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Secondary Intramedullary Nailing of the Tibia in an Animal Model of an

External Fixator Pin Track Infection

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 in vitro 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; Dellinger, Miller, Wertz ef al. 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 al.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.

13
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1. Historical Review of the Management of Open Fractures

‘War is the only proper school for surgeons’ Hippocrates

‘Throughout the ages, the progress of general surgery has been intimately related to that of

military 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 relearned, 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 Chirurgia Magna, and although he belonged to the
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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 Paré (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,
Paré 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. Paré realised that there were no poisons as such, but that

appropriate wound management was necessary to prevent infection (Guthrie 1958).

Paré 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). Paré 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.

Desault (1744-95) was the first surgeon to define débridement, 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 débridement 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
Mathlisen (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
Mevyerding 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
stabilisation 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 19186). Gradually the importance of adequate débridement
was realised once more, although in some cases the surgery was too radical, aiming for an
en-bloc 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
débridement, 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 débridement, 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 débridement, 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). Winnet-

Orr 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 débridement 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 débridement 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 al.
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 surrounding
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 close-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 et al.

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 Qverpressure

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, Burris ef al. 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 al. 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 et al. 1988).

Rose et al. reported that for high-energy 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 et al. 1988).

Further confirmation that high-energy injuries were associated with greater bony damage
came from an in vitro 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 Kiisswetter 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 al. 1988).

Although the extent of bony injury has been graded, in vitro, 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 airway,
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,
Mahoney ef al. 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 et al. 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 débrided. At débridement, non-viable skin needs to be
excised and often, generous excision of muscle may be required. The principle of
débridement is to remove all non-viable tissue, with the aim of leaving only pink, healthy-
looking, 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 débridement 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 débridement.
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 et al. 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 | — An open fracture with a wound less than one centimetre long and

clean.

Type Il — An open fracture with a laceration more than one centimetre long
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