone can respond to this situation by resorption of the fracture ends to
increase the fracture gap and so reduce the strain acting on individual cells (Perren 1991).
This may still be insufficient to allow healing, an atrophic non-union will occur, and the
implant may fail.

171

Mr J C Clasper
DM Thesis

Chapter 11

11. References
Aaron AD. Bone healing and grafting. In: Kasser JR Of#?opaed/cKnoM//edge L/pdafe 5.
Rosemont Illinois; American Academy of Orthopaedic Surgeons, 1996
Abbaszadegan H and Jonsson U. External fixation or plaster cast for severely displaced
Codes' fractures. Prospective 1-year study of 46 patients. Acta Orthop Scand 1990,61:528530
Alms M. Medullary nailing for fracture of the shaft of the tibia. J Bone Jo/nf Surg /B/y
1962:44-8:328-339
Altemeier WA. Bacteriology of traumatic wounds.

1944;124:413-417

Altemeier WA, Culbertson WR, Sherman R, Cole W, Eltsun W and FuHz CT. Critical
reevaluation of antibiotic therapy in surgery. J A M A 1955;157:305-309
An YH and Friedman RJ. Animal models of orthopaedic implant infection. V /nyesf Su/g
1998;11:139-146
Anderson R. An automatic method of treatment for fractures of the tibia and fibula. Surgr
Gyneco/OWef. 1934;58:639-646
Anderson R. An ambulatory method of treating fractures of the shaft of the femur. Su/p
Gyneco/Obsfef. 1936;62:865-871
Anonymous. Abortive treatment of wound infection. Br Med J 1915;0ct 23:609-610
Andch-Adrover P, IWIartl-Garln D, Murias-Alvarez J and Puente-Alonso C.
External fixation and secondary intramedullary nailing of open tibial fractures. J Bone Joint
Surg/B/; 1997;79-B:433-437
Armstrong K, Sfeir R, Rice J and Kerstein M. Popliteal vascular injuries and war: Are
Beirut and New Orleans similar. J Trauma 1988;28:836-839
Aro HT, Markel MD and Chao EYS. Cortical bone reactions at the interface of external
fixation half-pins under different loading conditions. J Trauma 1993;35:776-785
Atkins BL, Athanasou N, Simpson H, IWIcLardy-Smlth P and Bemdt AR. The diagnosis
of infection in joint prostheses. Proceedings of the British Orthopaedic Research Society
1996:9
Atkins BL, Athanasou N, Deeks JJ, Crook DW, Simpson H, McLardy-Smith P and
Berndt AR. Prospective evaluation of criteria for microbiological diagnosis of prosthetic-joint
infection at revision arthroplasty. The OSIRIS Collaborative Study Group. J Clin l\^icrobiol
1998;36:2932-2939
Bach AW and Hansen ST. Plates versus external fixation in severe open tibial shaft
fractures. Clin Orthop 1989;241:89-94
Barros D'Sa AAB. A decade of missile-induced vascular trauma. .Ann R Co// Surg Eng
1982;64:37-44
172

Mr J C Clasper
DM Thesis

Chapter 11

Behrens F, Comfort TH, Searls K, Denis F and Young JT. Unilateral external fixation for
severe open tibial fractures. Clin Orthop 1983:178:111-120
Bellamy R, Champion H, Mahoney P and Roberts P. Introduction and Epidemiology.
ln:Rich N. OeAnAn/e surg/ca/frauma sM/s. Course manua/. London: The Royal College of
Surgeons of England 1999:1-5
Blachut PA, Meek RN and O'Brien PJ. External fixation and delayed intramedullary nailing
of open fractures of the tibial shaft: A sequential protocol. J Bone Joint Surg[Am] 1990:72A:729-735
Bone LB and Johnson KD. Treatment of fractures by reaming and intramedullary nailing.
J Bone Jo/nf Su/g/Am/ 1986;68-A:877-887
Boxma H, Broekhulzen T, Patka P and Oosting H. Randomised controlled trial of singledose antibiotic prophylaxis In surgical treatment of closed fractures: the Dutch Trauma Trial.
Lancef. 1996:347:1133-1137
Bradford C and Wilson PD. Mechanical skeletal fixation in war surgery. Su/g Gyneco/
O W e M 943:75:468-476
Brook I. Aerobic and anaerobic microbiology of infections after trauma in children. VvAcdcf
Eme/p Med 1998; 15:162-167
Brown PW and Urban JG. Early weight-bearing treatment of open fractures of the tibia. J
Bone Joint
1969:51-A:59-75
Bryant T. Contributions on the subject of compound fractures: Being an analysis of 302
cases Lancef 1861; Feb 23:190-192
Burny F. The pin as a percutaneous implant. Orthopaedics 1984;7:610-615
Bumy F, Domb M, Donkerwolcke M and Andrlanne Y. Maximum torque at the time of
retrieval. Orthopaedics 1984;7:627-628
Buxton A and Fraser G. Staphylococcus. In: v4n/ma/ M/cmb/o/ogy. Oxford: Blackwell
Scientific Publications, 1977
Campbell WC and Smith H. Fresh compound fractures. Treatment by sulphonamides and
by internal fixation in selected cases. J A
1941;117:672-675
Cannaday JE. Value of closing compound fractures by skin plastic. Ann Surg
1929;LXXXIX:597-599
Carrey ME. Analysis of wounds incurred by U.S. Army Seventh Corps personnel treated in
corps hospitals during Operation Desert Storm, February 20 to March 10,1991. J Trauma
1996;40:S165-S169
Carrel A. The treatment of wounds. J Am Med Assn 1910:55:2148-2150
Chain E, Jennings MA, Florrey HW, Orr-Ewing J, Gardner AD, Sanders AG and
Heatley NG. Penicillin as a chemotherapeutic agent. LanceM 940;Aug 24:226-229
173

Mr J C Clasper
DM Thesis

Chapter 11

Chapman MW. Role of bone stability in open fractures. In: American Academy of
Orthopaedic Surgeons. Instructional Course Lectures 31. Springfield lllnois, 1982:75-87
Clemy G, Byrd HS and Jones RE. Primary versus delayed soft tissue coverage for severe
open tibial fractures. Clin Orthop 1983;178:54-63
Clary EM and Roe SC. In vitro biomechanical and histological assessment of pilot hole
diameter for positive-profile external skeletal fixation pins in canine tibiae. Veterinary
Surge/y 1996;25:453-462
Clasper JC, Turen C and Vanko R. Emergency external fixation of femoral shaft fractures
followed by early conversion to intramedullary nail in the trauma patient. J Bone Joint
SurgfBr] 1998;80-B, Supp 1:51
Clasper JC, Parker S, Simpson AHRW, and Watkins PE Contamination of the medullary
canal following pin tract infection. J Orthop Res 1999;17:945-952
Clasper JC. External Fixator Pin Tract Infection; Diagnosis, Mechanisms and Natural History
Doctor of Philosophy, University of Oxford,2000
Clasper JC, Cannon LB, Stapley SA, Taylor V and Watkins PE. Fluid accumulation and
the rapid spread of bacteria in the pathogenesis of external fixator pin tract infection.
/ # / y 2001;32:377-381
Cleveland M and Grove JA. Delayed primary closure of wounds with compound fractures.
J Bone Joint Surg 1945;27:452-456
Clevland M. The management of compound fractures-Techniques of fracture
management. In: Surgery in World War II, European theatre. Washington: Dept. of Army,
1956, 109-118
Clifford RP, Lyons TJ, and Webb JK. Complications of external fixation of open fractures
of the tibia, /n/u/y 1987;18:174-176
Colebrook L, Buttle GAH and O'Meara RAQ. The mode of action of paminobenzenesulphonamide and prontosil in haemolytic streptococcal infections. Lancet
1936;Dec 5:1323-1326
Colton CL. The history of fracture treatment. In: Browner BD, Jupiter JB, Levine AM and
Trafton PG. Skeletal Trauma. Philadelphia: WB Saunders Company, 1992
Concelgao V, Martins A, Golssis G, Rlbelro AC, MarcantAnlo E and Bet MR. The
controlled release of antibiotic by hydroxyapatite: Anionic collagen composites. Artificial
Organs 1998;22:215-221
Conn NR. The internal fixation of fractures. J Bone Joint Surg 1931;13:261-268
Coupland RM. Technical aspects of war wound excision. 8r J Surg 1989;76:663-667
Coupland RM. War wounds of bone and external fixation.

1994;25:211-217

174

Mr J C Clasper
DM Thesis

Chapter 11

Coupland RM. Clinical and legal significance of fragmentation of bullets in relation to size of
wounds; retrospective analysis. SrMed J 1999;319:403-406
Court-Brown CM, Will E, Christie J and McQueen MM. Reamed or unreamed nailing for
closed tibial fractures. J Bone Joint SurgfBr] 1996;78-B:580-583
Curtis MJ, Brown PR, Dick JD and JInnah RH. Contaminated fractures of the tibia: A
comparison of treatment modalities in an animal model. J Orthop Res 1995:13:286-295
Dakin HD. On the use of certain antiseptic substances in the treatment of infected wounds.
8 r Med J 1915:11:318-320
Daland EM. A study of two hundred and thirty-six compound fractures treated at the
Massachusetts General Hospital. N Engl J Med 1934:210:983-995
Daniel RK and Taylor Gl. Distant transfer of an island flap by microvascular anastomoses:
A clinical technique. Plast Reconstr Surg 1973:52:111-117
Darder A and Gomar F. A series of tibial fractures treated conservatively.
1975;6:225-235
Darouiche RO, Farmer J, Chaput C, Mansourl M, Saleh G and Landon GC. Antiinfective efficacy of anti-septic coated nails. J Bone Jo/nf Su/g/}4m/ 1998;80-A:1336-1340
D'Aublgne RM, Maurer P, Zucman J and Masse Y. Blind intramedullary nailing for tibial
fractures. C//n Of#?op 1974:105:267-275
Degiannis E, Levy RD, Hatzltheofilou C, Florizoone MGC and Saadia R. Gunshot
arterial injuries to the groin: comparison of iliac and femoral injuries, /n/u/y 1996:27:315-318
Delllnger EP, Miller SD, Wertz MJ, Grympa M, Droppert B and Anderson PA. Risk of
Infection after open fractures of the arm or leg. Arch Surg 1988; 123:1320-1327
Dempsey WC. Combat injuries of the lower extremities. Clin Plast Surg 1975;2:585-814
Dennis FS. The treatment of compound fractures including a report of one hundred and
forty-four cases without a death from septic infection, and one hundred cases without a
death from any cause. JAMA 1884;2:673-687
Dubravko H, Zarko R, Tomislav T, Dragutin K and Vjenceslav N. External fixation in war
trauma management of the extremities - Experience from the war in Croatia. J Trauma
1994;37:831-834
Dudley HAF. Some aspects of modem battle surgery. J R Co// Surg Edfnb
1973;18:67-75
Edwards CC. Complications of external fixation. In: Epps CH Comp/Zcaffons of Exfema/
Fixation, 2nd Ed. Philadelphia: JB Lippincott, 1986
Edwards CC, Simmons SC, Browner BD and Weigel MC. Severe open tibial fractures:
Results treating 202 injuries with external fixation. Clin Orthop 1988:230:98-115
Elliot Smith G. The most ancient splints. BrWecf J 1908;1:732-734
175

Mr J C Clasper
DM Thesis

Chapter 11

Ellis H. The speed of healing after fracture of the tibial shaft. VBone Vo/nf
8:42-46
Epps CH and Adams JP. Wound management in open fractures,
769

1958;40-

Surg 1961 ;27:766-

Eriksson AR, Albrektsson T and Albrektsson B. Heat caused by drilling cortical bone.
Acta Orthop Scand 1984;55:629-631
Estes WL. The immediate treatment of open fractures,

Surg 1929;XC:583-588

Fischer MD, Gustilo RB and Varecka TF. The timing of flap coverage, bone-grafting and
intra-medullary nailing inpatients who have a fracture of the tibial shaft with extensive softtissue injury. J Gone Jo/nf
1991;73-A:1316-1320
Fleming A. On the antibacterial action of cultures of a penicillium with special reference to
their use in the isolation of S. Influenzae. Br J Exp Path 1929;10:226-236
Foster GV. Compound fractures of the long bones. Su/g Gyneco/ ObsfeM 933;56:529-537
Fraser F. Primary and delayed primary suture of gunshot wounds.
1918;6:92-121

V Surg

Friedenberg ZB, Andrews ET, SmolenskI Bl, Pearl BW and Brighton CT. Bone reaction
to varying amounts of direct current. Surg Gynecol OWef 1970; 131:894-899
Fried rich B and Klaue P. Mechanical stability and post-traumatic osteitis: an experimental
evaluation of the relation between infection of bone and internal fixation. Injury 1977,9:23-29
Furlong R and Clark MP. Missile wounds involving bone. Br J Su/g 1948;War Supplement
No. 11:291-310
Ger R. The management of pretibial skin loss. Su/ge/y 1968;63:757-763
Ger R, The management of open fracture of the tibia with skin loss. J Trauma 1970; 10:112121
Getty R. Osteology of ruminants. In: S/sson and Grossman's 77)6 anafomy of fAe domestic
animals. 5th Ed. Philadelphia: WB Saunders Company, 1975
Gilbert JA, Dahners LE and Atkinson MA. The effect of external fixation stiffness on early
healing of transverse osteotomies. J Orthop Res 1989;7:389-397
Godlna M. Early microsurgical reconstruction of complex trauma of the extremities. P/asf
ReconsfrSu/g 1986;78:285-292
Goodship AE, Watklns PE, Rig by HS and Kenwrlght J. The role of fixator frame stiffness
in the control of fracture healing. An experimental study. J Biomechanics 1993;26:10271035
Gosselln RA, Yukka S leg berg CJ, Coupland R and Agerskov K. Outcome of arterial
repairs in 23 consecutive patients at the ICRC-Peshawar hospital for war wounded. J
176

Mr J C Clasper
DM Thesis

Chapter 11

TVauma 1993;34:373-376
Green SA. Comp//caffo/?s ofExfe/na/Farafro/?. Springfeld Illinois: Charles C Thomas, 1981
Green SA. Complications of external skeletal fixation. C//n O/fhop 1983;180:109-116
Green SA and Ripley MJ. Chronic osteomyelitis in pin tracks. J Gone Jo/nf Su/g/Am/
1984;66-A: 1092-1098
GMstina AG, Naylor PT and IWIyrvik QN. Mechanisms of Musculoskeletal sepsis. 0/fhop
1991;22:363-371
Gustilo RB and Anderson JT. Prevention of infection in the treatment of one thousand
and twenty-five open fractures of long bones. J Bone Joint Surg[Am] 1976;58-A:453-458
Gustilo RB. Management of open AacA/ms and (f?e/r comp/Zcafyons. Philadelphia: WB
Saunders, 1982
Gustilo RB, Mendoza RM and Williams DN. Problems in the management of type III
(severe) open fractures: A new classification of type III open fractures. J Trauma
1984;24:742-746
Guthrie D. A H/sfofy of Med/dne. London: Thomas Nelson & Son, 1958
Haeger K. 7/7e ///usfrsfed /)/sfo/y of surge/y. New York: Bell Publishing Company, 1988
Hammer RRR, Rooser B, LIdman D and Smeds S. Simplified external fixation for primary
management of severe musculoskeletal injuries under war and peace time conditions. J
Orthop Trauma 1996;10:545-554
Hampton OP. Delayed internal fixation of compound battle fractures in the mediterranean
theater of operations. Ann Surg 1946;123:1-26
Hamza KN, Dunkerley GE and Murray CMM. Fractures of the tibia. J Bone Jo/nf Surg/Br/
1971;53-B:696-700
Hansis M and HOntzsch D. Infektionsgefahr und infektionsprophylaxe beim
Verfahrenswechsel vom fixateur externe zum unterschenkelmarknagel. Umfallchirurg
1988;91:465-468
Harkness JW, Ramsey WC and Harkes JW. Principles of fractures and dislocations. In:
Rockwood SA, Green DP, Bucholz RW and Heckman JD. Rockwood and Green 4th Ed.
Philadelphia. JD Lippincott, 1996
Has B, Jovanovic S, Werthelmer B, Mlkolasevlc I and Grdic P. External fixation as a
primary and definitive treatment of open limb fractures. Injury 1995;26:245-248
Heitemeyer U, Claes L, Hierholzer G and KOrber M. Significance of postoperative stability
for bony reparation of comminuted fractures. Arch Orthop Trauma Surg 1990; 109:144-149
HIdaka S and Gustilo RB. Refracture of bones of the forearm after plate removal. V Bone
Jo/nf
1984;66-A: 1241 -1243

177

Mr J C Clasper
DM Thesis

Chapter 11

Hill PF, Parker SJ, Clasper J and Watklns PE. Contaminated fractures of the tibia: The
results of immediate intramedullary nailing In an animal model. Proceedings of the British
Orthopaedic Research Soc/efy 1998;Oct 5-6:28
Hobbs CM and Watklns PE. Evaluation of bone fragment viability: an experimental study
using laser doppler flowmetry. J Bone Joint Surg[Br] 2001:83-B: 130-133
Hoffman R. Closed osteosynthesis, with special reference to war surgery, ^cfa CMr
Scand/nav 1942;LXXXVI:235-262
Holden CEA. The role of blood supply to soft tissue in the healing of diaphyseal fractures. J
Bone Jo/nf
1972;54-A:993-1000
HOntzsch D, Weller S, Engels C and Kaiserauer S. Der Verfahrenswechsel vom fixateur
exteme zur marknagelosteosynthese an femur und tibia.
Traumafo/1993;23:21-35
Hyldahl C, Pearson S, Tepic S and Perren SIWI. Induction and prevention of pin loosening
in external fixation: An in vivo study on sheep tibia. J Offhop Tfauma 1991 ;5:485-492
Itokazu M, Suglyama T, Ohno T, Wada E and Katagiri Y. Development of porous apatite
ceramic for local delivery of chemotherapeutic agents. J 8/omed Mafer Res 1998;39:536538
Jacob E, Erpelding JM and Murphy KP. A retrospective analysis of open fractures
sustained by U. S. personnel during Operation Just Cause. Mil Med 1992;157:552-556
Janzon B and Seeman T. Muscle devitalisation in high-energy missile wounds, and its
dependence on energy transfer. J Trauma 1985;25:138-144
Janzon B, Hull JB and Ryan JM. Projectile-material Interactions: Soft tissue and bone. In:
Cooper GJ, Dudley HAF, Gann DS, Little RA and Maynard RL. Scientific foundations of
trauma. Oxford: Butterman-Heinemann, 1997
Jensen NK, Johnsrud LW and Nelson MC. The local implantation of sulfanilamide in
compound fractures. Si/rge/y 1939;6:1-11
Johnson EE, Simpson LA and Helfet DA. Delayed intramedullary nailing after failed
external fixation of the tibia. C//n 0/#7op 1990;253:251-257
KarlstrOm G and Olerud S. Percutaneous pin fixation of open tibial fractures. J Bone Jo/nf
Su/g/Am/ 1975;57-A:915-924
Keating JF, O'Brien PJ, Blachut PA, Meek RN, and Broekhuyse HM. Locked
intramedullary nailing with or without reaming for open fractures of the tibial shaft. J Bone
Jo/nf
1997;79-A:334-341
Keetley 0 8 . On the prevention of shortening and other forms of malunion after fracture.
LanceM 893;June 10:1377-1379
Kempf I, Grosse A and Beck G. Closed locked intramedullary nailing. J Gone Jo/nf
1985;67-A:709-726

178

Mr J C Clasper
DM Thesis

Chapter 11

Kenwrlght J and Goodship AE. Controlled mechanical stimulation in the treatment of tibial
fractures. Clin Orthop 1989;241:36-47
KIrby NG and Blackman G. Field Surgery Pocket book. London: Her Majesty's Stationery
OfMce, 1981
Knapp TP, Patzakis MJ, Lee J, Selpel PR, Andollah K and Relsch RB. Comparison of
intravenous and oral antibiotic therapy in the treatment of fractures caused by low-velocity
gunshots. J Bone Jo/nf
1996;38-A:1167-1171
Kuntscher GBG. The Kuntscher method of intramedullary fixation. J Bone Joint Surg[Am]
1958;40-A: 17-26
Labeeu F, Pasuch M, Toussaint P and Van Erps S. External fixation in war traumatology:
Report from the Rwandese war. J Trauma 1996;40:S223-S227
LambrlnudI C. Intramedullary Kirschner wires in the treatment of fractures. Pmc Roy Soc
Med 1940;33:153-157
Lavy CBD. War-injured limbs in Sarajevo, /nf J O/tAop Trauma 1995;5:176-179
Lawrence RM, Hoeprlch PD, Huston AC, Benson DR and Riggins RS. Quantitative
microbiology of traumatic orthopedic wounds. J Clin Microbiol 1978;8:673-675
Lawyer RB and Lubbers LM. Use of the Hoffman apparatus in the treatment of unstable
tibial fractures. J Bone Jo/nf Su/g/Am/1980;62-A:1264-1273
LevadM MC, G6rard-Moissonnier, Br6chot MMH and Toumay R. Nouvelles recherches
sur la flore microbienne des traumatismes de guerre. Academie De Medecine. 1939;7
Novembre:371-381
Le Vay AD. Intramedullary nailing in the Kuntscher clinic. J Bone Jo/nf Surg/B/y 1950;328:698-700
LIndberg RB, Wetzler TF, Marshall JD, Newton A, StrawMz JG and Howard JM. The
bacterial flora of battle wounds at the time of primary debridement. Ann Surg 1955; 141:369374
Lister J. On the antiseptic principle in the practice of surgery. Lancet 1867;ii:353-356
Liu Y, Chen X, Chen SLX, Guo R, Fu D, Jiang S and Xu G. Wounding effects of small
fragments of different shapes at different velocities on soft tissues of dogs. J Trauma
1988;28:S95-S98
Lhflngston WC. Combat injuries of the k)wer extremity.

Med 1985:150:72-76

Mahan J, Sellgson D, Henry SL, Hynes P and Dobbins J. Factors in pin tract infections.
Orthopaedics 1991;14:305-308
Malachau H and Herberts P. Prognosis of total hip replacement. Tlhe A/affona/
Arthroplasty Register 1996:5

179

Mr J C Clasper
DM Thesis

Chapter 11

Marshall PD, Saleh M and Douglas DL. Risk of deep infection with intramedullary nailing
following the use of external fixators, J R Colt Surg Edinb 1991 ;36:268-271
Matthews LS and Hlrsch C. Temperatures measured in human cortical bone when drilling.
J Bone Jo/nf Surp/Am; 1972;54-A:297-308
Maurer DJ, Merkow RL and Gustllo RB. Infection after intramedullary nailing of severe
open tibial fractures initially treated with external fixation. J Bone Joint Surg[Am] 1989;71 A:833-838
Max Page C and Le Mesurler AB. The early management of gunshot fractures of the
thigh. 8 f JSu/g 1917;5:66-99
McGraw JM and LIm EVA. Treatment of open tibial-shaft fractures: External fixation and
secondary intramedullary nailing. J Bone Joint Surg[Am] 1988;70-A:900-B10
McKlbbIn B. The biology of fracture healing in long bones. J Bone Jo/nf Su/g/B/y 1978:608:150-161
Merrit K. Factors increasing the risk of infection in patients with open fractures. J Trauma
1988;28:823-827
Morgan-Jones RL, Burgert S and Richardson JB. Arthroscopic debridement of external
fixator pin tracts. Injury 1998;29:41-42
Moroni A, Orient! L, Stea S and Visentin M. Improvement of the bone-pin interface with
hydroxyapatlte coating: An in vivo long-term experimental study. J Orthop Trauma
1996;10:236-242
MOIIer ME, AllgOwer M, Schneider R and Willenegger H. Manua/ of/nfema/ F/xaffon. 3rd
Edition. Berlin: Springer-Verlag, 1991
Nelson BJ, DeBerardino TM, Brooks DE, Carpenter LG, Darouiche R, Pusaterl AE and
McManus AE. The efficacy of steel, silver-coated, and chlorhexidine/chlorxylenol-coated
external fixator pins in preventing pin tract infection in a caprine model. Trans Orthop Res
Soc 1999;Feb1-4:502
Oga M, Arlzono T and Sugioka Y. Bacterial adherence to bioinert and bioactive materials
studied in vitro. Acta Orthop Scand 1993;64:273-276
Olerud S and KarlstrOm G. Secondary intramedullary nailing of tibial fractures. J Bone
Joint Surg[Am] 1972; 54-A: 1419-1428
Osmond-Clarke H and Crawford Adams J. General review of orthopaedic surgery. In:
Zachary Cope V. H/sfo/y offAe Second
l1/iarSuAge/y. London: H. M. Stationery
Office, 1953:239
Ostermann PAW, Henry SL and Seligson D. The role of local antibiotic therapy in the
management of compound fractures. Clin Orthop 1995;295:102-111
Ostrum RF, DiCicco J, Lakatos R and Poka A. Retrograde intramedullary nailing of
femoral diaphyseal fractures. J Orthop Trauma 1998;7:464-468

180

Mr J C Clasper
DM Thesis

Chapter 11

Padgett DE, Sllvennan A, Sachjowicz, Simpson RB, Rosenberg AG and Galante JO.
Efficacy of intraoperative cultures obtained during revision total hip arthroplasty. V
Arf/rmp/asf/1995:10:420-426
Parkhill C. Further observations regarding the use of the bone-damp in ununited fractures,
fractures with malunion, and recent fractures with a tendency to displacement. Ann Surg
1898;XXVII:553-570
Patzakis MJ, Harvey JP and Ivler D. The role of antibiotics in the management of open
fractures. J Bone Jo/nf Surg/S&vAJ 1974;56-A:532-541
Patzakis MJ, Wllklns J and Moore TM. Considerations in reducing the infection rate in
open tibial fractures. Clin Orthop 1983;178:36-41
Peltier LF. The classic: Compound fracture of leg, Park's personal care. C//n Ofthop
1983;178:3-6
Perren SM. Physical and biological aspects of fracture healing with special reference to
internal fixation. C//n O/fAop 1979;138:175-196
Perren SM. Basic aspects of internal fixation. In: MOIIer ME, AllgOwer M, Schneider R and
Willenegger H. Manua/of/nfema/Fora^on. 3rd Edition. Berlin: Springer-Verlag, 1991
Perren SM, Cordey J, Baumgart F, Rahn BA and Schatzker J. Technical and
biomechanical aspects of screws used for bone surgery. Int J Orthop Trauma 1992;2:31-48
Perry CR, Pearson RL and Miller GA. Accuracy of cultures of material from swabbing of
the superficial aspect of the wound and needle biopsy in the preoperative assessment of
osteomyelitis. J Bone Joint SurgfAm] 1991 ;73-A:745-749
Petdne KA, Chao EYS and Kelly PJ. Analysis of the external fixator pin-bone interface.
CAn Ort/7op 1993;293:18-27
Radonic V, Baric D, Petrlcevic A, Andric D and Radonic S. Military injuries to the
popliteal vessels in Croatia. J Cardiovasc Surg 1994;35:27-32
Ragsdale BD and Josselson A. Experimental gunshot fractures. J Trauma 1988;28:S109S115
Res pet PJ, Klelnman PG and Melnhard BF. Pin tract infections: a canine model. J O/thop
Reg 1987;5:600-603
Rhinelander FW. Effects of medullary nailing on the normal blood supply of diaphyseal
cortex. AAOS Instr Course Lecf 1973;22:161-187
Rich NM, Metz CW, Mutton JE, Baugh JH and Hughes CW. Internal versus external
fixation of fractures with concomitant vascular injuries in Vietnam. J T/auma 1971 ;11:463473
Richards RR and Schemltsch EH. Effect of muscle flap coverage on bone blood fow
following devascularization of a segment of tibia: An experimental investigation in the dog. J
0/#?op Res 1989;7:550-558

181

Mr J C Clasper
DM Thesis

Chapter 11

RItter HH. The management of compound fractures. ,4/0/7 Su/g 1937;34:527-534
RItbnann WW and Webb JK. Compound fractures. In: duller ME, AllgOwer M, Schneider R
and Willenegger H. Manual of Internal Fixation. 3"^ Edition. Berlin: Springer-Verlag, 1991
Robens W and KOsswetter W. Fracture typing to human bone by assault missile trauma.
vAcfa CA7/rScan(yi982;S508:223-227
Robinson D, On E, Hadas N, Halperin N, Hofman S and Boldur I. Microbiologic flora
contaminating open fractures: Its significance in the choice of primary antibiotic agents and
the likelihood of deep wound infection. J Orthop Trauma 1989;3:283-286
Rohan NJ and Miller WE. Pin tract osteomyelitis. Southern Med J 1969;62:1316-1319
Rommens PM, Broos PLO, Stappaeits K and Gruwez JA. Internal stabilization after
external fixation of fractures of the shaft of the tibia; sense or nonsense? Injury
1988:19:432-435
Rose SC, FujIsakI CK and Moore EE. Incomplete fractures associated with penetrating
trauma: etiology, appearance and natural history. J Tirauma 1988;28:106-109
Rosen H. Pseudoarthrosis. In: MOIIer ME, AllgOwer M, Schneider R and Willenegger H.
Wanua/of/nfema/Foratfon. 3rd Edition. Berlin: Springer-Verlag, 1991
Roth AL, Fry DE and Polk HC. Infectious morbidity in extremity fractures. J 7/auma
1986:26:757-761
Rush LV and Rush HL. Technique for longitudinal pin fixation of certain fractures of the
ulna and of the femur. J Gone Jo/nf
1967:49-A:855-875
Ryan JM, Rich NM, Burrls DG and Ochsner MG. Biophysics and pathophysiology of
penetrating injury. In: Ballistic Trauma clinical relevance in peace and war pp 31-46. Ed by
Ryan JM, Rich NM, Dale RF, Morgans BT and Cooper GJ. Arnold, London, 1997
Sanders R, Jerslnovlch I, Anglen J, DIPasquale T and Herscovlcl D. The treatment of
open tibial shaft fractures using an interlocked intramedullary nail without reaming. J Orthop
Tlrauma 1994;8:504-510
Sarmlento A, Schaeffer JF, Beckerman L, Latta LL and Enis JE. Fracture healing in rat
femora as affected by functional weight-bearing. J Bone Jo/nf
1977:59-A:369-375
Sarmlento A, McKellop HA, Lllnas A, Park S-H, Lu B, Stetson W and Rao R. Effect of
loading and fracture motions on diaphyseal tibial fractures. J Orthop Res 1996;14:80-84
Schandelmaler P, Krettek C, Rudolf J and Tscherne H. Outcome of tibial shaft fractures
with severe soft tissue injury treated by unreamed nailing versus external fixation. J Trauma
1995:39:707-711
Schatzker J, Home JG and Sumner-Smith G. The reaction of cortical bone to
compression by screw threads. C//n OrfAop 1975:111: 263-265
Schatzker J. Screws and plates and their application. In: MUller ME, AllgOwer M, Schneider
182

Mr J C Clasper
DM Thesis

Chapter 11

R and Willenegger H. Manua/ of/nfema/ Foofron. 3rd Edition. Berlin: Springer-VeMag, 1991
Schemitsch EH, KowalskI MJ, SwIontkowskI MF and Senft D. Cortical blood flow in
reamed and unreamed locked intramedullary nailing: A fractured tibia model in sheep. J
O/fhop Trauma. 1994;8:373-382
Schenk RK. Biology of fracture repair. In: Browner BD, Jupiter JB, Levine AM and Trafton
PG. SWefa/ Tmuma. Philadelphia: WB Saunders Company, 1992
Scott JC. Closed plaster treatment of wounds. In: Zachary Cope V. H/sfo/y of (Ae Second
M/b/ycf
London: H.
Stationery Office, 1953:280-287
Seidenstein M, Newman A and TanskI EV. Some clinical factors involved in the healing of
war wounds. Arc/? Surg 1968;96:176-178
Shaar CM, Kreuz FP and Jones DT. End results of treatment of fresh fractures by the use
of the Stader apparatus. V Bone Jo/nf Su/g 1944;XXVI:471-474
Shepard GH. High-energy, low-velocity close-range shotgun wounds. J Timuma
1980;20:1064-1067
Shennan WO N. Treatment of compound fractures. A/cA? Su/g 1940;40:838-843
Siebenrock KA, Schillig B and Jakob RP. Treatment of complex tibial shaft fractures:
Arguments for early secondary intramedullary nailing. C//n Orf/fop 1993;290:269-274
SImchen E and Sacks T. Infection in war wounds: Experience during the 1973 October
war in Israel. Ann Su/g 1975;182:754-761
Smith JEM. Results of early and delayed internal fixation for tibial shaft fractures. J Bone
Jo/nf Su/g/B/y 1974;56-B:469-477
Soeur R. Intramedullary pinning of diaphyseal fractures. J Bone Vo/nf Surg 1946;28:309322
Spalding TJW, Stewart MPM, Tulloch DN and Stephens KM. Penetrating missile injuries
in the Gulf War 1991. Br J Surg 1991;78:1102-1104
Stader O. A preliminary announcement of a new method of treating fractures. No/th Am \/(ef
1937;XVII:37-38
Stark WJ. The use of pediculed muscle flaps in the surgical treatment of chronic
osteomyelitis resulting from compound fractures. J Bone Joint Surg 1946;28:343-350
StrawHz JG, Wetzler TP, Marshall JD, LIndberg RB, Howard JM and Artz CP. The
bacterial flora of healing wounds: A study of the Korean battle casualty. Su/ge/y
1955;37:400-407
Stirling RL. The causation of delayed union and non-union of fractures. Br Med J
1939;2:219-221
Swett PP. Treatment of compound fractures at the Hartford hospital. Bosfon Med Su/g J
1928;197:1257-1259
183

Mr J C Clasper
DM Thesis

Chapter 11

Taylor GJS, Leeming JP and Bannister GC. The effects of lavage, ultraviolet light and
antiseptics on bacteria in a model wound. Proceedings of the British Orthopaedic Research
S o d e ^ 1992:Sept 7-8:11
Templeman DC, Gulll B, Tsukayama DT and Gustilo RB. Update on the management of
open fractures of the tibial shaft. Clin Orthop 1998;350:18-25
Tong MJ. Septic complications of war wounds. J/A

1972;219:1044-1047

Tometta P, Bergman M, Watnik N, Berkowitz G and Steuer J. Treatment of grade IIIB
open tibial fractures; A prospective randomised comparison of external fixation and nonreamed locked nailing. J Bone Jo/nf Su/g/Bf/1994;76-B:13-19
TOmqvlst H. Tibia nonunions treated by interlocked nailing: Increased risk of infection after
previous external fixation. J 0/<hop Tirauma 1990;4:109-114
Trouwborst A, Weber BK and Dufbur D. Medical statistics of battlefield casualties, /r^uyy
1987;18:96-99
Trueta J. Closed treatment of war fractures. Lancef 1939;1452-1455
Trueta J. The principles and practice of war surgery. London: Hamish Hamilton Medical
Books, 1943
Trueta J and Cavadias AX. Vascular changes caused by the Kuntscher type of nailing. J
Bone Jo/nf Su/p/B/; 1955;37-B:492-505
Uhlin B and Hammer R. Attempted unreamed nailing in tibial fractures, ^cfa 0/#)op Scand
1998:69:301-305
Van Assen J and Meyerding HW. Antonius Mathijsen, the discoverer of the plaster
bandage. ^ Bone Vo/nf Surg/Am/1948;30-A:1018-1019
Vellskakis KP. Primary internal fixation in open fractures of the tibial shaft, The problem of
wound healing. J Bone Joint Si/rg/iS/^ 1959;41-6:342-354
Voos K, Rosenberg B, Fagrhl, M and Sellgson D. Use of a tobramycin-impregnated
polymethylmethacrylate pin sleeve for the prevention of pin-tract infection in goats. J Or#?op
Tlrauma 1999;13:98-101
Warme WJ, Brooks D, Carpenter L and McManus AT. External Fixator Pin Tract Infection
Model in the Caprine Tibia. Transactions of the 44th Annual Meeting Orthopaedic Research
Meefrng 1998;Mar 16-19:734
Watson F. 77)e/#e of S/r RoAe/f Jones. London: Hodder & Stoughton Limited, 1934
Watson Cheyne W. On the treatment of wounds of war. BrV Surg 1916;111:427-450
Watson-Jones R. Medullary nailing of fractures after 50 years, with a view of difficulties and
complications of the operation. J Bone Jo/nf Su/g/Br/ 1950;32-B:694-729
Welland AJ, Moore JR and Hotchkiss RN. Soft tissue procedures for reconstruction of
184

Mr J C Clasper
DM Thesis

Chapter 11

tibial shaft fractures. C//n 0/fhop. 1983;178:42-53
Winkler H, Hochstein P, Wentzensen A. Experience with pinless fixator in the treatment of
fractures of the lower leg. Z/yu/y 1994;25, Supp 3:8-14
Winnett-Orr H. The treatment of acute osteomyelitis by drainage and rest. J Bone Jo/nf
Surg 1927;9:733-738
Wisniewski TF and Radzlejowski MJ. Gunshot fractures of the humeral shaft treated with
external fixation. J O/thop Trauma 1996;10:273-278
WitschI TH and Omer GE. The treatment of open tibial shaft fractures from Vietnam War. J
Trauma 1970;10:105-111
Worlock P, Slack R, Harvey L and Mawhinney R. The prevention of infection in open
fractures: an experimental study on the effect of fracture stability, /n/u/y 1994;25:31-38
ZImmerll W, Widmer A, Blatter M, Frei R and Ochsner PE. Role of rifampin for treatment
of orthopedic implant-related staphylococcal infections.
1998;279:1537-1541
ZInman C and Reis ND. External fixation in wartime limb surgery, /srae/ J Wed So
1984;20:308-310

185

