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Abstract

The aim of this thesis was to analyse the results of the Ilizarov method in
patients with different types of tibial fracture and compare them with
conventional methods, in terms of primary union, complication rates, post-
operative function, quality of life, and how the patients” gait was affected
during rehabilitation. Fifty-eight patients with isolated diaphyseal fractures
(Study 1) were randomised to treatment with either the Ilizarov method (IL) or
locked intramedullary nailing (IM). Thirty consecutive patients with isolated
proximal metaphyseal fractures (Study II — 11 classified as Schatzker type I-
IV and 19 as Schatzker type V-VI) and 39 consecutive patients with isolated
distal metaphyseal fractures (Study III — 21 extra-articular and 18 intra-
articular) were treated prospectively using the IL. The follow-ups included
clinical investigations, roentgen assessments, self-appraisals (VAS Pain and
VAS Satisfaction, NHP and EQ-5D). In Studies II and III, we also used specific
questionnaires: the KOOS and FAOS respectively. In Study IV, 85 patients
from the earlier studies were included in a gait analysis study, using the
medilogic® insole pressure technique.

In Study I, in the IL and IM groups, nine and two patients respectively had
open fractures. Twelve patients sustained major complications, four in the IL
group and eight in the IM group (p=0.107). In the IL group, two patients
developed pseudarthrosis and two malunion. In the IM group, two patients
developed compartment syndrome, one had a deep infection, one hardware
failure, one delayed union, one pseudarthrosis and two had a malunion.
Superficial pin-site infections were observed in 16 patients in the IL group.
The fractures were radiographically healed at an average of 12 weeks in both
groups. At the one-year follow-up, there were differences in pain (VAS) and
satisfaction (VAS) scores in favour of the IL treatment (p=0.03 and p=0.02
respectively). There were no differences between the groups with regard to
range of motion (ROM) in the knee and ankle joints. Local tenderness and pain,
mainly anterior knee pain, were registered in 19 patients in the IM group and
one patient in the IL group at the one-year follow-up (p<0.001). In Study II,
25 of the 30 patients achieved a ROM in the knee exceeding 10-100°. The
patients with Schatzker type I-IV fracture had a shorter operating time and
hospital stay, as well as better knee flexion, and the self-appraisal indicated
that they tolerated the treatment better than those with Schatzker type V-VI
fracture. In Study I11, one patient had a deep infection and developed a residual
deformity. Another patient with residual deformity underwent re-operation.
Even if the radiological results were “poor” in five patients, the overall self-
appraisal showed satisfactory results in 36 of the 39 patients. In Study IV, there
was an improvement in all the gait parameters as the fractures healed. There



were differences in recovery between the patients with Schatzker type I-IV and
type V-VI fractures, corresponding to the severity of the fracture. In the
diaphyseal fractures, there were no statistically significant differences between
the IL and IM groups. Gait analysis demonstrated that step length and walking
speed were more clearly correlated to increasing time after operation,
compared with weight-bearing, i.e. load. To summarise, the Ilizarov method
produced a good, satisfactory clinical outcome with a low complication rate
and is at least as good as internal fixation. This technique should therefore be
considered as a valid alternative and can be useful as the primary and definitive
treatment of patients with all types of tibial fracture.

Keywords: tibial fracture, external fixation, intramedullary nail, randomised
study, load, gait analysis, VAS, NHP, EQ-5D
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Sammanfattning pa svenska

Syftet med denna avhandling var att analysera resultaten av Ilizarov metoden
hos patienter med olika typer av tibiafraktur och jamféra med konventionella
metoder, avseende primdr ldkning, komplikationsfrekvens, postoperativ
funktion, livskvalitet och hur patienternas gang paverkades under
rehabiliteringen. Femtiodtta patienter med isolerade diafysfrakter (Studie I)
randomiserades till behandling med Ilizarov metoden (IL) eller margspikning
med tvérskruvar (IM). Trettio konsekutiva patienter med isolerade proximala
metafysira frakturer (Studie II — 11 klassifierade som Schatzker I-IV och 19
som Schatzker V-VI frakturer) och 39 konsekutiva patienter med isolerade
distala metaphyséra frakturer (Studie III — 21 lednéra och 18 ledengagerande)
behandlades prospektivt med IL. Uppfoljningen omfattade kliniska
undersokningar, rontgenkontroller, sjdlvskattningar (VAS smaérta och VAS
tillfredstéllelse, NHP, och EQ-5D). I Studierna II och IIl anvindes ocksé
ledspecifika frageformulir; KOOS respektive FAOS. I Studie IV inkluderades
85 patienter fran de tidigare studierna, och undersoktes med génganalys med
tryckkénsliga inldggssulor (medilogic®).

I Studie I hade nio patienter i IL gruppen och tva i IM gruppen dppna frakturer.
Tolv patienter hade allvarliga komplikationer, fyra i IL gruppen och étta i IM
gruppen (p=0.107). I IL gruppen, utvecklade tva patienter pseudartroser och
tvé lakte med betydande felstéllningar. I IM gruppen, utvecklade tva patienter
kompartment syndrom, en fick en djup infektion, en hade spikbrott, en hade
forsenad benldkning, en hade pseudartros och tvd lidkte med betydande
felstdllningar. Ytliga pininfektioner férekom hos 16 patienter i IL gruppen.
Frakturerna var rontgenlogiskt ldkta efter i genomsnitt 12 veckor i béada
grupperna. Vid ett-ars uppfoljningen forelag skillnader i VAS smérta och VAS
tillfredstéllelse med fordel for IL gruppen (p=0.03 och p=0.02). Det fanns inga
skillnader mellan grupperna avseende rorelseomfang i kni- och fotleder. Lokal
Oomhet och vérk, huvudsakligen frimre kndsmérta, registrerades hos 19
patienter i IM gruppen och en i IL gruppen vid ett-ars uppfoljningen (p<<0.001).
I Studie II hade 25 av 30 patienter ett rorelseomfang i knileden, som var béttre
an 10-100°. Patienterna med Schatzker I-1V fraktur hade kortare operationstid
och sjukhusvistelse, liksom béttre kndbojning och sjilvskattningen visade att
de tolererade behandlingen béttre dn de med Schatzker V-VI fraktur. I Studie
III hade en patient en djup infektion och utvecklade en kvarvarande
felstillning. En annan patient med kvarvarande felstillning genomgick en
korrektionsoperation. Aven om det rontgenlogiska resultatet var “daligt” hos 5
patienter, visade sjdlvskattning tillfredstdllande resultat hos 36 av de 39
patienterna. I Studie IV noterades en forbattring av alla gdngparametrar under
lakningstiden. Det fanns skillnader i aterhdmtning mellan den proximala



Schatzker I-IV och V-VI frakturerna, vilket motsvarade frakturernas
svarighetsgrad. Avseende diafysdra frakturer fanns det inga statistiskt
signifikanta skillnader mellan IL och IM grupperna. Ganganalysen visade att
stegldngd och génghastighet korrelerade béttre till tid efter operation jAmfort
med belastning. Sammanfattningsvis gav Ilizarov metoden ett tillfredstdllande
kliniskt resultat med lag komplikationsfrekvens och visade minst lika bra
resultat som efter inre fixation. Ilizarovtekniken bor darfor 6verviagas som ett
fullvérdigt alternativ och kan vara anviandbar bade som primir och definitiv
behandling av patienter med alla typer av tibiafrakturer.
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PREFACE

Old concept, new way...

During my first year (1990) as a resident at the Funchal Central Hospital in
Madeira (Portugal), I saw for the first time the Ilizarov external fixator (IL),
which was used to treat a patient with a tibial pseudarthrosis. In 1992, when I
started to work at the Department of Orthopaedics at the Skaraborg Hospital in
Skdévde (Sweden) and, as in most Swedish hospitals, the IL was not used at all,
not even as an alternative treatment option. This technique was mostly
considered to be a bulky, technically difficult Siberian method of treatment
with uncertain results and a high rate of complications, long hospital stays and
unhappy patients. If used at all, the indications were very limited and the
operations were therefore only performed by specially trained surgeons at
specific centres and IL was mainly used in limb lengthening surgery. There
was also a lack of studies in the western medical literature confirming the
Kurgan experience, even though Professor Ilizarov had presented his results at
several international conferences and published some articles in English. At
our department, different external fixators were used in complicated, open
fractures as a primary treatment. They were, however, rarely used as definitive
treatment, because of the dislocation risk when loaded and the risk of pin/screw
infections. Moreover, in the most recent editions of orthopaedic textbooks, the
Ilizarov technique has been regarded as a treatment option/alternative mainly
in very complicated fractures such as comminute, intra- and juxta-articular
fractures, especially if combined with major soft-tissue injuries.

Because of the limited use in Sweden and the difficulty involved in obtaining
sufficient experience to use the IL technique in a safe manner, I visited the
Russian Ilizarov Scientific Centre for Restorative Traumatology and
Orthopaedics in Kurgan, Siberia. I first spent two weeks there in 1999,
followed by a further six weeks in 2000. This gave me the opportunity to study
the theoretical background and also to participate in several operations where
surgeons regularly used the technique for a large variety of indications
according to the original instructions given by Professor Ilizarov. It was
especially interesting to study the application of the IL technique in fractures
normally treated with internal fixation at our department and to see how well
the patients coped with the rehabilitation, as they were encouraged to walk
with unrestricted weight-bearing immediately postoperatively, which is one of
the cornerstones of this treatment. However, the practical conditions in Siberia
were different, with most patients being hospitalised for the entire
rehabilitation period, something that is not feasible for the health-care system
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in Sweden. Based on what I learned in Kurgan, I started to use the IL in selected
cases at our hospital.

In terms of the management of tibial fractures, there are well-established ORIF
protocols. Even though the “gold standard” of treatment in diaphyseal fractures
is IM, there are potential advantages to the IL technique and it appeared
relevant to compare the two treatments in a randomised study. However, when
it came to metaphyseal fractures of the tibia, the IL soon became the treatment
of choice at our department, with fewer complications compared with ORIF,
and for this reason we felt it was unethical to perform a randomised study
comparing the IL and ORIF. Instead, we chose to follow these patients
prospectively. I hope that the results of this work during the past eight years,
as presented in this thesis, can be the basis of further discussions with the aim
of better understanding and defining the extended use of the IL method.
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On Treatment of Tibial Fractures using the Ilizarov Fixator

1 INTRODUCTION

Studying the management of tibial fractures is important for several reasons.
Firstly, there is a wide variation in complications with risks associated with
both the type and the chosen method of treatment. Secondly, the patients are
often active and an early return to daily activities is expected. Tibial fractures
can therefore be one of the most challenging fractures to treat.

1.1 Epidemiology

In a United Nations report, Woolf and Pfleger claimed that long-bone fractures
are among the most frequent non-fatal injuries sustained following trauma
world-wide [1].

Tibial fractures have been reported to represent 17% to 19% of all patients with
fractures [2, 3].

Table 1 shows the overall annual incidences of tibial fractures, their
localisation and the age of the included patients. Possible reasons for the
varying results in the presented studies might be that they are mainly
retrospective and represent case series from single hospitals.

Table 1. Annual incidence/100,000 inhabitants calculated from data reported in different
epidemiological studies.

Epidemiological studies of tibial fractures Annual fracture Included age
Author, (year of publication) and country incidence/100,000 (years)
Proximal metaphyseal
Court-Brown & Caesar (2006), UK 13 >12
Diaphyseal
Emami et al. (1996), Sweden 31 All ages
Ruiz et al. (2000), Northern Ireland 25 >18
Bengner et al. (2000), Sweden 50 All ages
Court-Brown & Caesar (2006), UK 21 >12
Weiss et al. (2008), Sweden 17 10->90
Distal metaphyseal
Court-Brown & Caesar (2006), UK 7.9 >12

Bengner et al. found no increase in the incidence of tibial shaft fractures during
a 30-year period in the city of Malmo in Sweden [4]. Emami et al. compared
two time periods (1971-75 and 1986-90) in Uppsala County (Sweden) [5].
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They found a higher incidence in men compared with women, but, during the
second period, the incidence decreased in men aged 10-19 years because of a
reduction in fractures sustained in road accidents. In terms of gender
differences, Bengner et al. also found that men had a higher incidence in almost
all age groups [4]. In a Swedish nation-wide study, Weiss et al. found an annual
incidence rate of 17 per 100,000 person-years and the number of hospital
admissions decreased by 12% during the period 1998-2004, mostly following
a reduction in male incidence, i.e. confirming a decreasing incidence in
Sweden [6].

The majority of diaphyseal tibial fractures are low-energy injuries with
relatively minor degrees of soft-tissue injury. According to Court-Brown and
McBirnie in the United Kingdom, 76.5% of tibial fractures were closed and
53.6% were Tscherne type C1 [7]. This indicates that severe fractures are
relatively rare. The first report of the Swedish Fracture Registry (2011-2012)
estimated that 12.6% of the diaphyseal tibial fractures were open [8].

In the United Kingdom in 2000, distal tibial fractures accounted for an
incidence of 0.7% of all fractures [9]. Open tibial fractures constituted
approximately 2.1% of all open fractures in long bones [10]. Distal intra-
articular tibial fractures are relatively rare injuries. Bourne found that these
fractures accounted for approximately 7-10% of all tibial fractures and fewer
than 1% of all fractures of the lower limbs [11].

In the USA, tibial and fibular fractures annually accounted for 77,000
hospitalisations, 569,000 hospital stay days and 825,000 physician office visits
[12]. Also in this country and in 2007, the Agency for Healthcare Research and
Quality (AHRQ) reported online in its state inpatient database 151,966 hospital
discharges for which tibial/fibular fracture diagnosis was a reason for a surgical
procedure [13].
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On Treatment of Tibial Fractures using the Ilizarov Fixator

2 THE TREATMENT OF
TIBIAL FRACTURES

Different treatment methods have different potential advantages and
disadvantages in terms of ease of use, fracture stability, healing time,
frequency and type of complications, and patient compliance.

2.1 Conservative treatment

The conservative or non-surgical treatment of fractures is a non-invasive
method, based on the use of traction or external splinting producing a closed
reduction to restore the alignment and subsequent fracture stabilisation by
plaster or brace.

Well-healed fractures in mummies more than 4,000 years old show that, in
ancient Egypt, physicians already understood this treatment rationale [14].

More than 2,400 years ago, Hippocrates of Kos described the treatment of limb
fractures using a soft layer of bandages which were subsequently stiffened
with a cerate [15, 16].

Arab authors reported in the 10th century that, when water was added to
anhydrous calcium sulphate, a hard crystalline material was formed when it
dried [17]. This procedure was later described as plaster-of-Paris after the city
name where, by royal demand, the walls of all wooden houses had to be
covered with plaster to provide fire protection in order to avoid a catastrophe
similar to the Great Fire of London in 1666 [18]. The invention of plaster-of-
Paris impregnated bandages to treat broken bones is attributed to Antonius
Mathijsen [19] and Nicolay Pirogov [20]. The first functional plaster braces
were introduced by Fedor Krause [21] and Pierre Delbet [22].

In proximal metaphyseal tibial fractures, Apley’s method of skeletal traction
and early flexion of the knee produced good functional results [23]. However,
the technique was demanding, due to prolonged bed-rest followed by protected
weight-bearing, which were the two main disadvantages related to this
treatment. Cast-bracing treatment removed these disadvantages of Apley’s
treatment regimen by allowing early weight-bearing and early discharge from
hospital [24]. Retrospectively, Anglen et al. found that non-surgical treatment
in displaced comminuted proximal tibial fractures was inferior to surgical
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treatment with regard to the duration of the hospital stay, the need for
immobilisation and the functional results [25]. Jensen et al. (1990) studied the
results of the treatment of tibial plateau fractures from two orthopaedic centres.
At one hospital, severe fractures in 87 patients were treated non-surgically with
traction and early movement, while, at the other, 73 patients were treated by
ORIF according to the AO principles, even if the fractures were minimally
displaced. As the non-surgical treatment was time consuming and involved a
longer hospital stay, it was only recommended in patients where surgical
treatment was undesirable for different reasons [26]. We have not found any
report of the non-surgical treatment of proximal metaphyseal fractures in the
English literature after 1990.

In a prospective survey comprising 674 tibial diaphyseal fractures that were
treated non-surgically, Nicoll reported good intermediate-term results in the
majority of patients [27]. Sarmiento described functional fracture bracing,
inspired by the patellar-tendon-bearing prosthesis [28]. In a summary of his
investigations over a 40-year period, he showed that functional bracing was an
effective method in managing selected fractures of the tibial shaft [29, 30].
However, he stressed that several fracture types were not suitable for this type
of treatment; they included open diaphyseal fractures with moderate or severe
soft-tissue damage, closed axially unstable fractures (comminuted, oblique, or
spiral), fractures with initially unacceptable shortening of more than 12 mm,
which showed increasing angular deformity in the initial cast, fractures with
an intact fibula showing an initial angular deformity of > 5° and segmental
fractures with initially unacceptable shortening and those with uncorrectable
angular deformity. These exclusion criteria limit the opportunity to treat tibial
diaphyseal fractures with functional bracing. However, in a prospective series
of 145 fractures, in which patients with associated injuries interfering with the
normal ambulant treatment were excluded, the Sarmiento below-the-knee
functional brace was applied to all patients but three [31]. On the other hand,
the difficulty of performing this kind of treatment made Chapman argue “that
the technique of applying an immediate weight-bearing cast is as demanding
and requires as much motor skill as internal fixation does” [32].

In distal metaphyseal fractures, the disadvantages of non-surgical treatment are
the risk of healing disturbances and displacement, as the plaster treatment is
not stable enough when the soft-tissue swelling decreases and because of
muscle hypotrophy during immobilisation. This calls for a complicated
treatment protocol with numerous follow-ups to check and change the plaster.
Even though non-surgical management might be a valid alternative to surgery
[33, 34], it should probably be reserved for patients for whom an operation is
not a choice for other medical reasons [35].
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2.2 Surgical treatment

With primary or staged surgery, it is possible to avoid instability and
malalignment and to correct articular incongruences. It is also often possible
to achieve sufficient stability to allow immediate or early knee and ankle
movement training and even weight-bearing. The disadvantages are mainly
that surgery adds soft-tissue damage that can cause further healing
disturbances/deep infections, while osteosynthesis material left in the body can
cause discomfort for the patient and a second operation to extract it is then
needed.

2.2.1 Plate osteosynthesis

Plate osteosynthesis is an invasive technique where a metal plate bridging the
fracture site is fixed with screws. The plate accommodates compressive,
bending and torsional loads, depending on the type of fracture. The plate is
usually made of metal, but different composite materials have also been used.
It has several holes for screw fixation. The holes can be threaded to allow for
locking between the screws and the plate. The technique is more or less
invasive. The advantage is that it is possible to achieve an anatomical
reduction, restoring the length of the bone and eliminating axial and rotational
malalignment. Plate osteosynthesis is often stable enough to enable the training
of the adjacent joints. When it comes to proximal and distal metaphyseal
fractures, the type of fracture and the size of the fragments will determine the
method of osteosynthesis. Sometimes it is necessary to use two plates to
increase stability, which further increases the risk of soft-tissue damage.

Back in 1886, Carl Hansmann used a plate which was fixed to the bone with
percutaneously inserted screws that protruded through the skin [36]. In 1895,
William Lane introduced a metal plate with screws for internal fixation [37].
The plates were, however, not strong enough and they also corroded rapidly.
In 1906, Edward Martin published radiographs of fractures of the tibial shaft
and metaphysis treated with plates and mono-cortical screws [38]. In 1909,
Lewis Steinbach treated four patients with a fracture of the tibia with a silver
plate, fixed to each of the fragments with two steel screws [39]. Albin
Lambotte (1909) introduced a thin plate, round and tapered at both ends, with
less corrosion but without sufficient strength [40].

The next important development in fracture plate design was initiated in 1948
by George Eggers [41]. The Eggers plate had two long slots that allowed the
screw heads to slide and thus compensate for the resorption of bone at the
fragment ends. However, this plate was structurally weak, which resulted in
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instability of the fixation. The principle of inter-fragmental compression was
described by Raoul Danis in 1949 [42].

The plate and screw osteosynthesis was re-introduced by the Swiss AO-group
in 1958 [43] with the aim of obtaining a rigid, anatomical fixation in which the
fragments were compressed against one another. A meticulous surgical
technique and an excellent teaching programme further contributed to the
success of this plating system. In 1965, Miiller et al. presented the opportunity
to achieve inter-fragmentary compression by tightening a tensioner that was
temporarily anchored to the bone and the plate [44]. The use of the tensioner
made it necessary to use a longer incision and it was eventually abandoned in
favour of oval holes, the concept of the Dynamic Compression Plate (DCP)
[45].

As there is a risk of re-fractures because of bone loss under the rigid plate
(stress-shielding), it was recommended that the plate should not be removed
for at least 15-18 months [44]. It was argued that this could be avoided with
the development of the limited contact-dynamic compression plate (LC-DCP
plate) by Perren [46]. The new design aimed to reduce plate interference with
cortical perfusion and thus decrease cortical osteoporosis. This was estimated
to reduce bone-plate contact by approximately 50% [47]. However, this was
contradicted when Field et al. measured the bone-plate interface and found the
same contact area for both DCPs and LC-DCPs fixed to cadaveric bone with
the exception of the humerus [48]. Ahmad et al. studied the biomechanical
stability of the LC-DCP plate in vitro and recommend that the plate should be
fixed close to the bone (< 2 mm) to allow a mechanically stable environment
at the fracture site [49]. This was addressed in the next development, i.e. the
Locking Combination Plate (LCP), which permits a combination of locked and
unlocked screws that can be fixated to only one cortex. The surgical technique
using a minimally invasive procedure and locking screws further increased the
opportunity to reduce the contact with bone. This meant that some of the
previous disadvantages could be avoided [50].

Whether the cortical blood flow really is improved by these developments is
still controversial. Jain et al. measured cortical blood flow with laser Doppler
flowmetry of canine tibias fixed with a DCP or LC-DCP and they found no
difference in cortical blood flow between the two groups, contradicting the
theories behind the LC-DCP plate. They also reported on the biomechanical
properties of the tibia and found no differences between the two groups. The
authors concluded that “the LC-DCP is not advantageous in fracture healing
or restoration of cortical bone perfusion to devascularized cortex” when
compared with the older DCP plate [51]. Moreover, simple fractures can lead
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to essential microcirculatory disturbances even in muscles at sites remote from
the fracture site [52]. The dissection, which plate osteosynthesis requires, could
add further soft-tissue damage and concomitant changes in blood circulation
which might be more serious than the initial trauma.

Another technical development was the Less Invasive Stabilising System
(LISS), in which the locking plate serves as a bridge over the fracture site. This
is described as being similar to an external fixator, but the bridging part, the
plate, is covered by the soft tissues. As the plate does not require direct contact
with the bone, it can be introduced through small incisions with blind
application close to the bone surface and fixated with self-tapping screws. With
the development and popularisation of minimally invasive surgical implants
for fracture fixation, it became increasingly important to use pre-contoured
plates. However, Schmutz et al. showed that a global/anatomic fit only
occurred for 19% of the bone models using anatomic plates for the distal
medial tibia [53]. The LISS plate can be inserted using small incisions
(MIPPO) and has the added advantage that direct exposure of the fracture lines
is avoided, while the indirect reduction preserves the vascular perfusion, at
least in theory [54]. Uthoff et al. claimed that only plates allowing dynamic
fracture compression in the axial plane can lead to a revolution in fracture
fixation [55]. Qiu et al. found that locking plates could be used as definitive
external fixators with acceptable clinical results in tibial fractures with a
compromised soft-tissue envelope [56].

Even though, the use of the LISS and the LCP has created new opportunities
to treat metaphyseal and epiphyseal fractures [57], it has not been possible to
demonstrate cost-effectiveness or cost-utility when compared with older plates
[58, 59]. Nor have these more recent plate designs, like the PC-Fix in which
the concept of inter-fragmentary compression and bicortical fixation was
abandoned, improved the overall clinical outcome [55].

In proximal metaphyseal fractures, the minimally invasive technique should
protect the soft-tissues, but Jockel et al. found that the early functional results
and complication rates were similar to those associated with earlier techniques
reported in the literature [60].

In a meta-analysis of diaphyseal fractures, Bhandari et al. concluded that the
reason for more complications with plate fixation compared with both external
fixation and IM is the additional vascular damage to the bone and soft tissues
[61].
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In distal metaphyseal fractures, Zou et al. found no differences in healing time
when MIPPO was compared with traditional ORIF in type A and B fractures.
In type C fractures (extra-articular), there was a trend towards shorter healing
times with MIPPO [62]. Bastias et al. compared DCP and LCP plates and
found that both systems produced similar results in terms of time to union,
infection rates and AOFAS score, but the LCP appeared to be superior with
respect to alignment and the need for implant removal [63]. In another study
of anatomical specimens, it was shown that MIPPO in the distal tibia could
constitute a risk of damage to the neurovascular structures when the distal
screws were placed through stab incisions [64]. However, Strauss et al.
demonstrated that, in distal metaphyseal tibial fractures, locked plates
produced better fixation stability when compared with the IM for axial loading,
while they were less stiff in cantilever bending scenarios. Locked plates also
appear to provide better fixation than intramedullary nails for fracture patterns
in which the fibula cannot be stabilised [65].

2.2.2 Intramedullary nailing osteosynthesis

The IM is an invasive technique in which a rod/nail is used to bridge the
fracture site. The nail is introduced at a distance from the fracture site. It is
usually made of metal and can be hollow or solid, with stabilising screws on
either or both sides of the fracture. The advantage is that it is possible to insert
the nail without the open reduction of the fracture. When stabilising screws are
used, it is often stable enough to allow the training of adjacent joints and also
some weight-bearing.

This technique can be performed with or without reaming. Depending on the
shape and type of fracture, direct stability can often be achieved. To secure
length and rotational stability, one or more interlocking screws can be
introduced proximally and distally through holes in the nail. The technique is
minimally invasive, but the introduction of the nail in the medullary canal
increases the intramedullary pressure and also the pressure in the surrounding
soft tissues [66, 67]. This could theoretically be associated with an increased
incidence of compartment syndrome [68, 69].

In 1887, Heinrich Bircher was the first to treat diaphyseal fractures of the femur
and tibia with intramedullary ivory pegs [70]. In 1913, Georg Schoéne in
Germany made the first “closed” nailing (silver nail) of a diaphyseal fracture
assisted by fluoroscopy [71]. In 1915, steel rods were used by Ernest Hej-
Groves [72]. In 1937, the Rush brothers [73] in the USA and in 1940 Gerhard
Kiinstcher [74] in Germany independently developed the intramedullary
nailing technique.

25



On Treatment of Tibial Fractures using the Ilizarov Fixator

Kiinstcher was the first to show that the stabilisation of the fixation could be
improved by reaming the medullary canal [75]. The interlocking of the
intramedullary nailing became popular after the work of Klemm [76] and also
Grosse and Kempf [77] in the 1970s and 1980s. However, intramedullary
reaming was considered to be the main reason for a higher risk of fat embolism
syndrome and ARDS [78, 79]. The reaming and insertion of an IM has also
been shown to reduce the endosteal and cortical blood flow by approximately
70% [80-82]. The use of unreamed nails should avoid these disadvantages and
they could also be used when treating open fractures, thereby reducing the risk
of infection with reaming [83]. Nevertheless, using unreamed nails has not
been shown to improve the healing time [84, 85]. Reaming the medullary canal
also appears to have some positive effects at the fracture site, such as increasing
extra-osseous circulation, which is important for bone healing [86] and
increased mechanical stability [87, 88]. In patients with closed tibial shaft
fractures, it was reported in the SPRINT study that the re-operation and
complication rates were lower after reamed IM compared with unreamed [89].
The reamed IM, when applied to closed and open Gustilo I diaphyseal
fractures, produces good results and has also been recommended from an
economic standpoint [90]. In a systematic review, Lam et al. found a consistent
trend towards a reduced non-union rate in closed tibial shaft fractures with
reamed IM compared with unreamed IM [91]. Xia et al. reported a meta-
analysis studying the clinical outcomes of reamed vs unreamed IM in the
treatment of 1,229 closed tibial fractures. They concluded that reamed IM may
lead to a significantly lower risk of non-union, screw failure, implant exchange
and dynamisation without increasing operative complications [92].

Titanium nails have also been used, but they have produced similar results to
stainless steel nails [93].

IM can be challenging, especially when significant shortening and/or
translation of the fracture is present. Several techniques have been described
to facilitate the introduction of the nail in the diaphysis [94-96]. The nailing of
fractures in the proximal third of the diaphysis is technically challenging [97,
98]. Rates of malalignment ranging between 58% and 84% have been reported
after IM of proximal diaphyseal tibial fractures [99]. Choosing the right size
of implant is also crucial for satisfactory outcomes, as pointed out by Galbraith
et al. in a cadaveric study. They found that anatomical measurements, such as
the distances between the knee joint line and the ankle joint and between the
tibial tuberosity and the medial malleolus, were not accurate enough to predict
the ideal tibial nail length. The only exact method to determine the ideal nail
length was computed tomography. In the clinical setting, they recommended
pre-operative measurements of the uninjured side [100]. Depending on the
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fracture type, in most patients treated with IM, the stability is sufficient to
enable a gradual increase in weight-bearing and, in several cases, full weight-
bearing. However, IM of the tibial diaphysis is not without a risk of
complications [94, 101-103].

The most important risk with IM is difficult-to-treat deep infections. The
overall incidence of deep infections was more than 10% a few decades ago,
but it has diminished during the last few years [104]. In a multicentre register
study in low- and middle-income countries, the overall infection rate was 1.5%
(95% CI: 1.4-1.6) in tibial fractures treated with IM. The association between
follow-up and infection rates after IM was also studied. If only nails with a
registered follow-up visit were included (n=10,684), the infection rate was
6.9% (95% CI: 6.4-7.4) for tibial fractures and the infection rate increased in
studies with more adequate follow-up rates [105].

Other not uncommon complications after IM in diaphyseal fractures are shown
in Table 2.
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Table 2. Post-operative complications after acute IM in tibial diaphyseal fractures.

IM complications % Number of patients
Deep infection
Klemm & Borner (1986) 2 401
Alho et al. (1990) 3 94
Court-Brown et al. (1990) 2 125
Angliss et al. (1996) 1 63
Blachut et al. (1997) 2 152
SPRINT study (2008) 1 1226
Young et al. (2011) 1 17382
Compartment syndrome
Court-Brown et al. (1990) 3 123
McQueen et al. (2000) 6 810
Deep vein thrombosis
Blachut et al. (1997) 1 154
Uhlin & Hammer (1998) 4 55
Larsen et al. (2004) 4 45
Pulmonary embolism
Angliss et al. (1996) 1 63
Blachut et al. (1997) 1 154
Keating et al. (1997) 3 91
Dropped hallux deformity (without evidence of
compartment syndrome )
Robinson et al. (1999) 5 208
Peroneal nerve injury
Klemm & Borner (1986) 1 401
Koval et al. (1991) 4 60
Anterior knee pain
Court-Brown et al. (1997) 41 125
Toivanen et al (2002) 80 50
Material fatigue with breakage of the nail or locking
screws/unreamed IM
Cole & Latta (1992) 40 56
Iatrogenic fractures
Strecker et al. (1996) 0-8 162
Malunion
Alho et al. (1990) 21 94
Court-Brown et al. (1990) 2 123
Koval et al. (1991) 4 60
Freedman et al. (1995) 12 133
Blachut et al. (1997) 7 152
Boucher et al. (2002) 77 71
Non-union
Alho et al. (1990) 3 94
Blachut et al. (1997) 15 152
Court-Brown (2004) 11 1106
Larsen et al. (2004) 7 45
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Despite these shortcomings, IM has become the preferred choice of treatment
in tibial diaphyseal fractures and is regarded as the “gold standard” treatment
at almost all hospital units [106]. There is also support for IM in randomised
studies when compared with non-surgical treatment of diaphyseal fractures
[107-109].

The introduction of interlocking tibial nails has extended the indications for
nailing to include proximal and distal metaphyseal fractures of the tibia.
However, the IM fixation of proximal tibial fractures is associated with a much
higher rate of complications than the IM fixation of midshaft fractures [98].
The management of distal metaphyseal tibial fractures with IM has been more
advantageous than the nailing of fractures of the proximal third of the tibia
[110-114], but the control of alignment has been difficult [115]. In both extra-
articular proximal and distal metaphyseal fractures, the widening of the
metaphysis increases the risk of tilting in the metaphyseal fracture part,
resulting in malunion and delayed healing [86]. In two studies of proximal and
distal metaphyseal fractures treated with IM or plating, the complication rates
were similar, regardless of treatment [33, 116]. In a recent study of distal
metaphyseal extra-articular tibial fractures, Igbal et al. showed that both
nailing and plate techniques can provide adequate treatment in selected
patients, albeith with a risk of significant complications [117].

2.2.3 External fixation osteosynthesis

External fixation is based on the principle that the fracture fragments are fixed
with percutaneous screws, pins or wires, connected to a fracture bridging
external frame. The surgical technique is minimally invasive.

The technique of using an external frame to control the bone fragments was
described by Hippocrates. In his technique for tibial fractures, rings were
placed below the knee and above the ankle. Hippocrates used levers to reduce
the fracture and, after reduction, the rings were fixed to bridging sticks [118]
(Figure 1). In 1843 Jean Malgaigne introduced a rudimentary external fixator
with clamps with skin-penetrating tips to treat patellar fractures [119], which
in 1861 was used in several patients by Elias S. Cooper [120].
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Figure 1. The principle of the external fixator for tibial fractures, with wooden splints, as
applied by Hippocrates.

External fixation as we know it today is traditionally ascribed to Clayton
Parkhill, who, in 1897 (USA), introduced a so-called bone clamp with
percutaneous pins connected to a rigid external plate [121]. In Europe, Albin
Lambotte (1907) presented a “bone suture device®, similar to Parkill’s bone
clamp, at the beginning of the 20™ century [122] (Figure 2).

Figure 2. A photograph taken on 24 April, 1902 shows Lambotte with his assistant/brothers
applying his device to a femur in Styvenberg Hospital in Antwerp (Belgium).
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He also used the term “external fixator” for the first time. Lambotte developed
this system in order to make it suitable for almost all bones, including fresh
diaphyseal fractures. One disadvantage of this external fixation was that the
fracture reduction had to be performed meticulously, often using open surgery,
before inserting the pins, as correction at a later stage was impossible. In 1934,
Roger Anderson constructed a frame to reduce and compress fractures until a
cast was applied. It worked with movable horseshoe-shaped clamps that
encircled the leg posteriorly and was the first external fixator that made
multiplanar adjustments possible [123]. Adjustable connecting metal bars,
allowing reduction in three planes independently, were first described by the
veterinary surgeon Otto Stader. He used it in long-bone fractures in dogs in
1937 [124].

In 1938, Raoul Hoffmann introduced a system with a universal ball joint pin
holder that connected the rods and the fixed clamps, allowing better closed
reduction and correction in three planes after the application [125]. He also
developed self-tapping pins that could be inserted percutaneously.

In a retrospective study of 104 open fractures, Rosenthal et al. documented
significant complications using external skeletal fixation and recommended
against the its use [126]. This study corroborated a previous report by the
Committee on Fracture and Trauma Surgery of the AAOS, which led to
reluctance to use external fixators during the following decades [127].

The AO/ASIF unilateral tubular monofixator was constructed to combine
stability and versatility, making use of only four basic elements: tube, tube
caps, Steinmann pins (or Schanz screws) and adjustable clamps. Jaskulka et al.
found that the AO/ASIF fixator (as a one-plane, double-tube, unilateral frame)
offered sufficient stability only in its non-dynamised form [128]. They
recommended that this fixator should be restricted to cases where
dynamisation was not desirable.

In 1995, a new generation of prototypes (Hoffmann II*) was presented
internationally: they fulfilled some desirable requirements such as a pin holder
with a spring-loaded, snap-fit mechanism, the opportunity for free pin
placement, the reduction of the number of individual components and
colouring of the fixator components for improved patient acceptance [129].
The Hoffmann 1I® external fixator system retained all the advantages of the
original Hoffmann fixator, i.e. the modular system, the universal joints and the
free placement of the pins in all three planes. This enabled exact fixation during
assembly and reduction. Today, the connecting rods are made of aluminium or
carbon fibre and are thus radiolucent. The introduction of the Hoffman I1°
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external fixator with its great versatility has made this external fixator the
preferred method of emergency temporary treatment in the USA (Stryker,
Mahwah, New Jersey) [130].

De Bastiani described a dynamic axial monolateral fixator (Orthofix®) with a
telescopic single bar that allows dynamisation [131, 132]. The fixation bar has
articulating ends with clamps and self-tapping screws are used. Since then,
similar principles have been developed in other external fixators constructed
to make application even easier, like the Hammerfix® [133], the Monticelli-
Spinelli fixator® [134] or the Ex-Fi-Re® [135].

A simplified type of external fixator, using percutaneous half-pins fixed with
a material that solidifies as plaster, such as methacrylate or epoxy, is still used
in some countries [136].

2.2.3.1 Types of frame configuration
A comprehensive summary of different configurations of external fixators
available at present is shown in Table 3.

32



Telmo de Oliveira Ramos

Table 3. Configuration, definition and types of external fixation.

Configuration  Definition Examples
Unilateral One rod connecting two or more pins,  AO
clamps (sometimes with universal Ex-Fi-Re
joints) attached to half-pins. All the Hammerfix
elements are installed on one side. Hoffmann
Orthofix
Wagner
Bilateral Rods on both sides of the limb AO
connected to transfixing pins, clamps Hoffmann
attached to half-pins. Roger-Anderson
Vidal-Adrey
Quadrilateral Four rods within the system, two on Kronner
each side of the limb. Vidal-Adrey
Biplanar Rods connecting pins placed in two or ~ AO
more planes limited to sector o (0< Hoffmann
a<180°), clamps attached to half-pins.
Hybrid Rods connected to transfixing pins and ~ Ace-Fisher
half-pins (alone or in combination) and EBI DynaFix
a half-ring encircling the leg in the Howmedica antero-
transverse plane to its long axis. medial
Monticelli-Spinelli
Orthofix
Sheffield
Tenxor
Ring Rods or struts connecting complete Adams
circular rings or hoops surrounding the  Ilizarov
limb attached to transfixing pins or Kronner
wires. Matsukidis-Shevstov
Seide
TSF
2.2.3.2 Advantages of external fixation

External fixation is a versatile technique that can be used for almost all types
of fracture and it is minimally invasive, thereby reducing the risk of
devitalisation and contamination of the bone tissue. So, when compared with
plate osteosynthesis and intramedullary nails, external fixation causes less
damage to the soft-tissues, osseous blood supply and periosteum [137].
Because of this and the fact that external fixation is easy to apply provisionally,
it is often used as the initial treatment of choice in high-energy closed or open
fractures when the viability of the limb is threatened. With modern external
fixators, it is also possible to improve the fracture reduction/alignment after
the primary application. External fixation is also applicable in patients with
unacceptably small medullary canals, e.g. children or patients with a complex
peri-articular fracture.
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There are further theoretical advantages to external fixation. Better stability
can be achieved in comminute fractures by adding the fixation of several bone
segments, where other methods would fail. It also offers the opportunity to
change the relative position of the fracture fragments in order to correct
deformities. The predominant stimulus for the proliferation of bone marrow
stem cells is blood perfusion [138] and external fixation allows maximum
perfusion at the fracture site [139, 140]. The negative effect of denervation on
fracture healing as observed with plate osteosynthesis [141] might also be less
pronounced.

External fixation has to be removed, but this can be done without regional or
general anaesthesia in the majority of patients [142]. These devices might also
have some financial advantages, because their re-use is safe and effective [143,
144].

2.2.3.3 Disadvantages and complications of external
fixation

External fixators have a reputation for causing problems, but there are effective
solutions for several of these problems [145]. To avoid complications when
using external fixators, the surgeon must have a good knowledge of the cross-
sectional anatomy, a three-dimensional approach to plan and modify the frame
and use the correct technique when inserting the wires, screws and pins.
Prophylactic cleaning of the entry sites of screws and pins is also important to
avoid local infections [146, 147].

External fixation treatment is dependent on patient compliance. However, the
removal of the fixator due to non-compliance is rare and should be avoided, as
it might compromise the final result. To avoid serious problems during the
treatment, it is helpful to show the patient the external fixator before surgery.
The patient must be adequately prepared psychologically to accept alterations
of the frame and repeated minor surgical procedures [148, 149].

When analysing complications, it is important to distinguish between minor
and major complications. The former are simple and expected to occur during
treatment and require simple measures. These minor complications are treated
non-operatively or with simple alterations to the frame, without jeopardising
the stability or the final result [150, 151]. Major complications are difficult to
treat and could compromise the result.

Behrens made a summary (Table 4), identifying complications and

disadvantages as clinical, mechanical, depending on product manufacture and
multifactorial [152].
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Table 4. Problems and complications of external fixation according to Behrens (1989).

Clinical

Mechanical

Product manufacture

Multifactorial

Incorrect pin placement causing neurovascular injuries and joint stiffness
(tethering of tendons, ligaments, and capsular structures)

Obstruction of wound or injury access by the fixator frame
Component failure caused by incorrect handling
Mechanical frame properties inadequate for clinical needs
Breakage, deformation, or malfunction of components
Inadequate instrumentation and instruction

Pin problems (drainage, loosening, infection)

Delayed or inhibited bony consolidation

Mismatch of clinical needs and frame properties

Unrealistic expectations, lack of experience, and a lack of long-term
planning
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3 ILIZAROV METHOD

External devices with wires for the fixation and distraction of fractures were
already in use before Ilizarov and some of them have been described by Klapp
[153].

© Ria Novosti/SPL/IBL

“Imagination is your limit”

Gavril Abrahmovich llizarov (1921-1992)
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3.1 llizarov - short biography

Gavril Abrahmovich Ilizarov was born on 15 June 1921 in the town of
Belovezh (Belarus). The start of his medical education at the Crimean Medical
Institute in Sinferopel coincided with the beginning of the Second World War.
In 1944, he was sent to Dolgovka in the Kurgan Region of Siberia to work as
a general practioner in a log cabin hospital with wood stove heating in very
primitive conditions. In 1952, he patented his original fixator, which was an
improved modular ring external fixation apparatus. In 1955, he became head
of the Trauma and Orthopaedics Department at the Veterans’ Hospital in
Kurgan. There he was able to treat hundreds of soldiers with unhealed fractures
mainly caused by gun shots. This experience made him understand that the
delayed healing of limb fractures and their complications were due to the
methods of treatment and fixation rather than the nature of the fractures. He
systematically studied all possible applications of his external fixator in
different fractures and pathologies.

Having achieved noticeable results in fracture treatment, Ilizarov gradually
widened the indications for his fixator and, in 1952, the Krasniy Kurgan
newspaper reported that he had performed a 12.3 cm lengthening of the tibia
with the help of his apparatus without bone grafting. In parallel with his clinical
work, Ilizarov also conducted scientific research at the Sverdlovsk Scientific
Research Institute for Restorative Surgery, Traumatology and Orthopaedics in
Yekaterinburg. He studied the influence of fixation forces on bone
consolidation times. On the initiative of Ilizarov, a scientific laboratory was
organized in Kurgan in 1966 and he was appointed its first director. In 1968,
he presented and defended the scientific thesis Compression osteosynthesis
with the author’s apparatus which was evaluated and approved by the
Specialised Council of the Perm Medical Institute.

In 1969, the Ilizarov Laboratory became affiliated with the Leningrad
Scientific Research Institute for Traumatology and Orthopaedics. In 1970, the
USSR Ministry of Health decided to organise the Russian Ilizarov Scientific
Centre for Restorative Traumatology and Orthopaedics (RISC RTO) as an
independent scientific institution. It was claimed to be the largest orthopaedic
hospital in the world.

Despite its widespread use in the Soviet Union, Ilizarov’s work was only
published in the Russian language and, because of the political situation during
the Cold War era, it was unknown to the western world for many years. In
1980, the technique was introduced in Western Europe thanks to the famous
Italian alpinist and adventurer Carlo Mauri. Mauri had a tibial fracture with an
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infected pseudarthrosis which had previously been treated unsuccessfully with
eleven operations. After having been treated successfully by Ilizarov himself,
he arranged an invitation from the Italian Orthopaedic Society for Ilizarov to
visit Lecco, where he made his first presentation outside the countries behind
the Iron Curtain. However, it was not until 1982, when Bianchi-Maiocchi and
a group of Italian orthopaedic surgeons had visited Kurgan, that studies of the
Ilizarov technique were started outside the Soviet Union, initially in Italy. A
decision to start an Association for the Study and Application of the Method
of Ilizarov (ASAMI) was made on this visit. During the following years,
Ilizarov, also visited France, Mexico, Spain, Portugal, the USA and other
countries, by invitation, and the ASAMI became an international network.

The ASAMI is still an active organisation, but another group, the ILLRS
(International Limb Lengthening and Reconstruction Society), was started in
2012. They are aiming to broaden the discussion to include all types of external
and internal fixation technique applied to limb lengthening and reconstruction.
Some efforts are currently being made to unite both organisations, at least with
common congresses.

Ilizarov paid a great deal of attention to training and instruction. As an active
tutor, he also supervised 52 medical theses for candidate and doctor's scientific
degrees.

Gavril Abrahmovich Ilizarov died in Kurgan (Siberia), on 24 July 1992.

Ilizarov’s data biography was adapted from the web site of the Russian
Ilizarov Scientific Centre for Restorative Traumatology and Orthopaedics in
Kurgan, Russian Federation at:
http://www.ilizarov.ru/en/index.php?option=com_content&view=article&id=
6&ltemid=
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3.2 Biomechanics of the llizarov apparatus

[lizarov stated that the application of his principles made it possible to treat all
kinds of fracture, to repair extensive soft-tissue defects in one operative stage
without grafts, to achieve bone thickening, to treat congenital or traumatic
pseudarthrosis, to achieve limb lengthening, to correct bone and joint
contractures or deformities, to perform percutaneous arthrodesis, to fill solitary
bone cysts or other cavities, to treat septic non-unions and to stimulate vascular
regeneration in occlusive vascular diseases without bypass grafting [154].

Ilizarov’s treatment philosophy emphasises the importance of minimal surgical
damage to anatomical structures and that bone loading is transmitted in such a
way that bone healing is properly stimulated without permanent implants [155,
156].

In 1992, Ilizarov published his textbook in English on the principles and
surgical technique of the IL [155]. This illustrated monograph is still the best
available comprehensive description of the basic science, biomechanical
principles and clinical strategies of the original method. In another work,
published originally in Russia and later translated to English, Solomin included
a comprehensive classification of external fixation devices and a description
of the tools and the biomechanical basis of the Ilizarov apparatus [157]. In his
book, Catagni et al. described the traditional application techniques compared
with the newer development of the advanced hybrid system with minimal
osteosynthesis and half-pins [158] and also published an atlas that shows the
“safe corridors” to introduce the wires and/or half-pins in the extremities [159].

There are different strategies to accomplish the application of the IL in the
tibia, and they have been described exhaustively by Hutson Jr. [160].

The behaviour of the IL, like other external fixators, is dependent on a large
number of variables, which determine the overall biomechanical performance
at the fracture site. Many of the studies have been conducted to determine the
biomechanical characteristics of different frames. However, many are in-vitro
studies and do not necessarily simulate a clinical fracture situation, because the
interaction of the soft-tissues is not present [161]. The fact that these are also
essential for stability was demonstrated in the studies by Sarmiento et al., who
utilised the effects of the surrounding tissues to stabilise the fracture during
weight-bearing [162].
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Ilizarov suggested a configuration that allows adequate frame stability, using
two rings for each bone segment assembled in line with one another [155]

(Figure 3).

“T.Ramos

Figure 3. The standard IL with two tibial bone segments suspended by thin tensioned wires
within an exoskeleton, consisting of four rings connected with four longitudinal rods.

According to Ilizarov, the success of his method depends on the specific
mechanical behaviour of the device in which rigid systems, such as plates and
traditional external fixators, have been replaced by the axially elastic system
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of'the IL [149]. The cyclic axial motion at the fracture site is a result of weight-
bearing and is an important requirement for the formation of a callus.

According to Watson et al., the ideal characteristics of a ring fixator in order
to optimise the healing process should be: (1) maximum off-axis rigidity to
prevent rotational, torsional and shearing motion at the fracture site; (2)
controllable and variable axial stiffness for the management of the degree of
inter-fragmentary motion during all stages of the treatment; (3) minimum soft-
tissue damage due to wires and pins and (4) the maintenance of strength and
stability for long duration of treatment [161].

Biomechanically, axial compressive loading and micro-motion in the
osteogenic zone will stimulate the bone bridging of the fracture gap [163-167].
Ilizarov stated that inadequate stability can lead to damage to local blood
circulation and the formation of fibrocartilage that might delay or inhibit bone
union [156]. This may lead to patient discomfort, which in turn can lead to a
reduced functional level and altered vascularity, oedema, joint stiffness,
osteoporosis, complex regional pain syndrome and wire infection [168].
[lizarov also reported that a lack of axial loading in the presence of normal
blood supply and adequate bone stability will cause resorption at the bone gap
site [155]. This has also been observed in other studies [165, 169, 170]. When
comparing unilateral fixators (Hoffmann, Wagner and Orthofix"®) and the IL
in an experimental evaluation performed with a testing machine, Juan et al.
observed that there was insufficient rigidity in the external fixation devices
during the early post-operative phase and concluded that “regardless of the
external fixator callus development was the overriding element for the rigidity
of the fixator-bone system”. They postulated that a highly rigid external fixator
would avoid some micro-movements at early consolidation stages but would
not prevent load transmission through the callus when the callus appears [171].

In order to understand how optimally to apply the Ilizarov system, a basic
knowledge of the biomechanics of the applications is essential.

Gasser et al. compared the stiffness characteristics of the IL as opposed to
conventional external fixators and found that the IL exhibited non-linear
stiffness behaviour, particularly under axial load, which has a favourable effect
on the induction and tolerance of bone formation [172].

There are several requirements that have to be met in order to achieve a stable,
well-aligned frame. Firstly, it is important to attach at least two connected rings
(a ring block) to each bone fragment. The stability of the ring block depends
on the number of rings, the ring size, the distances between the rings, the span
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of the rings across the bone, the number of connections between the rings and
the number of points of fixation to the bone. The standard construction to
stabilise a bone segment consists of two rings with two points of fixation (wires
or half-pins) per ring and four connecting rods. Constructions with two wires
and two half-pins connected to a single ring are less stable as compared to a
double-ring block in almost all modes of loading [173].

The tension of the thin wires is essential for the stability of the IL construction.
Hillard et al. studied the effects of plastic deformation in wires subjected to
moderate loading conditions. They concluded that the high stresses generated
adjacent to the points where the wires are fixed to the ring, due to the bending
of the wire, exceeded the yield stress of the wires. This leads to a deformation
that causes a successive reduction in tension per load cycle if the wires are not
re-tensioned [174].

Compared with constructions using larger diameter fixation pins, the IL is
relatively flexible in the axial direction of the long bones, perpendicular to the
wires during loading [175, 176]. In order to promote axial micro-motion and
to avoid the large inter-fragmental movements, the Ilizarov frame requires a
“window” of adequate biomechanical settings for sufficient dynamic stable
fixation: wire pre-tensions of 981-1,275 N (100-130 kg) and bolt-tightening
torques in the 10-20 Nm range [155, 158, 177, 178]. The wires then act as small
springs within the more rigid system of rings and the threaded connecting rods
[175]. Bronson et al. found that, with a four-ring configuration, each extra-wire
produced an improvement of approximately 10% for both axial and torsional
stiffness and bending [179].

A reduction in ring size reduces the wire span and increases the overall frame
stiffness. In biomechanical studies, the reduction-of the ring diameter by 2-4
cm has been shown to increase the axial stiffness by 30-70% [172, 179].
However, a limiting factor when trying to use smaller rings is that a distance
to the skin of approximately 2-3 cm is necessary to allow for some post-
operative swelling.

Gardner et al. tested the stability of tibial fractures treated with two different
types of unilateral external fixator (Orthofix® and Howmedica Monotube®) in
four patients. Since weight-bearing and displacements did not differ
substantially, they were not able to show that one fixator provides a mechanical
environment substantially different from another [180], which might have been
due to the limited number of patients. In the fixators, which they tested, the
assembly can become so rigid that it might cause healing disturbances due to
stress-shielding. Undesirable plastic or slip failure of the unilateral frames may
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also occur during routine weight-bearing on unstable fractures, which might
affect long-term inter-fragmentary stability [181].

The more the IL is axially loaded, the more the wires and the frame tend to
become stiffer (self-stiffening) [172, 182, 183]. This leads to increased rigidity
in the system with higher loads and thereby more stability at the fracture site.
It is possible that this effect makes the patient adjust the load passing through
the fracture site. Bronson et al. concluded that the contribution of each
parameter of fixation (ring diameter, wire angle, ring separation) to overall
bone fragment stability is dependent on the mode and degree of loading [179].

The fixation achieved with unilateral fixators using half-pins differs from wire
transfixation. The traditional IL allows more axial motion than the unilateral
fixators [184]. The stability of a half-pin is much less in the cancellous
metaphyseal bone compared with in the cortical diaphyseal bone. The pin of a
unilateral fixator is also exposed to an undesirable cantilever effect, which can
lead to loosening depending on the repetitive cyclical load during walking
[185]. The interactions occurring at the interface between implant and bone
might also be important when it comes to understanding the mechanical
properties of the fixator. Board et al. analysed in vitro the pressure distribution
at the wire-bone interface during loading and found that it was uniform 4.0 mm
from the wire. In contrast, the half-pin model showed far higher pressures,
which were present deeper in the bone specimen. A tensioned wire in the IL
distributes stresses more evenly since the elastic modulus of the wire is closer
to that of metaphyseal bone [186].

The method for the further optimisation of the beam load is to have rings on
both sides of the fracture site. In an experimental study, the wires in the Ilizarov
apparatus lost pre-tension during mechanical testing, but this did not appear to
lead to increased cyclic axial micro-motions of the bone fragments [187]. Caja
et al. concluded, when comparing the mechanical performance of three types
of external fixator (unilateral, hybrid and Ilizarov), that some complications
encountered during the treatment (e.g. pin-tract infections and loosening) can
be related to the mechanical behaviour of the fixator [188]. The elastic
deformation and slippage at the wire has been shown by Aronson and Harp to
cause loss of wire tension during cycling loading. They found in tests that
slotted bolts were the best to prevent this, as they have a larger wire/bolt
contact area [178].

In vitro biomechanical analysis showed that the stability of the Ilizarov fixator

depended on the function of bone position within the fixator rings as well as
wire tension. The IL allowed significantly more axial motion at the fracture
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site during axial compression than the other fixators (unilateral half-pins)
[166]. In the same tests, the authors also noted that the use of an olive/“stopper”
increased the shear resistance in the IL. Hasenboehler et al. studied the fatigue
behaviour of the IL versus IM in a communited tibial fracture model and found
that both fixations were able to maintain the fracture stability of the tibial gap
and to complete the full 252,000 loaded cycles during the entire study period
of three months. A significantly higher stiffness to axial compression and
torsion was demonstrated by the tibial interlocking nail model, while the IL
provided a significantly increased range of axial micromotion. The fracture site
with IM is often not compressed and might be held apart, as a result of which
the majority of the weight-bearing force passes through the implant [189]. This
is one reason for the high rate of locking screw failure [190].

When loaded, the IL resists almost any angulation and it has been demonstrated
that, as in another ring fixator, there is a distribution of stresses through the
fracture [182] Hybrid fixators in which, the metaphysis construction is fixated
with tensioned wires and connected to the diaphysis with pins by connection
bars, still have the problem of cantilever stresses. Unilateral, bilateral or hybrid
frames do not provide sagittal or 360° rotational stability and do not have the
rigidity of a circular wire frame. Moreover, the dampening of rotational forces
is not possible with eccentrically placed fixators [191-193].

Circular fixation is more stable when compared with hybrid circular fixators.
Ylmaz et al. noted that the hybrid fixator models had less axial and bending
stiffness than standard IL models [194]. Voor et al. compared a unilateral frame
with hybrid external fixation in proximal tibial fractures and found that
approximately half the fracture site motion was related to frame deformation
and half to deformation of the pins and wires [195]. So combining the
configuration of the ring fixator with the unilateral fixator does not guarantee
that the method will encompass the benefits of the two approaches, because
they introduce unexpected angular, rotational and translational motion at the
fracture site with higher loads [196, 197]. Gessmann et al. studied the influence
of direct and indirect weight-loading on the tensioned wires using a weight-
bearing platform applied to a composite tibial model with an osteotomy gap
fixated with a standard four-ring IL. The wire strain was measured with two
gauges positioned at the ring-wire interface of each wire. When using the
weight-bearing platform, the mechanical stress on the tensioned wires was up
to 400% higher on the proximal wires in the tibia and up to 250% higher on
the distal wires under axial loading of the bone [198]. As bone healing
progresses and the gap is filled with callus formation, the load which is taken
up by the fixator decreases [199] (Figure 4).
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foot extension

I I1 III ...

Figure 4. The load transmission in a tibial gap under direct load (1), indirect load with foot
extension (Il) and when the gap is filled (1ll) in a standard IL with two tibial bone segments
(modified from Gessman et al. J Orthop Surg Res 2011; 6:61).

Aarnes et al. defined a load/share ratio to calculate the percentage of the
weight-bearing load that was taken up by the fixator. As healing progressed,
the amount of the load that the bone supported increased and the ratio
decreased. When 10% of the load passed through the fixator, they considered
that the frame could be removed [200].
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3.3 Technical developments of the llizarov

technique

During the last few decades, there has been a trend towards the construction
and use of computer-dependent fixators (Taylor Spatial Frame® /TSF, Seide-
Hexapod®, Adam frame® and so on). These systems provide an opportunity to
make corrections in six directions simultaneously and sequentially. They have
“popularised” the use of ring fixators, but they require extensive training and
are therefore mainly suitable in the treatment of complex deformities. A
comprehensive review of the different hexapod systems and history has been
presented by Paley [201].

The TSF is probably the most widespread hexapod system in clinical use since
1995. Binski et al. identified the TSF as a valuable tool in the acute care of
tibial fractures [202] but Menakaya et al. reported that, in tibial fractures, the
healing time with the TSF was no shorter compared with the IL [203].
Kristiansen et al. stated that there were no differences between using the TSF
and the traditional IL in tibial lengthening [204]. Dammerer et al. evaluated
the TSF compared with the IL and Orthofix® unilateral fixators in children
where bony deformity corrections were performed and concluded that the
advantages were not sufficient to justify the higher cost [205]. Elbatrawy et al.
reported that the TSF is more cumbersome than the traditional IL and the
financial cost is comparatively higher when it is used to treat deformity and
trauma of the lower limb [206].

Seide et al. described a practical approach whereby a traditional IL can be
converted to a hexapod system, by substituting the threaded rods with struts
attached externally to the rings. Its telescopic rods are adjustable down to 0.1
mm [207].

The Adam frame® [208, 209] presented the idea of an octapod system in which
the original four rod construction of the IL was combined with four stabiliser
manipulator arms. The design has the advantages of the intuitive analogue
Ilizarov design combined with the features of the hexapod design. It also offers
a greater range of motion of the two rings relative to one another.
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4 REVIEW OF THE
LITERATURE

Systematic reviews of studies comparing the

different surgical treatments

Tables 5-7 present an overview of the systematic reviews or meta-analyses
comparing different surgical treatments and randomised, controlled studies.
The reviews are presented in order of publication date and are divided up
according to the localisation of the tibial fracture.

Table 5. Proximal metaphyseal fractures.

Studies Fracture Intervention Study  Authors’ conclusions
type type

Canadian Schatzker  Plate/circular MCR  Because percutaneous

Orthopaedic ~ V-VI EF reduction and application

Trauma of a circular fixator

Society 2006 results in a shorter hos-

pital stay, a marginally
faster return of function,
and similar clinical out-
comes and because the
number and severity of
complications is much
higher with open reduc-
tion and internal fixation,
we believe that circular
external fixation is an
attractive option for these
difficult-to-treat fractures.

Mahadeva Schatzker ~ Plate/hybrid REV Hybrid external fixation

et al. 2008 VI EF has theoretical advantages
in terms of the soft tissues
but the benefit over inter-
nal fixation is modest at
best and has not demon-
strated improved
outcome.
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4.2  Preference of treatment has changed over

time

The treatment of tibial fractures has changed over time for different reasons,
which are not always easy to understand.

Meling et al. studied a population in Norway during a period of four years. In
this study, the most common primary treatments of metaphyseal fractures in
the lower limb were plate and screws 72%, IM 8% and external fixation 5%.
In primary treatment of diaphyseal fractures of the lower limb, the incidence
was 60%, 22% and 4% for IM, plate and screws and external fixation
respectively [210].

At a combined meeting (the Orthopaedic Trauma Association and the
Osteosynthesis International-Gerhard Kiintscher Kreis), Khalily et al. asked
the participating orthopaedic surgeons which method of treatment they
preferred in a closed, non-displaced midshaft tibial fracture. Although most
respondents favoured IM, a large proportion preferred cast treatment. The
authors therefore concluded that there was no consensus with regard to the
optimal treatment for closed midshaft tibial fractures, not even among trauma
experts [211].

In an international survey, 577 surgeons (who were either members of the
Orthopaedic Trauma Association, European clinics affiliated with AO
International, Davos, Switzerland, or who were international members of the
AAOS from Africa, Asia, or South America) were asked about their preferred
treatment. Of the 444 (77%) who responded, the majority preferred IM as the
treatment for low-energy fractures (95.5%) and also for high-energy fractures
(96%) and fractures with associated compartment syndrome (80.4%) [212].

In Sweden, between 1998 and 2004, the surgical treatment of tibial shaft
fractures (88% closed and 12% open) was dominated by IM (48%), followed
by closed reduction and plaster cast (27%), external fixation (12%), plate and
screws (8%) and other methods (5%) [6].

Today, plate osteosynthesis (ORIF) is the “gold standard” treatment in
displaced proximal metaphyseal fractures (Schatzker type I-IV). However,
there is no obvious evidence to support this paradigm. Circular external
fixation is regarded as a valid alternative in displaced proximal metaphyseal
fractures (Schatzker type V-VI). IM is the “gold standard” treatment in
displaced diaphyseal fractures, even though there are clinically relevant
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complications. Plate osteosynthesis (ORIF) and IM are regarded as the
definitive treatment in displaced distal metaphyseal fractures. Taken together,
external fixation is far from being the primary and definitive treatment in
displaced tibial fractures.

4.3  Why do we need this thesis?

Even though displaced tibial fractures are routinely treated in most orthopaedic
departments worldwide, the method of treatment, timing of the procedure and
post-operative rehabilitation are still controversial. Despite modern
techniques, there are still frequent and significant complications, such as
infections, osteomyelitis and non-unions, which call for the improvement and
diversification of the treatment. In many countries, the IL has been reserved
for complex fractures with severe soft-tissue injuries. Expanding the
indications in order to include less complicated fractures would increase the
skills of the orthopaedic surgeons and would make it easier to handle more
complicated fractures with IL or other ring fixators. This requires, however,
that the use of the IL in simple fractures leads to results that are at least similar
to those of “traditional” methods. Most of the reports on treatment with
external fixators are based on different types of fixator (uniplanar, hybrids).
However, all these fixators have different biomechanical characteristics and
outcomes.

The measurement of clinical outcomes in this type of research is problematic,
as there is no “gold standard” [213]. So far, the available functional outcome
data are inconclusive and can therefore not be used to recommend any
treatment over any other. The implementation of the IL as an alternative
treatment calls for a critical evaluation, preferably using prospective
randomised studies, single-centre cohort studies and registries. In the
evaluation of the results of a specific treatment for tibial fractures, traditional
clinical outcomes should be combined with patients’ self-assessment scores
that actually indicate how good patient function is.

This thesis is needed in order to find a relevant place for the Ilizarov external
fixation technique in the treatment options available for tibial fractures.
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5 AIMS

The overall aim of this thesis was to analyse the results of the IL in the
treatment of tibial fractures in order to obtain a better understanding of the
opportunities of the method. The thesis is based on three papers dealing with
the treatment of tibial fractures with different localisations and a fourth paper
on gait patterns during the rehabilitation of these fractures. When designing
and presenting the results of these studies, the aim was to define the indications
and a place for this technique.

The specific aims were:

e to compare the outcomes of the IL and IM in terms of complications,
function and patients’ self-appraisal in a prospective randomised
study of diaphyseal tibial fractures (Study I),

e to analyse the clinical results of the IL applied to proximal
metaphyseal tibial fractures in a prospective study (Study II),

e to analyse the clinical results of the IL applied to distal metaphyseal
tibial fractures in a prospective study (Study III),

e to analyse differences in gait pattern using a pressure insole system
during the early healing phase of tibial fractures in the proximal and
distal metaphysis, treated with the IL and in the diaphysis, treated
with the IL or IM (Study IV).
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6 PATIENTS

6.1 Inclusion/exclusion criteria

In all the studies, consecutive patients between 18 and 75 years of age with
acute open or closed isolated dislocated tibial fractures were included.

The exclusion criteria were: orthopaedic disorders with impaired walking
ability, dependent living status, severe cognitive dysfunction, or inability to
understand or follow instructions in Swedish.

The algorithms of all the studies are shown in Figure 5.

In Study I, 58 individuals with a diaphyseal tibial fracture were randomly
allocated to the IL or IM (Figure 6).

In Study II, 30 consecutive patients with a proximal tibial metaphyseal
fractures were prospectively enrolled and treated with IL application if the
tibial plateau had a displacement of more than 5 mm and/or instability when
the knee was stressed in varus or valgus (Figure 7).

In Study III, 39 consecutive patients with a tibial distal metaphyseal fracture
were prospectively enrolled and treated with IL application if there was an
incongruence of the articular surface of more than 2 mm and/or if the
angulation of the tibia or fibula exceeded 10° in any plane (Figure 8).

In Study IV, gait pattern and load were studied during the first three months
post-operatively in 85 individuals recruited from Studies I-III. In order to
evaluate the rehabilitation, only patients who had performed tests on at least
two different occasions were included. Patients who had other confounding
factors affecting gait, such as deep infections, pin-site infections with pain,
compartment syndromes or foot fixation bridging the ankle joint, were also
excluded (Figure 9).

In the patients from Study I, there were 28 patients in the IL group and 20
patients in the IM group who were able to participate in the early postoperative
gait analysis and who had been instructed by the surgeons to perform
unrestricted weight-bearing. Despite the fact that some of them were
subsequently excluded from Study IV, because of the exclusion criteria in that
study, they were compared separately regarding load in this thesis.
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6.2 Flow charts

Tibial fractures ’

(n=127)
I
[ | |
Proximal metaphyseal Diaphyseal Distal metaphyseal
fractures (n=30) fractures fractures (n=39)

(n=58)

[ Randomisation ]

Study |
Study Il Study IV Study Il

Figure 5.The algorithm of all studies.

Assessed for
eligibility

Not meeting inclusion criteria (n=79)
Refused to participate (n=5)
Administrative reasons (n=2)

Allocated to IL (n=31) J

L

\ 4

Lost to follow-up (n=1)
The patient refused to Follow-up Lost to follow-up (n=0)

follow the study protocol

[ Analysed (n=31) } Analysis { Analysed (n=27) }

Figure 6. Study | flow chart.
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Proximal metaphyseal
tibial fractures

(n=94)
I ]
Fractures excluded
= . Fractures not meeting the
(n=10) Fractures included inclusi tori 9
1 patient refuse to participate Inciusionicriterta
9 patients were treated outside (n=30) (n=54)

the protocol

Figure 7. Study Il flow chart.

Distal metaphyseal
tibial fractures

(n= 129)

Fractures included Proximal metaphyseal
tibial fractures

(n=39)
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Figure 8 Study Il flow chart.
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6.3 Demography and etiology

The demography of the patients included in this thesis and the etiology of their
fractures are shown in Tables 8,9, 10 and 11.

Table 8. Demographics for the patients included in the studies.

Demographics Study | Study 11 Study 111 Study IV
Patients included n=58 n=30 n=39 n=85
Male/female 40/18 18/12 12/27 52/33
Age in years

Median 41.5 51 50 46.5
Range 18-71 18-74 20-70 18-74
Smokers 8 4 9

Table 9. Age stratification in Study I.

Age stratification in IL group IM group
years n=31 n=27
18-30 9 11
31-50 11 9
51-75 11 7

Table 10. The fracture types included in Studies I-11l.

Fracture type Study 1 Study 11 Study 111
n=58 n=30 n=39

Low-energy 42 16 29
High-energy 16 14 10
Closed 47 30 30
Gustilo | 6 0 6
Gustilo II 5 0 3
Gustilo IIT 0 0 0

Table 11. The etiology of the fractures included in the studies.

Accident type Study I Study 1T Study 11

n=58 n=30 n=39
Motor-vehicle 11 10 5
Fall 24 13 25
Horse riding 4 1
Work 6 2 3
Sports 17 3
Assault 1
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Study I was approved by the regional ethical review board at Sahlgrenska
University Hospital in Gothenburg (ID: O 047-03).

Study II was approved by the regional ethical review board at Sahlgrenska
University Hospital in Gothenburg (ID: 400-04).

Study III was approved by the regional ethical review board at Sahlgrenska
University Hospital in Gothenburg (ID: 400-04).

Study IV was approved by the regional ethical review board at Sahlgrenska
University Hospital in Gothenburg, Sweden (ID O 047-03 and 400-04).

Written and oral information was given according to the requirements of the
Helsinki Declaration.

In all the studies, the patients gave their written consent to participate.
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/ METHODS

7.1 Examiners

The clinical examinations were performed by the surgeons as part of the
normal post-operative follow-ups, but the one-year follow-up was performed
by two independent physiotherapists who had not been involved in the
rehabilitation of the included patients. Two technicians supervised the gait
analysis, but the data were analysed independently and primarily blinded by a
technician without knowledge of treatment groups.

7.2 Fracture classifications

There are numerous classifications of fractures. We have chosen the most
generally used systems. For the classification, the primary and immediate post-
operative roentgen examinations were used. In the majority of the proximal
metaphyseal fractures, this was complemented by CT.

All fractures were classified according to the AO/OTA system. In standard
radiology, there are no precise landmarks that separate the metaphysis and the
diaphysis. The proximal and distal metaphyseal areas were defined in the tibia
by a square whose sides are the same length as the widest part of the epiphysis
in question. The diaphyseal segment was defined according to Miiller et al. as
the part between the proximal and distal metaphysis [214].

For the proximal metaphyseal fractures (Study II), the Schatzker classification
was also applied [215]. In the intra-articular distal metaphyseal fractures (pilon
fractures), the extension of articular engagement was defined as suggested by
Riiedi and Allgéwer [216]. Open fractures were classified according to the
Gustilo classification [217, 218]. To describe the soft-tissue damage in closed
fractures, we used the Tscherne classification [219].

7.3  Surgical technique
7.3.1 The llizarov fixator (IL)

The IL procedure in the proximal and diaphyseal fractures was carried out with
the leg in a straight position, which provided a partial reduction in the axial
direction. Biplane fluoroscopy was used during the reduction, pin insertion and
assembly of the frame. The surgery was performed without a tourniquet. The
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device (Smith & Nephew, Memphis, Tennessee, USA) was not assembled pre-
operatively.

In the proximal metaphyseal fractures the depressed articular fracture
fragments were first reduced under fluoroscopic supervision without
arthrotomy. The joint surface was reconstructed if necessary, using closed
pressure with percutaneously inserted elevators, reduction forceps and/or wires
with olives. Subchondral defects were then packed with calcium sulphate bone
pellets (Osteoset™ or B-tri calcium phosphate ChronOs®). Depending on the
type and size of the fragments, two to three olive wires were inserted parallel
to the articular surface, with posts fixed on the proximal ring to achieve
additional stability (drop-wire technique). The proximal ring was placed at the
level of the fibular head. Depending on the complexity of the fracture, one to
three additional rings were fixed with two to three wires in the tibia and they
were connected with steel threaded rods. To eliminate the residual
displacement of the bone fragments, some additional stabilising olive wires
were inserted at different levels. All the wires were assembled and tensioned
to at least 110 kg, as it is marked on the tensioner. In Schatzker type I-IV
fractures. it was sufficient to apply the two proximal rings. In Schatzker type
V-VI fractures, two rings in the distal femur were added to the construction
with hinged rods bridging the knee.

In the diaphyseal fractures, the operation was performed with the patient in the
supine position, using calcaneal traction. Four or five steel rings were used.
The proximal ring was placed at the level of the fibular head and the most distal
ring at the level of distal metaphysis with wires. Three crossing wires were
fixed to each ring. To eliminate the residual displacement of the bone
fragments, stabilising olive wires were inserted at different levels. If necessary,
additional techniques such as drop-wires and/or the relocation of bone
fragments using olive wires were used, together with arched bending of wires.
All the wires were tensioned to at least 110 kg. Reduction was confirmed with
the help of fluoroscopy and compression was performed as the final step.

The distal metaphyseal fractures were reduced with traction and manual
external pressure. If this did not lead to acceptable anatomical reduction, the
joint surfaces were reconstructed with percutaneously inserted elevators and/or
a reduction forceps and/or wires with olives. If a distal fibula fracture was
present, a wire was introduced from the tip of the distal fibula intra-medullary
passing the fracture site. The proximal ring was placed at the level of the fibular
head. The syndesmosis and malleolar fragments were stabilised with olive
wires fixed to the ring on the lateral side or the medial side. All the wires were
assembled and tensioned to a minimum of 110 kg. To achieve further stability
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of the system and to allow for unrestricted weight-bearing, additional rings
were used in the tibia. Steel-threaded rods were connected to the rings. If the
fracture was very oblique, comminute or if the patient was heavy, a temporary
foot frame was added to increase stability. This construction was made with
one or two olive wires transfixing the metatarsum and two oblique wires
through the calcaneus.

More details on the surgical technique are presented in the Appendix.

The skin was cleaned with hydrogen peroxide and Permafoam® dressings were
applied.

All the operations were performed by or under the supervision of experienced
trauma consultants, the patients received the same post-operative analgesia and
compartment pressure monitoring was not performed.

7.3.2 The intramedullary nail (IM)

IM fixation (Study I) was performed with the patients in the supine position,
using calcaneal traction. All the patients undergoing IM were operated on with
90° of knee flexion. Biplane fluoroscopy visualisation was used in all patients.
The fractures were reduced partially with axial traction. The IMs (CTN
Syntes®) were inserted using a longitudinal skin incision over the patellar
tendon. The incision was extended proximally from the level of the tibial
tubercle to the mid-portion of the patella. The patellar tendon was retracted
laterally, to obtain access to the insertion site. The infra-patellar fat pad was
retracted to expose the anterior surface of the proximal tibia. The IM was
introduced after reaming the medullary canal according to the AO standard
recommendations to 0.5-1 mm above the diameter of the nail. Proximal and
distal 3.9 mm locking screws were used. The distal locking screws were placed
using the free-hand technique. The tendon and subcutaneous tissues were
adapted with Vicryl® sutures. The skin was sutured with Ethilon® and then
cleaned with chlorhexidin. Dry dressings were then applied.

All the operations were performed by or under the supervision of experienced
trauma consultants, the patients received the same post-operative analgesia and
compartment pressure monitoring was not performed.

74 Prophylaxis

All the patients were given low-molecular-weight heparin (Fragmin®, Pfizer,
USA) pre-operatively and for approximately 10 days post-operatively as
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prophylaxis against deep vein thrombosis. To diminish the risk of infection,
they also received cloxacillin (2 grams i.v. Ekvacilin®, Meda, Sweden) pre-
operatively, which was repeated twice during the first 24 hours.

7.5 Operation time

The duration of surgery in minutes was measured from the insertion of the first
wire to the last nut adjustment, including the pin-site dressing in the IL group.
In the IM group, it was measured from the beginning of the wound incision to
the last suture.

7.6  Hospital stay

The hospital stay is an indirect indicator of patient recovery and compliance.
It can be used to measure the post-operative wellness related to early
complications in orthopaedic surgery [220] and quality of care for the
individual patient [221]. The hospital stay was calculated as the number of days
after the operation until discharge from the ward.

7.7 Rehabilitation

Immediate full weight-bearing was encouraged in all the IL patients,
independent of fracture type. In the diaphyseal fractures treated with IM, some
patients were recommended restricted weight-bearing by the surgeon if the
fixation was not considered stable enough.

Post-operatively, a common individually-based training programme was used.
All the patients were informed about the mobilisation techniques by a
physiotherapist and crutches were allowed at their convenience.

7.8 Post-operative evaluation

All the patients were followed up clinically after two, four, eight and 12 weeks
and finally at one-year. Radiographs were taken at the same intervals.
Additional clinical and radiographic assessments were made when necessary
to evaluate fracture healing. Pain and patient satisfaction were registered using
a visual analogue scale (VAS) at four and 12 weeks and at the one-year follow-
up. The Swedish versions of the Nottingham Health Profile (NHP) [222, 223]
and the EuroQol (EQ-5D) [224] were used for patient self-appraisal at the same
time intervals. The KOOS [225] and FAOS [226] questionnaires were added
to the follow-up between one and five years post-operatively in patients in
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whom the observation period exceeded one year. Pain and satisfaction (VAS),

NHP and EQ-5D questionnaires were then repeated at the same time.

The evaluation schedule used in the studies is summarised in Table 12.

Table 12. Time of evaluation of the studies.

Time of evaluation Study 1 Study 1T Study III

Post-operative Radiographs Radiographs Radiographs
Gait analysis Gait analysis Gait analysis
(Study 1V) (Study 1IV) (Study 1V)

1 month ROM ROM ROM
Radiographs Radiographs Radiographs
VAS Pain VAS Pain VAS Pain
VAS Satisfaction VAS Satisfaction VAS Satisfaction
NHP NHP NHP
EQ-5D EQ-5D EQ-5D
Gait analysis Gait analysis Gait analysis
(Study 1V) (Study 1V) (Study 1V)

2 months ROM ROM ROM
Radiographs Radiographs Radiographs
VAS Pain VAS Pain VAS Pain
VAS Satisfaction VAS Satisfaction VAS Satisfaction
NHP NHP NHP
EQ-5D EQ-5D EQ-5D
Gait analysis Gait analysis Gait analysis
(Study 1V) (Study 1V) (Study IV)

3 months ROM ROM ROM
Radiographs Radiographs Radiographs
VAS Pain VAS Pain VAS Pain
VAS Satisfaction VAS Satisfaction VAS Satisfaction
NHP NHP NHP
EQ-5D EQ-5D EQ-5D
Gait analysis Gait analysis Gait analysis
(Study 1V) (Study 1V) (Study 1V)

12 months ROM ROM ROM
Radiographs Radiographs Radiographs
VAS Pain VAS Pain VAS Pain
VAS Satisfaction VAS Satisfaction VAS Satisfaction
NHP NHP NHP
EQ-5D EQ-5D EQ-5D

KOOS FAOS
7.8.1 Radiographic assessment

Standard radiographic examinations with anteroposterior and lateral views
were used for the classification of the fractures. Computed tomography
scanning was used to define the type of fracture in proximal metaphyseal
fractures.
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The post-operative radiographs were evaluated by one of the authors (TR) and
separately by an independent surgeon/radiologist.

In the proximal metaphyseal fractures, we used Rasmussen’s criteria to define
residual displacement [227].

The definition of displacement in the diaphyseal fractures was based on the
following fracture pattern: > 5° coronal angulation, > 10° sagittal angulation,
> 1 cm shortening or translation over 50% of the tibial diaphysis.

In the distal metaphyseal fractures, the criteria formulated by Burwell and
Charnley were used to define residual displacement [228].

7.8.2 Assessment of fracture union

The clinical criteria used for the assessment of union included the absence of
pain in response to manual stress of the fracture and/or ability for full weight-
bearing of the involved limb without pain or support. In the IL patients, the
healing could also be assessed by registrering pain and stability after the
provisional removal of the connecting rods at the fracture level.

The fractures were regarded as radiologically healed when antero-posterior and
lateral radiograms showed a bridging callus in three of four cortices.

Delayed union was diagnosed if consolidation was observed after 36 weeks
post-operatively. Pseudarthrosis was diagnosed if further surgical procedure
was necessary to promote healing.

7.8.3 Pin infection assessment

Pin-site infection was defined as discharge from the pin site with pain and/or
tenderness in the soft tissues in accordance with the Checketts-Otterburn
classification [229] (Table 13).
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Table 13. The Checketts-Otterburn classification.

Grade Characteristics Treatment

Minor infection

1 Slight redness and little discharge Improved pin-site care

2 Redness of the skin, discharge, Improved pin-site care and oral
pain and tenderness in the soft antibiotics
tissue

3 Grade 2 but not improved with Affected pin or pins placed at
oral antibiotics new site and external fixation

can be continued
Major infection
4 Severe soft-tissue infection External fixation has to be
involving several pins, sometimes ~ abandoned
with associated loosening of the

pin

5 Grade 4 but also involvement of External fixation has to be
the bone visible on radiographs abandoned

6 The infection occurs after fixator Curettage of the pin tract

removal. Pin tract heals initially
but will subsequently break down
and discharge intervals.
Radiographs show new bone
formation and sometimes
sequestra

7.8.4 Range of motion (ROM)

Range of motion (ROM) measurements of the knee and ankle joints were
performed in the supine position using a hand-held goniometer graded in one-
degree increments. The uninjured leg was always measured first.

7.8.5 Patient self-reported outcome and
functional scores

The patients’ self-reported outcomes and functional scores were all performed
prior to the functional testing at one, three and 12 months post-operatively. The
questionnaire was administered in the waiting room. The last week was taken
into consideration when answering the questionnaire.

7.8.5.1 Visual Analogue Scale (VAS)

Global quality of life was measured using a type of single-item visual analogue
scale (VAS). There is a 10 cm line with “no pain” at one end and “worst
imaginable pain” at the other end or, alternatively, in a different form “very
satisfied with treatment” and “very dissatisfied”. The patient was asked to rate
the current level of his/her experience related to pain and satisfaction. The end-
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point descriptors were not changed. The visual analogue scale that was used
was not numbered and there were no verbal ratings alone the line.

7.8.5.2 Nottingham Health Profile (NHP)

The Nottingham Health Profile (NHP) consists of two independent sections.
Section I comprises 38 yes/no items in six dimensions: pain, physical mobility,
emotional reactions, energy, social isolation and sleep. This section is scored
using weighted values which give a range of possible scores from zero (no
problems at all) to 100 (presence of all problems within each dimension).
Section II contains seven general yes/no questions on daily living problems.
The results from Section II were not used in the final analysis.

7.8.5.3 Euroqol (EQ-5D)

General health-related quality of life (HRQoL) was measured by the Euroqol
(EQ-5D). This questionnaire consists of four components, the health part (EQ-
5D), visual analogue scale (EQ-VAS), the valuation part and background data.
The first part of EQ-5D, used in the studies (I-IIl) is a standardized, non-
disease-specific instrument that measures the quality of life in five dimensions:
mobility, self-care, usual activities, pain/discomfort and anxiety/depression.
Each dimension is divided into three degrees of severity: no problems, some
problems and major problems. The EQ-5D measures quality of life with a
value between -0.594 and 1, based on a weighting of the answers to the five
questions. A value of 1 indicates the best possible health status.

7.8.5.4 Knee injury and Osteoarthritis Outcome Score
(KOOS)

This is a knee-specific instrument, a self-explanatory questionnaire which is
used as a validated instrument for short- and long-term follow-ups to assess
the patients’ opinion of their knee function and associated problems. The
KOOS is intended to be used for knee injuries which can result in post-
traumatic osteoarthritis, i.e. anterior cruciate ligament injury, meniscus injury,
chondral injury and so on, has been used in patients between 13 and 79 years
of age [225, 230, 231]. The KOOS questionnaire consists of five subscales;
pain (P), other symptoms (S), function in daily living (ADL), function in sport
and recreation (Sport/Rec) and knee-related quality of life (QoL). Patients
answer nine questions to evaluate P, seven questions to evaluate S, 17
questions on ADL, five questions on Sport/Rec and four questions on QoL. All
the questions are graded from zero to four points. A normalised score between
0 and 100 (with 0 indicating no symptoms and 100 extreme symptoms) is
calculated for each subscale. This functional score has been validated in
Swedish [232].
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7.8.5.5 Foot and Ankle injury and Osteoarthritis Outcome
Score (FAOS)

This is a foot- and ankle-specific instrument, a self-explanatory questionnaire
which is used as a validated instrument for short- and long-term follow-ups to
assess the patients’ opinion of their foot and ankle function and associated
problems. The FAOS content is based on the Knee injury and Osteoarthritis
Outcome Score (KOOS) and was originally intended for use in patients with a
variety of foot- and ankle-related problems. It has been used in patients
between 20 and 60 years of age [225, 226].

The FAOS questionnaire consists of five subscales; pain (P), other symptoms
(S), function in daily living (ADL), function in sport and recreation (Sport/Rec)
and knee-related quality of life (QoL). Patients answer nine questions to
evaluate P, seven questions to evaluate S, 17 questions on ADL, five questions
on Sport/Rec and four questions on QoL. All the questions are graded from
zero to four points. A normalised score between 0 and 100 (with 0 indicating
no symptoms and 100 extreme symptoms) is calculated for each subscale. This
functional score is validated in Swedish [226].

For more details on KOOS and FAOS, please go to web address:
http://www.koos.nu

7.8.5.6 Anterior knee pain and pain at the fracture site
The patients were classified as having anterior knee pain or fracture site pain
if the pain was present during stair climbing, sitting or any other daily activity
at the one-year follow-up.

7.8.6 Major complications

Major complications were defined as those requiring unplanned surgery due to
compartment syndrome and deep infection.

7.8.6.1 Compartment syndrome
Compartment pressure monitoring was not used. Clinical symptoms and signs
were used for diagnosis and the decision to perform a fasciotomy.

7.8.6.2 Deep infection

Deep infection was defined as purulent drainage presenting after definitive
wound healing or osteomyelitis and was diagnosed by the treating surgeon
based on clinical examination and subsequent cultures. The diagnosis of
osteomyelitis was based on radiological examination.
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7.9 Re-operations

Re-operation was defined as any surgical intervention in the operating room
where regional or general anaesthesia was needed after the primary procedure
in order to treat compartment syndromes, to achieve fracture union, to
eradicate infection, to achieve soft-tissue coverage, to stabilise the hardware
after breakage of the primary implant or to remove all or parts of the IL or IM.
The re-operations were subdivided into major and minor revisions. Major
revisions included fasciotomy, the removal or exchange of the IM, bone
grafting and soft-tissue coverage. Revisions were classified as minor for the
replacement or removal of all or parts of the IL or the removal of the locking
screw from the IM (dynamisation).

7.10 Gait analysis with pressure insoles

For data acquisition a telemetric insole system (medilogic® T&T medilogic
Medizintechnik GmbH, Schoenefeld, Germany) was used. This system allows
wireless registration of the pressure load beneath the patient’s foot during
standing and/or walking. One measurement sole is placed in each of the
patient’s shoes (Figure 10).
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Figure 10. Schematic principles of the medilogic pressure insole system.
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The pressure load is continuously measured and transmitted to a laptop
computer, where it is registered and displaced on the screen (Figure 11).
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Figure 11. The “gait parameter” window of the medilogic insole pressure system in which a
large number of the parameters are based on the load distribution under the patient’s foot.
The upper part of window contains the basic patient data: age, height and weight. The lower
part shows gait parameters calculated from the values recorded with the insoles. The
coloured display shows the relative position of every parameter compared to a comparison
group. The colour green indicates a close match with comparative values, yellow indicates a
small deviation and red a strong deviation. For further details see the medilogic manual at
the web site: http://www.medilogic.com/uploads/media/medilogic_Handbuch_01.pdf

The patients were asked to walk in the way they normally walked and felt
comfortable with during their rehabilitation with or without crutches. The tests
were performed before discharge from hospital, usually within a week post-
operatively, and repeated one, two and three months after the time of surgery.
Before measurements took place, all the patients were allowed to perform a
test run in the same levelled area, which was a 40 m long and 3 m wide closed
hospital corridor. Two tests were performed in a 12 m marked area in which
10 m of the gait cycles were registered. With regard to tests performed
immediately post-operatively, not all patients managed to walk the whole
distance and, in those cases, only 5 m were used for the registration of gait
cycles. Two technicians supervised all the tests, without any clinical staff being
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present. The same system was used throughout the tests. The manufacturer
performed an annual calibration of the insole system to ensure its accuracy and
precision. Consistency tests, of the system, using healthy individuals with
known body weight, were performed before and after calibration of the system.
The system criterion for detecting steps was attuned to the very asymmetrical
walking style in the early phase of recovery and was kept at that level for all
tests. As a default, a fall below 6% of the overall load was normally used to
indicate that the foot is in the swing phase. This threshold was lowered to 1%
in the present study.

At each time interval, we used the registration for further analysis with the
“best quality” (meaning a regular gait pattern without stumbling, rest period or
hesitation, i.e. data showing a low scatter in variation). This almost always
turned out to be the second trial.

7.10.1 Gait parameters

Using the medilogic® insole system, several gait parameters can be calculated,
as well as parameters “relative to the body height of the patient”
(parameter/body height); speed (km/h), relative speed (1/s) — RS, double step
length (m), relative double step length — RDS, double step duration (s) —DSD,
two-leg stance (% of DSD). The stance phase duration is calculated for each
foot as a percentage of DSD. Effective foot length — EFL is the percentage of
the insole loaded during the rolling-over motion. The overall load — L (Ns/cm?)
in terms of load over the entire time of the step is calculated from the pressure-
time areas (integrals) beneath the graphs of the average step.

Overall load (L), RS, RDS and EFL were studied. For comparisons between
sides, a symmetry index was calculated by taking the load on the injured side
as the percentage of the sum of the total load — (load injured side)/(load injured
side + load uninjured)x100. With this calculation, a value of 50% indicates that
both legs are loaded equally and a value of 0% means that the injured leg is not
loaded at all, which would be defined as maximum asymmetry. Speed and
double step length are dependent on the height of the patient, which was taken
into account when the gait parameters of “relative speed” and “relative double
step length” were calculated. These values can and have also been calculated
in the few patients in whom the load on the injured side was low and irregular,
or below the threshold of the system. An “effective foot length” index was
calculated from the average gait line and is given as a symmetry (injured side
— uninjured side)/(injured side + uninjured side) x100.
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8 STATISTICAL
METHODS

In Study I, the randomisation procedure was performed with numbered,
opaque and sealed envelopes prepared by a biostatistician.

As age is a major prognostic factor in fracture healing, a skewed age
distribution could affect the interpretation of the results. The patients were
therefore stratified into three age groups prior to the randomisation: 18-30, 31-
50 and 51-75 years. The age intervals were based on the historical age
distribution at our department.

A sample size calculation was primarily based on the frequency of deep
infections and compartment syndromes. The frequencies of these
complications together were retrospectively approximately 20% at our
department (unpublished data) in IM-treated fractures, which was higher than
the data reported in the literature published before the start of our study. With
30 patients in each group, 80% power is achieved in order statistically to detect
a difference if there are no such complications in the patients treated with the
Ilizarov method. This power calculation was accepted by the ethical review
board at the Sahlgrenska Academy, Gothenburg University.

The statistical analyses of the results in Study I were performed using chi-
square or Fisher’s exact test when comparing categorical variables between the
groups. Descriptive statistics were calculated for the variables of ordinal and
continuous data type. The Mann-Whitney test was used to compare differences
between the two groups with respect to part 1 of the NHP, the total NHP score
and VAS scores. To explore correlations between VAS Pain, NHP and EQ-
5D, Spearman’s correlation analysis was used.

In Study II, descriptive statistical values as median and 95% confidence
intervals (CI) or range are given. Further statistical comparisons between the
groups were not meaningful, as the number of patients is small and they would
only reflect differences that could be anticipated.

In Study II1, descriptive statistics as median and range were calculated. As the

number of patients in the subgroups was small and as several of the variables
were of ordinal data type, we decided to use non-parametric tests for statistical
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analysis. For comparisons within the group, we used Wilcoxon’s test, while
the Mann-Whitney U-test was used between the groups.

In Study 1V, descriptive statistics as median with quartiles were presented for
data for different subgroups of patients. Some of the variables we wanted to
explore had a skewed distribution diverging from normal distribution and we
therefore decided to use non-parametric statistical tests. For comparisons of
two independent samples, the Mann-Whitney U-test was used and correlations
were calculated using Spearman’s correlation test. Correlation coefficients
were interpreted as poor (r<0.3), moderate (0.3>1<0.6), good (0.6>r<0.8) and
very good (r>0.8).

The statistical significance level in all studies was set at p<0.05. All the
statistical tests were two-sided.

The statistical software used for all statistical analyses, was the SPSS package
version 19 for Windows in Studies I-I1I and version 20 in Study IV.
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9 RESULTS AND
DISCUSSION

9.1 Treatment timing

9.1.1 Results

Table 14. Surgery and hospital stay are in days and operation time in minutes. For all the
parameters, median and range have been calculated.

Study 1 Study | Study 11 Study I~ Study III  Study III

IL M SI-IV SV-VI Extra- Intra-
articular  articular

Surgery delay in 2 2 3 2 2 1
days (range) (0-9) (0-6) (1-11) (1-9) (0-24) (0-5)
Operation time 137 153 130 223 152 165
in minutes (65-195)  (85-250) (100-165) (164-240) (50-224)  (72-314)
(range)
Hospital stay in 5 6 4 9 5 5
days (range) (2-13) (1-16) (3-9) (3-13) (3-10) (2-7)

Study I: The median delay between injury and surgery was two days in both
treatment groups. The median operation time was 137 minutes (65-195) in the
IL group compared with 153 minutes (85-250) in the IM group (p=0.094).
There were no significant differences between the groups when it came to the
hospital stay.

Study II: The median operation time was shorter for the Schatzker type I-IV
fractures, with 130 minutes (100-165), than for the Schatzker type V-VI
fractures, with 223 minutes (164-240). The Schatzker I-1V fracture group had
a shorter hospital stay, four days (3-9), than the Schatzker V-VI fracture group,
nine days (3-13).

Study III: The median delay between injury and surgery was two days. There
were no differences in median operation time in terms of extra-articular
fractures, with 152 minutes (50-224), compared with the intra-articular
fractures, with 165 minutes (72-314).
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9.1.2 Discussion
Operating time

Study I: There was no statistically significant difference in operation time
between the IL group and the IM group. Pre-assembling the external frame
could shorten the operation time with IL treatment. However, as this type of
surgery is minimally invasive, this is less important. With regard to 1M,
however, as Malik et al. have pointed out, the length of the operation may
affect the outcome [233].

Study II: The median operation time for the Schatzker type V-VI fracture
group was close to three hours. If open plating had been used instead with the
same surgery time, there would have been an increased risk of wound
contamination [234]. In the present study, it was not necessary to use a staged
protocol in any fracture, as has sometimes been recommended, especially for
high-energy injuries [235-238]. Lee et al. operated on 36 tibial fractures, AO
type B and C fractures, using the less invasive stabilisation system (LISS) with
a mean operation time of 150 minutes [239]. Moreover, Jockel et al.
prospectively reported on a mixed series of 45 type B and 38 type C fractures
operated on using locking plate fixation (MIPPO) and had a mean operation
time of 116 minutes [60]. Proximal metaphyseal tibia fractures treated with
hybrid external fixation (Tenxor®, Stryker-Howmedica) had a shorter
operating time, with 100 minutes (range 65-120) in AO type A fractures and
140 minutes (range 75-225) in type C fractures [240]. These results are
comparable with Study II in terms of the Schatzker type I-IV fractures. With
regard to the Schatzker type V-VI fractures, there were longer operation times
related to the more complex assembly of the external frame. In spite of this,
they are consistent with the results of a multicentre, randomised clinical trial
where Schatzker type V-VI fractures were treated with a circular fixator or
ORIF. The mean total operation time in that study was 170 minutes for the
fixator group and 183 minutes for the group managed with internal fixation
(p=0.229) [241].

Study III: It was possible to operate on almost all patients without delay,
regardless of the status of soft tissues, the size of the distal fragment and the
intra-articular fracture lines (if present). The operation time with the IL in this
series was higher compared with those in the literature [242, 243]. However,
since one important advantage of the IL technique is that it is an essentially
closed method, a longer operating time does not increase wound
contamination.
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Pre-assembling the frame could reduce the time in the operating room for the
patient, but it instead requires the same time to prepare the construction before
the operation. As mentioned above, the IL is essentially a closed technique and,
as result, a reduction in operating time of this kind would not affect the risk of
contaminating the fracture site.

Hospital stay

The median duration of hospital stay was four to six days in all the studies,
independent of fracture type, except for Schatzker type V-VI fractures. There
is generally, no correlation between the length of hospital stay and patient
satisfaction [244].

9.2 Time to union

9.2.1 Results

Study I: Two of 31 patients (6%) in the IL group and one of 27 (4%) in the
IM group developed pseudarthrosis. They were all treated successfully using
the Ilizarov technique. In the remaining patients, the median time to healing in
the IL group calculated from the day of the injury to the removal of the frame
was 15 weeks (12-24). The radiological healing period was 12 weeks (4-88) in
the IL group and 12 weeks (6-110) in the IM group (n.s.). Radiological delayed
healing was observed in four patients in the IL group (75 and 77 weeks and
two patients at 88 weeks) and two patients in the IM group, who healed at 92
and 110 weeks. However, none of these patients required a surgical
intervention to promote healing and they were therefore not classified as
having a pseudarthrosis.

Study II: There were no differences between the fracture types in terms of the
time to clinical fracture healing. The fixator could be removed without
anaesthesia, in Schatzker type I-IV fractures after 11 weeks (6-16) and in type
V-VI fractures at 12 weeks (10-15).

Study III: All the fractures were judged as being clinically and radiologically
healed when the fixator was removed at a median of 16 weeks (range 11-30).
However, in one patient with a C1 fracture, a progressive loss of reduction was
observed after the fixator had been removed. This patient was diagnosed as
having a deep Staph. aureus infection and was subsequently treated with a
second IL. This fracture then healed after another 23 weeks of fixation
combined with 12 weeks of antibiotic therapy (clindamycin).

76



Telmo de Oliveira Ramos

9.2.2 Discussion

In many cases, deciding when a fracture can be regarded as “healed” is difficult
[213, 245, 246]. The distinction between delayed union and non-union is also
arbitrary [247]. The radiological loss of a visible fracture line, and callus size,
has been shown to correlate poorly with tibial shaft fracture stability [248]. Nor
is the radiological appearance of fracture healing and fracture stiffness well
correlated [249, 250].

Conventional radiographs can not be used alone to define union in internally
fixed fractures with sufficient accuracy to enable their use as end-points of
fracture healing. In a systematic review of long-bone fracture healing
assessments, Corrales et al. reported a lack of consensus with regard to the
definition of fracture healing. In this report, the majority of studies (62%) used
a combination of clinical and radiographic criteria [251]. The surgeons’ ability
to judge fracture union using sequential radiographs following internal fixation
is estimated to be correct in approximately 70% of cases [252].

Even if, there are alternatives to conventional radiographs in assessing fracture
union (absorptiometry, photodensitometry, scintigraphy, ultrasonography,
CT), these methods have still not been proven valid, reliable, economical or
practical enough to use as standard techniques when evaluating fracture
healing [245, 253]. It is not yet possible to use biological markers accurately
to predict normal consolidation in long bones [254, 255].

In the present studies, we combined the radiographic results with a clinical
evaluation in the assessment of fracture healing. This is similar to the most
frequently used criteria in the literature [251].

Smoking habits constitute a considerable risk factor when it comes to fracture
healing and the time to union or non-union and secondary surgery in
diaphyseal tibial fractures is consistently more frequent in smokers [256-261].
In this thesis, only 21 of 127 patients were smokers (16.5%) and smoking could
not therefore be analysed as a possible confounding factor regarding time to
healing or other complications.

Study I: There was a difference between the radiological healing time and the
time when the fracture was considered to be clinically healed in the IL group.
A corresponding difference was not possible to observe in the IM group,
mainly due to the fact that the nail was left in-situ, which affected any clinical
evaluation. Accordingly, it is not feasible to apply identical clinical healing
criteria to the two treatment groups in the present study. This is reflected by
the difference in the IL group between the time of clinical and radiographic
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fracture healing. In the IL group, the fracture was considered to be
radiographically healed before it was considered safe to remove the fixator.

In tibial shaft fractures, the radiological callus formation is difficult to judge at
an early stage because of the inaccuracy of the radiological definition of non-
union and malunion among orthopaedic surgeons and radiologists [248, 251,
252, 262]. Blinding to the radiological outcome would be ideal, but, for
obvious reasons, this is not possible in this type of study with two distinctly
different surgical procedures [263]. Moreover, the inter-observer agreement is
low with regard to the radiographic assessment of fracture healing following
the IM treatment of tibial shaft fractures [264].

Using the above-mentioned fracture healing criteria in Study I, there were no
re-fractures or increased deformities after removal of the IL frame. Despite the
fact that all the IL-treated patients were allowed to start loading directly post-
operatively, this did not affect the radiological healing time, which was almost
identical in both treatment groups and similar to that reported [265-267].

Non-unions increase the total burden of distal tibial shaft fractures and lead to
additional health-care interventions [268, 269]. Brinker et al. evaluated 243
tibial shaft non-unions and concluded that tibial shaft fracture non-union is a
devastating medical condition that negatively affects both physical and mental
health and quality of life. The impact of tibial shaft fracture non-union on
physical health (measured with SF-12 and the AAOS Lower Limb Core Scale)
was comparable to the reported impact of end-stage hip arthrosis and worse
than that of congestive heart failure. Although there was no matched cohort of
patients with healed tibial diaphyseal fractures for comparison, they found that,
on average, patients with non-union reported physical health poorer than that
of 90% of the normal population and mental health poorer than that of 75%
[270]. Historically, tibial fractures have constituted the bulk of non-unions
and/or delayed unions of lower extremity fractures [271]. However, Zlowodzki
et al. showed that the SF-36 and social function scores had improved
significantly from the pre-treatment values to the values one- year after the
successful treatment of tibial non-union [272].

The prevalence of long-bone non-unions in the diaphysis has been reported to
be higher after tibial fractures compared with humeral and femoral fractures
[273]. In twenty studies that comprised 5,517 mainly closed shaft tibial
fractures caused by low-energy trauma, the prevalence of non-union was 2.5%
and the combined prevalence of delayed union and non-union was 4.4% [274].
This is comparable to the results in Study 1.
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Fong et al. identified an association between the degree of cortical continuity
and the development of a non-union in tibial shaft fractures treated with
internal fixation [275]. Unreamed IM has been shown to be inferior to reamed
IM in terms of re-operations and complications in patients with closed tibial
diaphyseal fractures [89, 276]. In the treatment of non-union or delayed union
in patients primarily treated with reamed IM, nailing is currently
recommended. However, these procedures might lead to an infection rate as
high as 11-12% [277-280].

Study II: The vast majority of tibial plateau fractures heal uneventfully, and
there are almost no case series of intra-articular tibial plateau non-unions [281,
282].

Study III: Ristiniemi et al. used hybrid ring fixators in different types of intra-
articular fracture, with or without osteoinduction. In the group without
osteoinduction, the healing period was 21 weeks, which compares favourably
with the 15 weeks for similar fractures in the present study [283].

Bacon et al. showed that intra-articular distal tibial fractures of an AO type C
that were operated on using ORIF had a longer healing time when compared
with fractures treated with the IL (39 to 25 weeks respectively) [284].
However, they did not find a statistically significant difference between the
treatments in terms of non-union, malunion or infection.

9.3 Articular function (ROM)
9.3.1 Results

Study I: There were no differences in terms of knee or ankle joint ROM in the
two groups at one year. In both groups, all the patients were able to bend their
knees on the injured side more than 110°, in the IL group: median 140° (range
120-150) and in the IM group: median 140° (110-154). The ankle dorsiflexion
on the injured side in the IL group was 10° (2-30), while it was 18° in the IM
group (0-40). The plantar flexion on the injured side in the IL group was 35°
(10-35), while it was 40° (20-68) in the IM group. Compared with the
uninjured side, there was a reduction of more than 15° in passive ankle
dorsiflexion in two patients in each treatment group and more than 15° in
passive plantar flexion in six patients in the IL group and seven in the IM

group.

Study II: Two patients with stiff knees with AO type C3 fractures were
mobilised under epidural anaesthesia post-operatively at five and seven months

79



On Treatment of Tibial Fractures using the Ilizarov Fixator

respectively. At the one-year follow-up, two patients had 90 ° knee flexion and
other three patients had flexion of less than 90° with also extension deficits of
more than 10°. Four of the five patients with reduced knee flexion had
Schatzker type V or VI fractures. Taken as a whole, the patients with Schatzker
type I-IV fractures had better knee flexion (140°, 86-156) than those with
Schatzker type V-VI fractures (120°, 83-148). Ankle motion was not affected.

Study III: The median ankle dorsiflexion on the injured side was 21° (10-29)
in the extra-articular group and 17° (5-26) in the intra-articular group.
Compared with the uninjured side, three patients had reduced dorsiflexion of
more than 10° (14, 15, and 16°). The plantar ankle flexion was reduced by
more than 10° in seven patients in the type A fracture group (15°, range 12-23)
and in nine patients in the type C group (22°, range 18- 33).

9.3.2 Discussion

Study I: When using the Ilizarov technique, some tethering of muscles and
tendons is inevitable and this would theoretically affect the ROM in the knee
and ankle joints. A study of adolescents has, however, shown good or excellent
articular function after IL in diaphyseal fractures [285]. We have not found any
previous study that addresses this issue in adults with tibial shaft fractures. In
the present study, the ROM was similarly affected in both groups.

Study II: Knee stiffness is a common problem after tibial plateau fracture
surgery [286]. Gaston et al. reported a series of sixty-three patients with mainly
Schatzker type I-IV fractures in which 51 fractures were treated by internal
fixation. At one year, 20% of the patients had knee stiffness, defined as flexion
of less than 100° and an extension deficit of more than or equal to 5° [287].
Dendrinos et al. achieved good clinical results in 24 patients who had sustained
high-energy tibial plateau fractures treated with the IL, in which 13 had full
knee extension and 13 had flexion of more than 130° [288]. In 24 patients with
the same fractures types treated with hybrid external fixators combined with
limited internal fixation, Mikulak et al. reported that one patient had a 10° knee
flexion contracture [289]. The results in the present study are similar to those
in the above-mentioned studies. Even the complex fractures in the present
study, requiring a hinged extension to the femur, had a satisfactory ROM, as
only four of 15 patients with Schatzker type V-VI fractures had knee flexion
of 90° or less. It was shown in a multicentre randomised trial of Schatzker type
V-VI fractures treated with a circular fixator or ORIF that there was a
substantial residual limb-specific deficit even at the two-year follow-up. In that
study, the group managed with external fixation displayed a trend towards a
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superior ROM of the knee compared with the group treated with ORIF, but the
differences were not statistically significant [241].

Study III: In a retrospective study comprising 101 patients with fractures of
AO type A, B or C treated with non-surgical, internal or unilateral external
fixation, ankle stiffness was shown to be related to the fracture severity in distal
tibial fractures with or without articular engagement. They reported a follow-
up of 19 months with an average ROM of 10° (range -15 — 30) of ankle
dorsiflexion and 28° (0-60) of ankle plantar flexion [290]. The results for ROM
observed in Study III were similar.

9.4.1 Results

For the proximal Schatzker type I-IV fractures, the load (L) was higher than
the load for the Schatzker type V-VI fractures at one, two and three months,
but the difference was not statistically significant (p=0.061, p=0.54, p=0.34).

Forty-eight patients from Study I (28 in the IL group and 20 in the IM group)
could be tested at an early stage post-operatively regarding load. There were
four patients in the IL group and seven patients in the IM group in whom the
load was below the threshold of the system or low and irregular. The load in
these patients was set as 0% of the load on the uninjured side. The median
value for the IL group was then 22% and for the IM group 9.4% (p=0.046).
According to the inclusion criteria established in Study I'V, not all patients were
able to follow the protocol (Figure 9). Forty-three patients (22 in the IL group
and 21 in the IM group) were followed up during the rehabilitation. Of these,
the IL group loaded more immediately post-operatively than the IM group, but,
at one, two and three months, the IM group loaded more. However, these
differences were not statistically significant (p=0.167, p=0.32, p=0.190 and
p=0.158) (Figure 12) (Table 15).

The difference in relative speed (RS) between type Schatzker I-IV and V-VI
fractures at three months was statistically significant (p=0.041). At the early
post-operative stage, the absolute RS values were low for both groups of
proximal fractures. In the diaphyseal fractures, there was a consistent
difference in absolute values at all time intervals between the two treatment
groups in favour of the IM group (p=0.067, p=0.063, p=0.080 and p=0.072
respectively). The RS values for the distal fractures indicated a slow recovery
(Figure 13) (Table 16).
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With regard to the initial relative double-step length (RDS), all patients had
short steps post-operatively. The proximal Schatzker type V-VI group also had
the slowest rehabilitation in relation to this parameter. Compared with the
proximal Schatzker type I-IV group, the difference at three months was
statistically significant (p=0.041). The IL-treated group had a shorter RDS
compared with the IM-treated group at one, two and three months (p=0.063,
p=0.080, p=0.072). This parameter indicated a low recovery rate in the patients
with distal fractures (Figure 14) (Table 17).

The symmetry of EFL of the proximal Schatzker type I-IV and the diaphyseal
fractures (IL and IM) essentially followed the same pattern, initially with an
affected roll-over of the foot, which was almost symmetrical after just one
month. The proximal Schatzker type V-VI group displayed a different pattern,
with seemingly more roll-over initially post-operatively and, when the femoral
extension was removed at one month, the roll-over was instead reduced. The
distal fracture group had less roll-over than the other fracture types at all time
intervals (Figure 15) (Table 18).
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Figure 12. Median values for load [injured/(injured+uninjured)x100]; 1 = post-operatively,

2 =1 month, 3 =2 months, 4 = 3 months, Sch = Schatzker

Table 15. Load (L) in %, median and percentiles 25-75. IL = llizarov, IM = Intramedullary

nailing, Sch = Schatzker.

Fracture type Post-operative 1 month 2 months 3 months
Diaphyseal IL 22.6 32.6 36.1 39.6
13.8-35.4 16.6-40.3  26.5-449 31.6-45.5
Diaphyseal IM 10.0 38.9 44.9 47.5
3.8-28.5 21.2-46.8 34.0-51.1 34.2-50.4
Distal IL 23.5 26.5 35.7 41
11.8-32.5 9.3-31.9  26.3-40.1 34.3-44.0
Proximal IL Sch I-IV 18.5 37.3 39.3 43.1
8.2-33.0 26.0-46.3  24.1-46.3  33.9-46.1
Proximal IL Sch V-VI 24.1 24.1 30.5 34.4
11.3-39.7 12.6-31.6  24.3-40.7  25.9-55.1
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Figure 13. Median values for relative speed (RS 1/s) at different observation times.
1 = post-operatively, 2 = 1 month, 3 = 2 months, 4 = 3 months, Sch = Schatzker

Table 16. Relative speed (RS) in 1/s, median and percentiles 25-75.
IL = llizarov external fixator, IM = Intramedullary nailing, Sch = Schatzker.

Fracture type Post-operative 1 month 2 months 3 months
Diaphyseal IL 0.20 0.33 0.39 0.46
0.10-0.22 0.24-0.44  0.33-047 0.36-0.50
Diaphyseal IM 0.27 0.40 0.45 0.51
0.15-0.37 0.32-0.50  0.39-0.53  0.42-0.60
Distal IL 0.16 0.30 0.34 0.40
0.12-0.21 0.25-0.37 0.27-0.40 0.33-0.53
Proximal IL Sch I-IV 0.15 0.37 0.48 0.59
0.10-0.28 0.23-0.53  0.31-0.56 0.32-0.71
Proximal IL Sch V-VI 0.17 0.25 0.29 0.32
0.11-0.21 0.17-0.33  0.23-0.36  0.23-0.41
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Figure 14. Median values for relative double step at different observation times.
1 = post-operatively, 2 = 1 month, 3 = 2 months, 4 = 3 months, Sch = Schatzker

Table 17. Relative double step (RDS), median and percentiles 25-75.
IL = llizarov external fixator, IM = Intramedullary nailing, Sch = Schatzker.

Fracture type Post-operative 1 month 2 months 3 months
Diaphyseal IL 0.34 0.51 0.59 0.61
0.26-0.41 0.45-0.60 0.5-0.67  0.55-0.70
Diaphyseal IM 0.35 0.56 0.64 0.69
0.18-0.49 0.47-0.72  0.56-0.73  0.61-0.76
Distal IL 0.34 0.51 0.54 0.6
0.27-0.41 0.41-0.55 0.48-0.57 0.50-0.68
Proximal IL Sch I-IV 0.35 0.59 0.68 0.74
0.29-0.48 0.44-0.70  0.51-0.72  0.54-0.80
Proximal IL Sch V-VI 0.40 0.44 0.51 0.53
0.30-0.45 0.30-0.51  0.43-0.58  0.46-0.60
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Figure 15. Median values for effective foot length (% of DSD) at different observation times.
1 = post-operatively, 2 = 1 month, 3 = 2 months, 4 = 3 months, Sch = Schatzker.

Table 18. Effective foot length (EFL) symmetry, median and percentiles 25-75. IL = llizarov
external fixator, IM = Intramedullary nailing, Sch = Schatzker.

Fracture type Post-operative 1 month 2 months 3 months
Diaphyseal IL -62.4 -15.1 -94 -6.3
-84.9 - -38.7 -423--73 -353--26 -13.5--3.0
Diaphyseal IM -64.7 -24.6 9.8 -3.4
-94.0 - -13.1 -734--24 -425--20 -9.0--06
Distal IL -65.4 -59.5 -32.2 9.2
-85.6--49.0 -829--339 -66.1--45 -17.0--2.7
Proximal IL Sch I-IV -50.5 -6.0 -2.8 -5.0
-95.3--59 -225--1.7  -179--0.1  -7.0--1.7
Proximal IL Sch V-VI -18.1 -51.2 -5.1 -5.3

-66.0 - -5,6 -91.0--10.0 -125--3.8 -92--1.0
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The correlations between the time post-operatively and the gait parameters
(RS, RDS and L) are shown in Table 19. They are statistically significant for
all parameters (p<0.01) except L in Schatzker type V-VI fractures (p=0.050).
RS and RDS correlate more strongly than L with post-operative days and also
with one another, varying between r=0.812 for the diaphyseal IM patients and
r=0.979 for the Schatzker type I-IV fractures (Table 20).

Table 19. Correlation (Spearman’s correlation coefficient - r) between days post-operatively
and relative speed (RS), relative double step (RDS) and load (L) respectively. IL = llizarov, IM =
Intramedullary nailing ,Sch=Schatzker.

Fracture type RS RDS L

Diaphyseal IL 0.639 0.659 0.378
Diaphyseal IM 0.485 0.581 0.436
Distal IL 0.720 0.703 0.394
Proximal IL Sch I-IV 0.615 0.594 0.560
Proximal IL Sch V-VI 0.522 0.505 0.291

All p-values < 0.01 except for L vs days for proximal Schatzker V-VI (p=0.05)

Table 20. Correlation (Spearman’s correlation coefficient - r) between relative speed (RS) and
relative double step (RDS). IL = llizarov, IM = Intramedullary nailing ,Sch=Schatzker.

Fracture type RS/RSD
Diaphyseal IL 0.891
Diaphyseal IM 0.812
Distal IL 0.945
Proximal IL Sch I-IV 0.979
Proximal IL Sch V-VI 0.917

All p-values< 0.01

9.4.2 Discussion

The most important advantages of using pressure insoles are that they can be
used outside a gait laboratory setting and the number of steps that can be
registered is not limited. Furthermore, this type of system also allows
measurements to be made with patients using an ordinary walking shoe, which
is another advantage, as it is more representative of the way patients walk
compared with bare-foot walking. There are no cables restricting movement.
It is also possible to perform comprehensive studies on large patient
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populations. To summarise, the pressure insoles offer simple and practical
spatio-temporal gait parameters and loading patterns.

The reduction of pain and improved functional performance are expected to be
seen over time and should be considered in relation to the progress of fracture
healing. The improvement in gait parameters over time is a consequence of all
these factors.

Weight-bearing per se has been shown to increase over time and correlates
with the progress of the healing process [291, 292] and it could therefore be
used as an indirect measurement of fracture healing [293]. There are studies in
humans in which walking speed and step length have been used to evaluate
early rehabilitation and indirectly fracture healing [294, 295].

In a study of 27 individuals, with tibial diaphyseal fractures treated with
unilateral external fixation, the patients were instructed to bear weight as
tolerated. The initial axial motion across the fracture site was small at 5 weeks
post-operatively (mean 0.28 mm), peaked at 11 weeks (mean 0.43 mm) and
then decreased as fracture healing progressed [296].

Kershaw et al. reported good results with immediate weight-bearing in 45
patients with tibial diaphyseal fractures treated with the unilateral external
Dynabrace® fixator [292]. Joslin et al. studied 12 patients with diaphyseal tibial
fractures treated with the Orthofix® fixator, who were allowed to bear weight
as tolerated. Ten of 12 patients progressively increased the weight-bearing and
reached 90% of the uninjured side at the time of the removal of the external
fixator (mean 15.9 weeks) [293].

In the SPRINT trial, a large, multicentre randomised study, Schemitsch et al.
analysed several prognostic factors for predicting outcomes after unreamed
and reamed IM of diaphyseal tibial fractures. Post-operative full weight-
bearing was a significant predictor of beneficial outcome compared with
partial weight-bearing and non-weight-bearing after surgery. On the basis of
their findings, weight-bearing should not necessarily be limited following IM
of the tibia. However, if all patients were to bear full weight following surgery,
the rate of auto-dynamisations (breaking of locking screws that result in
fracture collapse) would probably increase. Auto-dynamisation may be
associated with negative outcomes, such as retained broken screws, temporary
pain and potential problems with revision surgery [297]. Unfortunately, the
clinical relevance of a potentially improved union rate compared with an
increase in the risk of screw breakage is still unknown.
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In tibial shaft fractures fixed with IM, loads simulating partial weight-bearing
after a fracture caused considerable interfragmentary movements of up to 10
mm in a study of cadaveric bones [298]. Hasenboehler et al. compared the
biomechanical properties of IM and IL in a model of comminuted tibial shaft
fractures when loaded axially and in torsion. They found that the IL provided
a significantly higher range of axial micro-motion [189]. In spite of this
immediate weight-bearing in diaphyseal tibial fractures, the fact remains that
approximately 90% of the surgeons restricted weight-bearing in the immediate
post-operative period according to the SPRINT study [297].

Most surgeons restrict weight-bearing after distal metaphyseal fractures for
eight to twelve weeks. Bacon et al. retrospectively compared 28 patients with
AO type C fractures who underwent surgery using a locking plate followed by
non-weight-bearing until healing and 14 patients treated with the IL who were
allowed immediate unrestricted weight-bearing. They found no statistical
significant differences, although the plate group had a longer time to heal and
the rates of non-union, malunion and soft-tissue infection were lower
compared to the IL group [284]. Zarek et al. treated eight patients using the IL
after tibial plafond fractures and allowed immediate weight-bearing. They
showed bony union in all patients [299]. Fractures of the tibial pilon lead to
restricted function of the lower limb and produce changes in gait patterns
[300]. In the present study, distal fractures recover slowly and this might be
due to the fact that it is difficult to achieve stability without a foot extension.
The recovery pattern is otherwise similar to that in the other fracture types. The
unrestricted weight-bearing appeared not be a negative factor for the final
outcome.

Patient compliance with the surgeons’ restrictions on weight-bearing is poor
[301-303] and this was also noted in the present study. Even though the IL-
treated patients were allowed unrestricted weight-bearing, the results show
that, regardless of fracture type, they unloaded the injured extremity
immediately post-operatively. Moreover, walking speed and step length were
also affected during this period.

In all fracture types, the gait parameters showed improving results over time,
as could be expected.

Except for the immediate post-operative period, the patients with diaphyseal
tibial fractures in the present study treated with IM loaded more and walked
faster, with a longer step length, compared with the IL patients. This difference,
which is only a trend statistically, could probably be explained to some extent
by the bulk of the external fixation being a partial obstacle when walking.
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The EFL (the roll-over of the foot) has also been studied. The patients with
diaphyseal fractures and the less complex proximal fractures (Schatzker type
I-IV) regained an almost symmetrical roll-over within one month post-
operatively. The Schatzker type V-VI fractures initially appeared to have more
roll-over than the other fractures. If this is true, it could be explained by the
femoral extension, which, even if hinged, restricts the knee flexion, forcing
increased roll-over. Moreover, the distal fractures, engaging the ankle, have
restricted motion for a longer time and the recovery of the normal roll-over is
therefore slower.

The proximal tibial Schatzker type V-VI fractures that are more complex could
be expected to experience slower normalisation of gait patterns compared with
the Schatzker type I-IV fractures. Load, walking speed and step length
increased more rapidly in the less complex fractures. Although the difference
was not statistically significant for all parameters at all time intervals, the
tendency was evident.

Another important issue is how the different gait parameters correlate to one
another and whether any of these parameters has a higher correlation with the
time parameter. The correlations between gait parameters and time were
statistical significant, but it appears that walking speed and step length
correlate better than load with rehabilitation time. Walking speed and step
length also correlate highly with one another. The results indicate that fracture
healing is reflected not only by how much the patients load but also to an even
higher degree by walking speed and step length. If this could be confirmed in
other studies, it could indicate a simplified way to study rehabilitation by just
measuring walking speed and step length. Dingwell et al. compared step length
and walking speed during over-the-ground and treadmill walking [304]. They
found that treadmill walking was associated with significant reductions in
locomotor variability, which could mask differences in gait variables that
would present if patients had the opportunity to walk at a self-selected speed.
The area used for the gait tests in the present study was large enough not to
restrict the patient’s ability to walk.

To summarise, the results of the present study show that a comprehensive study

of gait parameters with an easy-to-use insole system can be a valuable adjunct
in the evaluation of fracture treatment.
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9.5.1 Results

Study I: In the IL group, there were two malunions, both with 6° of valgus,
and, in the IM group, there was one patient with 10° of valgus and one patient
with an external rotation of 40°. Only the patient treated with IM who had 10°
valgus deformity required corrective surgery.

Study II: The radiological results at the one-year follow-up were good in 27
patients, according to the criteria formulated by Rasmussen [227]. Six patients
(20%) had instability and/or significant radiological deformity of 10 mm
articular depression and/or condylar widening of more than 10 mm and/or
valgus deformity of more than 10°. However, no patient complained of
functional instability of the knee. No correctional osteotomies were performed,
but two patients underwent total knee arthroplasties 2 and 4.5 years after the
study was completed.

Study III: According to the radiological findings using the modified Burwell
and Charnley classification, 13 patients were rated as good, 21 as fair and five
had poor results in the total study cohort at the one-year follow-up. One patient
with a poor result had a residual deformity of 12° valgus and developed post-
traumatic sympathetic dystrophy. The deformity was treated with ankle
arthrodesis 1.5 years after the index injury.

9.5.2 Discussion

Study I: Freedman et al. reported that 12% of their patients developed mal-
alignment in 133 tibial fractures fixed with IMs [305]. In Study I, there were
only a few malunions. An external fixator allows correction of the
malalignment, but it was not necessary to use this opportunity in this series.
Malalignment of the lower limb does not lead to any functional deficit of
osteoarthritis of clinical significance, even with an angulation of up to 15°,
according to evidence from the literature [306-308].

Study II: Several researchers have discussed the degree of dislocation that can
be accepted with remaining good knee function. The post-operative articular
congruity and normal axis of the lower leg after plate fixation in lateral tibial
fractures appear to play a role in the prevention of post-traumatic osteoarthritis,
but they do not appear to predict clinical outcome at the medium-term follow-
up [309]. The long-term results reported by Rasmussen [310] and Lansinger et
al. [311] showed that a residual depression of up to 10 mm could be accepted,
provided the knee was stable. In a five-year follow-up of 109 fractures, Lucht
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and Pilgaard reported that the functional outcome with a depression of <10 mm
was acceptable [312]. Mattiassich et al. examined the development of
osteoarthritis and post-traumatic bone loss after internal fixation for tibial
plateau fractures in a short-term follow-up (median three years after the injury)
and a long-term follow-up (median 23 years after the injury). They concluded
that half the patients with minimal or no osteoarthritis at the first follow-up
showed no deterioration of radiological osteosarthritis at the second follow-up
[313]. However, the study population with a long-term follow-up is small and
does not adequately represent all types of tibial plateau fracture.

In terms of articular depression, the recommended “acceptable” dislocation
varies between 2 and 10 mm [314]. Marsh et al. pointed out that the scientific
basis for the different recommendations is generally weak [315]. Giannoudis
et al. found that, in tibial plateau fractures, articular incongruities appear to be
well tolerated [316]. In addition to the articular depression, Rasmussen also
found that instability and residual joint malalignment with varus and valgus
angulations over 10° affected the outcome adversely [317]. The residual
displacements observed in the present series are within these limits in all but
three patients and, of the three patients with asymptomatic knee laxity, none
had a valgus plateau tilt exceeding 5°.

Study III: The amount of residual deformity that can be accepted is still
controversial [228]. It is difficult to correlate the post-operative radiological
findings to the clinical result and to use this as a prognostic factor. In a study
of 118 displaced ankle fractures, Joy et al. reported that precise measurements
on the post-reduction radiograms correlated with the final clinical result, but
other variables, such as the degree of talar displacement prior to reduction, the
type of fracture and the presence of a deltoid ligament rupture, also
significantly affected the final clinical outcome [318].

In a 10-year follow-up, Etter & Ganz examined how the fracture pattern and
the degree of reduction correlated to post-operative osteoarthritis in 41 patients
with plafond fractures treated with internal fixation. Anatomical reduction
correlated with a better prognosis in terms of a lower risk of post-traumatic
osteoarthritis, but it did not guarantee a good clinical outcome. Nor did severe
radiological osteoarthritis present at the 10-year follow-up correlate with poor
subjective or objective function [319]. DeCoster et al. came to the same
conclusions when assessing the quality of the articular reduction of displaced
intra-articular distal tibial fractures in 25 patients treated with articulated
external fixation and limited internal fixation [320].
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A future long-term follow-up of the patients in Study III might produce
different results in terms of radiological findings and functional outcome.
Marsh et al., who reported on a group of patients with a similar distribution of
fractures according to the AO classification, did not, however, find any
association between fracture type and clinical outcome at the five- tol2-year
follow-up. The majority of their patients had some limitation with regard to
recreational activities and the degree of osteoarthrosis was grade two or more
in 26 patients. In spite of this, a minimum of five years after the injury, few
patients required secondary reconstructive procedures, because the pain and
functional deficit tended to decrease over a long time period [321].

Even if the follow-up in the present study is too short to detect post-traumatic
osteoarthritis, the radiological and clinical results are acceptable when
compared with these earlier reports.

9.6 Pin infections

9.6.1 Results

Table 21. Pin infection incidence analysis in all patients treated with the IL. The pin-site
infections were classified according to Checketts-Otterburn.

Study 1 Study 11 Study 111 Total

Number of patients 31 30 39 100
Number of rings 134 113 157 286
Number of patients with pin-site 16 (51%) 16 (53%) 34 (87%) 66 (66%)
infections (in some >1)
Pin-sites 804 642 1.102 2.548
Pin-site infections 35(4.3)% 27 (4%) 44 (4%) 106 (4%)
Minor infections 35 25 42 102
(Grades I-11I)
Major infections 0 2 2 4

(Grades IV-VI)

Study I: Thirty-five minor pin-site infections were observed: 23 Checketts-
Otterburn II in nine patients who were treated with short-term antibiotics and
12 Checketts-Otterburn III in seven patients, all treated with the removal of the
offending wire.

Study II: Twenty-five minor pin-site infections Checketts-Otterburn II were
observed in 16 patients who were all treated with short-term antibiotics. Two

had grade IV infections that healed after soft-tissue debridement.

Study III: Forty-two minor pin-site infections were observed: 24 Checketts-
Otterburn type II in 19 patients who were treated with short-term antibiotics
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and 18 Checketts-Otterburn type III in 15 patients all treated with the removal
of the offending wire. One patient with an A2 fracture had a grade IV pin-tract
infection that was successfully treated with soft-tissue curettage. After the
fixator had been removed, in one patient with a C1 fracture, a deep Staph.
aureus infection was diagnosed in an area with a previous pin scar. The lesion
was treated with curettage; however, there was a progressive loss of reduction.
This was treated successfully with stabilisation and progressive correction with
a new llizarov external fixator application for a period of 23 weeks combined
with per-oral antibiotic therapy (clindamycin) for 12 weeks.

9.6.2 Discussion

The definition of pin-site infections is controversial, as there are many different
definitions. Pin-site infections are one of the most common complications of
the IL [322] and their incidence has been reported to range from 10% to 100%
[323-325].

The detail when it comes to clarifying the difference between a wound that is
irritated and a wound that is infected is not completely clear [326]. There is no
standardised validated grading system to assess pin sites infections [327]. The
Checketts-Otterburn classification appears to be a useful tool in clinical
decision-making [328]. External fixation wires and pins are colonised with
bacteria, usually Staphylococcus aureus and Staphylococcus epidermidis [329,
330].

Local pain is a cardinal symptom in defining pin infection, but it is associated
with the individual profile, pre-operative information and cultural background,
which might be factors of importance. Dellinger et al. defined a wound
infection as superficial when it is located entirely above the fascia with
erythema and tenderness that requires antibiotic therapy and opening of the
wound. A deep infection was defined as infected tissue underneath the
muscular fascia [331].

It is probably more appropriate to discuss the superficial infections in the IL in
relation to pin sites instead of per individual. The rationale for this is that we
are actually talking about the number of superficial infections related to the
number of wounds. From this perspective, the risk of infection is low,
especially considering how few of them result in more serious infections.

The rate of pin-site infection in the present study was 4% of all pin sites, of
which approximately 90% were minor infections, Checketts-Otterburn I-III.
These findings are similar to those in other studies where the pin-site rates have
been calculated as varying between 4% and 18% [146, 327, 332, 333]. In the
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present studies, the vast majority of the pin infections were minor infections
when using the Checketts-Otterburn classification. This is also in accordance
with the previous reports.

In a study examining 214 pin sites during the pin removal, Mahan et al.
reported that 75% of the pin tips had positive bacteria cultures [334]. We have
not routinely used bacteria cultures to establish the diagnosis. Firstly, it would
be impractical to perform cultures from several pin sites and secondly, if
deemed necessary, short-term antibiotic treatment was started as soon as
possible. For diagnosis, we therefore relied on local tenderness and purulent
discharge to define infection.

Pin-tract infection was defined as any persistent drainage from a pin site
requiring intervention or positive bacterial cultures. Alemdaroglu et al.
analysed the contribution of the various risk factors to the delay in healing in
tibial shaft fractures treated by circular external fixator in 32 tibial shaft
fractures. They found that infection and not using supplementary fixation
techniques were the main factors that delayed healing [335]. Poor reduction is
also related to the occurrence of pin-tract infections. Parameswaran et al. found
that the incidence of pin-tract infections was lower for ring fixators (3.9%) than
for a hybrid external fixator (20%) and unilateral fixator (13%) [336]. The rate
of pin-tract infection can probably be reduced using antibiotic dressings. In a
randomised trial, Lee et al. showed that the use of gauze impregnated with
polyhexamethylene biguanide reduced the risk of pin-tract infections
compared with plain gauze in external fixation [337].

Pin-site complications are related to motion at the pin-skin interface, the
amount of soft tissue between the skin and bone, surgical technique and the
diameter of the pin that is used [338]. The diameter of the tensioned IL pin is
approximately one-third compared with that of conventional half-pins,
reducing the soft-tissue and bone damage [179]. Saw et al. reported that the
rate of infection was higher on half-pin-sites than wire sites (p = 0.002) [327].
The risk of pin-site infection is also lower if measures are taken to avoid
thermal injury and the formation of a local haematoma during surgery and if
the after-care includes the use of alcoholic antiseptic and occlusive pressure
dressings [339].

In the present study, chlorhexidine was used for pin-site care. Chlorhexidine is
an inexpensive anti-septic coating with a low risk of bacterial resistance [340].
It has been shown that nihilistic care is also possible [333, 341]. Different anti-
septic strategies, such as the use of titanium-copper alloys, nanosilver coatings,
nitric oxide coatings, chitosan coatings, iodine, hydroxyapatite, chlorhexidine
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and antibiotic coatings, have been studied and it is unclear which method is the
most appropriate [342]. It might be possible to reduce the incidence of pin
infections in the future with a better site strategy which includes correct
external fixator biomechanics, surgical technique and a standardised post-
operative pin-site care protocol [328]. Recently, the Royal College of Nursing
in the UK published a guidance consensus on pin-site care [343].

In the present studies, the preferred treatment for all superficial infections was
fluocloxacillin (beta-lactamase) when antibiotics were required. It is clear that
antibiotic resistance appears to be inevitable, but different solutions have been
proposed by experts. In a systematic review, Tacconnelli et al. concluded that
there is a clear association between exposure to antibiotics and MRSA. The
risk ratio for a single class of antibiotics was the lowest with beta-lactamase
when compared with quinolones, glycopeptides and cephalosporin antibiotics
[344]. A “niche” antibiotic, such as the beta-lactamases in the treatment of pin
infections, avoiding the use of broad-spectrum antibiotics, represents a form of
control of antibiotic resistance [345].

The only way to avoid or slow down the speed of excess resistance formation
is the prudent use of antibiotics and/or the development of alternative strategies
to control pathogens [346]. The risk of developing MRSA due to a deep
infection treated with long-term antibiotics is expected to be increased
compared with short-term beta-lactamase treatment of superficial infections.
These aspects are also important to consider when there is a choice between
the external and internal fixation of fractures.
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10 MAJOR
COMPLICATIONS

The majority of tibial fractures are simple and major complications are often
unexpected. Even if the classification of fractures is important when discussing
the choice of treatment, they often fail when it comes to predicting
complications. This is especially true when evaluating soft-tissue injuries.
Despite the wide use of the Gustilo classification for open fractures, its
reliability has been challenged [347, 348]. The Tscherne classification has
been suggested as being more predictive of the prognosis than other
classifications of tibial shaft fractures [349].

Complications after the use of the IL have been discussed by several authors,
such as Paley [338], and the ASAMI group [350, 351]. However, most of the
complication classifications that have been recommended are related to when
the IL method is used in reconstruction and corrections of deformities and these
classifications do not appear to be relevant in the discussion or comparison
with the results of the present studies.

In acute trauma surgery, the Ilizarov application appeared to have fewer
complications than other reconstructive procedures. This was confirmed in a
retrospective analysis of prospectively collected data relating to 304 patients
from Ireland and the United Kingdom, in which Adair et al. showed that there
were significant differences between complication rates when Ilizarov frames
were applied for acute trauma, late presentation of trauma and elective surgery.
They also reported that this difference did not appear to relate to time spent in
the frame but instead to the different clinical settings [352]

Deep infection and compartment syndrome are the most devastating
complications related to the surgical treatment of tibial fractures.

10.1 Deep infection
10.1.1 Results

No case of osteomyelitis was observed in the series of patients treated with IL.
In Study I, there was one patient in the IM group with a deep infection (abscess
near the fracture site) but without radiological signs of osteomyelitis.
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10.1.2 Discussion

Osteomyelitis due to local spread from a continuously contaminated source of
infection is a serious complication of either open fractures or in relation to
orthopaedic implants [353]. In closed tibial and femoral fractures, bacteria
strains have been detected in the fracture gap callus during surgery. They most
probably colonised the tissues even before the surgical intervention took place
[354]. The presence of an implant in the body is known to increase the
susceptibility to infection [355], even though different methods to reduce
bacterial adhesions are known [356]. In a retrospective study of closed
diaphyseal fractures treated with IM and complicated with infection, Petrisor
et al. found that, in approximately 56% of the cases, there was no obvious cause
[357].

In the IM group, the efficacy of all anti-staphylococcal agents is seriously
reduced in established implant-related deep-seated infections. Frequently, in
addition to wide-spectrum antibiotics, surgical implant removal might be
required [353].

The incidence of chronic osteomyelitis, after unilateral external fixation using
half-pins, has been reported to be between 0% and 4% [358]. Pin-tract
infections do not usually progress to osteomyelitis, but, if it occurs, it leads to
a major problem, especially for future surgery [359]. The placement of
definitive plate fixation overlapping previous external fixator pin sites
significantly increases the risk of deep infection in the two-stage treatment of
bicondylar tibial plateau and pilon fractures [360]. There are several reports of
an increased rate of infection when IM was performed after more than two
weeks of external fixation [359, 361]. In the case of a pin-tract infection, there
is a high risk (up to 71%) of deep infection if the external fixation device is
changed to an IM, compared with a low incidence (5.9%) when performing
this exchange in the absence of a pin-tract infection [359]. In the present study,
conversion to internal fixation was not a problem, as all patients treated with
the IL were able to pursue the treatment until the fractures had healed.

10.2 Compartment syndrome

10.2.1 Results

Study I: In the IM group, two patients developed compartment syndrome and
underwent fasciotomy within 24 hours after the index operation. One of them
developed a permanent drop foot and disturbed peroneus nerve sensory
function.
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Study II: Two patients with Schatzker type VI fractures developed
compartment syndrome (Schatzker VI/AO C3 and VI/C2). In the first patient,
the compartment syndrome was masked by an over-consumption of opiates
and the patient did not undergo fasciotomy until one day after the initial
operation. He had muscle necrosis of the lateral compartment of the leg and
permanent peroneal nerve palsy. The other patient underwent fasciotomy
immediately after the application of the fixator. He developed a fistula in the
fasciotomy wound, which required excision but healed without sequelae.

Study III: No patients developed compartment syndrome.

10.2.2 Discussion

Clinical signs and surgeon experience are still of key importance for the
diagnosis [362-364]. The decision to perform an acute fasciotomy is not easy,
regardless of the criteria used, as this intervention increases the risk of impaired
fracture healing and longer time to union [365, 366]. Fasciotomy might also
lead to functional disabilities, poorer quality of life and long-term wound
sequelae [367-369]. The exact threshold parameters of compartment pressure
that define compartment syndrome and the efficacy of the clinical examination
continue to be an area of research. In closed diaphyseal fractures treated with
plaster casts, the routine monitoring of pressure measurements up to 72 hours
after trauma resulted in borderline benefits [370]. As a result, compartment
pressure monitoring has not become a “gold standard” [363, 371].

Study I: Thirty-six per cent of all compartment syndromes occur after tibial
diaphyseal fractures [372]. The acute compartment syndrome prevalence in the
IM group was comparable to earlier reports with a prevalence of up to 10%
[363, 373, 374].

Traction using the fracture table and reamed IM may increase the risk of
compartment syndrome [67, 375, 376]. Both interventions in Study I were
performed using a traction table. One advantage of the IL is that the traction
created by the frame can be reduced if a compartment syndrome is suspected
during and after surgery.

Study II: In a retrospective study, Park et al. found a low rate (1.6%) of
compartment syndromes requiring fasciotomy in patients with proximal tibial
fractures [377]. However, in more complex fractures, the risk of compartment
syndrome is considerably higher. For Schatzker type VI fractures, Stark et al.
found a difference in the risk of developing compartment syndrome depending
on whether or not the medial plateau was dislocated, 53% and 18%
respectively, with an overall risk of 27% [378]. The incidence of compartment
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syndrome in the more severe fractures (Schatzker types V and VI) in the
present series was 10.5% (2/19 patients). The compartment syndromes were
interpreted as a direct result of the fracture and the soft-tissue injury and not of
the surgical procedure. Even though the Ilizarov technique is “gentle” to the
soft tissues, minimising the risk of developing compartment syndrome, the IL
frame does not exclude fasciotomy when necessary. In the present study, one
patient with a proximal metaphyseal fracture who developed compartment
syndrome might possibly have been treated at an earlier stage if compartment
pressure monitoring had been used routinely.

Study III: No compartment syndrome was observed. Distal metaphyseal
fractures associated with acute compartment syndrome are rare occurrences in
adults, despite the relatively high-energy mechanisms that cause many pilon
fractures [377, 379].
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11 SELF-APPRAISAL
111 Results

A summary of the results of the self-appraisal scores is given in Table 22.

Study I: At the one-year follow-up, there were differences in terms of pain
(VAS) and satisfaction (VAS) scores in favour of the IL treatment. Pain or
local tenderness localization at the one-year follow-up was registered. There
were 19 patients who experienced anterior knee pain in the IM group and one
in the IL group (p=0.001). Five patients in each treatment group had pain at
the fracture site.

Study II: The differences between the pain (VAS), NHP and EQ-5D values at
one year were not significant. The NHP total scores and EQ-5D values show
that the overall function was severely affected at four weeks. However, there
were no differences between the subgroups. The knee function as expressed in
self-appraisal scores improved more rapidly in patients with Schatzker type I-
IV fractures than in those with the more severe Schatzker type V-VI fractures.
Good knee function was registered at the one-year follow-up and there were
no differences between the groups.

Study III: The pain values (VAS) reached acceptable levels at four weeks, but
they did not improve further between four and 12 weeks post-operatively.
Patient satisfaction (VAS) was generally high in both groups at all follow-up
assessments. The NHP total score showed a relatively moderate effect at four
and twelve weeks and was almost normal at one year. The EQ-5D values
showed a similar pattern. After one year, there were no clinically important
differences between the A and C groups in terms of pain (VAS), patient
satisfaction (VAS), NHP total score, EQ5D or FAOS. Intra-articular fractures
showed a tendency to result in lower FAOS subscores.
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In recent years there has been increasing interest in the patients’opinion of
functional outcomes. However, there is no consensus about which score to use.
This is a major limitation and makes conclusions difficult to draw and, as
different scores are used, it is almost impossible to compare studies.

The patients’ satisfaction may influence treatment outcomes [380]. Moreover,
the effectiveness of a treatment from a patient’s perspective can be estimated
using patient-related outcomes [381]. Measuring health-related quality of life
(HRQoL) at population level is also becoming increasingly important for
priority setting in health-care policy [382]. In studies of the IL, most authors
have primarily adopted a biomechanical, physiological and medical
perspective. Using qualitative research studies might also provide additional
information to explain the patients’ experiences. In a qualitative study of
fracture patients treated with the IL, Modin et al. described the limitations in
daily living during the early post-operative weeks according to patient
experience. They found that some of these limitations were explained by the
suboptimal information given to patients prior to discharge, concerning the
value of weight-bearing [383]. Baschera et al. assessed the impact on patient
quality of life using the SF-12 health survey and questions about various
aspects of the quality of life of patients treated with the IL after severe tibial
fractures compromised by extensive soft-tissue damage. They found that the
majority of the patients were satisfied and 91% would choose the same method
of treatment again under similar circumstances [384].

The self-appraisal tests performed in these studies have previously been used
in different clinical situations. A VAS has been used to measure specific
aspects of the quality of life, such as pain [385, 386] and global quality of life
[387, 388]. This instrument has been recommended as a global quality of life
measurement in a clinical trial [389]. The Nottingham Health Profile (NHP)
was developed for use in epidemiological studies of health and disease [223].
The Swedish version [390] has proved to be valid and reliable, for example, in
patients with degenerative arthritis of the hip joint [222] and in patients
suffering from severe ventricular arrhythmias [391]. A previous evaluation of
NHP and SF-36 scores in a prospective trial, designed to study the effect of
llizarov reconstruction of post-traumatic lower-limb deformities on general
health status, showed improvements equal to or better than the improvements
reported for other orthopaedic procedures, including total joint arthroplasty
[392].
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Study I: There was a good correlation between the scores. There was a trend
indicating that the patients in the IL group generally scored better than the
patients in the IM group and the difference in the VAS scores was statistically
significant for pain and satisfaction at one year. However, the wide score range
confirms that long-term physical disability remains a problem for many
patients following tibial shaft fracture.

Foster et al. reported that the IL was a reliable method to treat complex
segmental diaphyseal fractures resulting in good SF-12 scores [393]. Giotakis
et al. reported that, in segmental tibial fractures, treatment with circular
external fixation resulted in satisfactory functional scores for the knee and
ankle and general health status in the SF-36 questionnaire, including the
Mental Component Score [394]. However, these studies were performed on
multiple injuries and the results are not comparable to those in Study I.

Dogra et al. reported that 31% of patients with isolated tibial shaft fractures
treated with IM, followed-up during a mean of 57 months post-operatively,
had unsatisfactory late results, with significant disability and poor quality of
life, according to the patient-oriented outcomes (Iowa Knee and Ankle Scores,
VAS pain and SF-36). Knee pain was the most important factor. [395]. The
majority of patients in Study I treated with IM had anterior knee pain, which
is also the most common long-term problem in the treatment of tibial fractures
using this method [103, 396-399]. The etiology of the anterior knee pain is still
uncertain, but it is probably due to a combination of several factors [396, 400].
Just the presence of the tibial nail causing a bending strain exerted by the
proximal part on the bone could in itself be an explanation for anterior knee
pain [401].

The incidence of anterior knee pain has been reported in more than 50% of
patients [398]. Keating et al. found that 77% of patients developed knee pain
after a tendon-splitting incision, whereas only 50% developed pain after a para-
patellar approach [399]. However, Toivanen et al. reported no significant
difference in pain between the approaches in a prospective randomised,
controlled study [397]. Using a paratendinous approach for the nail insertion
after tibial fractures does not appear to reduce the prevalence of chronic
anterior knee pain or functional impairment compared with the trans-patellar
tendon approach [402, 403]. Rothberg et al. recently reported on a new “semi-
extended”, extra-articular, para-patellar approach. They did not observe any
increase in anterior knee pain measured by the Lysholm Knee Score compared
with an uninjured control group one year post-operatively [404]. Ryan et al.
used this approach to proximal and distal third tibial fractures, but contrary to
the results of Rothberg et al. the incidence of post-operative knee pain at the
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follow-up (two years) was the same as with the para-patellar approach [405].
Darabos et al. claimed that precise nail tip positioning prevents the anterior
knee pain after IM [406]. Even if the pain eventually subsides or disappears, it
is still present in approximately 30% of patients during a long time period
(three to eight years) independently of the para-patellar or trans-patellar
approach [407].

In a prospective study of 64 consecutive patients with tibial diaphyseal
fractures (in which 67% of the patients were treated with IM, 17% with a plate
and 16% using a cast), Skoog et al. showed that 12 months after the injury, half
the patients operated on with IM had knee pain and nearly half the patients still
experienced functional limitations related to the fracture, which was also
reflected in the quality-of-life parameters [408]. Even approximately eight
years after IM of tibial shaft fractures, the majority of the patients experencied
anterior knee pain, limitations in activity and restrictions in QoL compared
with a reference population [409]. Ferguson et al. also concluded in a study
comprising 60 patients (80% of them treated with IM, 10% with a cast and 9%
with external fixation) that long-term physical disability remained a problem
in many patients following tibial shaft fractures [410]. Lefaivre et al. reported
on 56 patients with isolated tibial fractures treated with IM and a follow-up of
14 years that 73% of patients had at least moderate knee pain with any activity.
They therefore concluded that this should be taken into consideration when
providing prognostic information to patients [101].

It is not unusual that the osteosynthesis needs to be removed under full
anaesthesia. Patients’ reported reasons for hardware removal (IM) in
diaphyseal fractures included pain (46%), infection (3%) and patient request
or no indication (44%) [411, 412]. However, the results of nail removal to
alleviate pain are poor. Karladani et al. found that approximately 44% of the
patients still experienced dysesthesia related to the infra-patellar nerve due to
the local injury to the soft tissues during the introduction of the nail [411].
Other reasons for dysesthesia were related to injuries to the superficial peroneal
nerve in 8% and the saphenous nerve in 1%. Sala et al. found no resolution of
anterior knee pain after IM removal and MRI showed patellar tendinitis [413].

Study II: Some residual pain was still present at the one-year follow-up, which
most probably reflects the severe nature of these fractures more than treatment
failure.

Despite successful treatment and improvement in their outcomes, the KOOS

subscores showed the lowest values for Sport/Rec and QoL, which is probably
due to the fact that patients from previous studies using this score are
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commonly younger and more active than the patients enrolled in the present
study. In two recently published studies, the KOOS has been used in the
follow-up after IM of tibial shaft fractures and osteosynthesis of patellar
fractures showing results similar to those in the present study [409, 414]. Apart
from this, patients with type I-IV fractures had results similar to those of
patients after ACL reconstruction [230] and even the patients with fractures
type V-VI had acceptable results.

Study III: The groups were compared with results from the literature
demonstrating that distal tibial metaphyseal fractures have a negative effect on
ankle function and general health in a short to intermediate perspective, but
symptoms tend to decrease gradually during a long time period after healing
[321, 415, 416]. Despite successful treatment and improvement in their
outcomes, the FAOS subscores showed the lowest values for Sport/Rec and
QoL, especially for the C fractures. They did not differ significantly, when
compared with patient-reported outcomes after surgery on ankle ligaments,
trimalleolar or distal fibular fractures [315, 415, 417]. All the patients in the
present study returned to work, while sporting activities were severely
restricted, without significant differences between subgroups or fracture types.

To summarise, the patients’ self-appraisals used in the present series (Pain-
VAS, Satisfaction-VAS, NHP, EQ-5D, KOOS and FAOS) showed that the IL
was well tolerated and the overall restoration of function was good in all
studies.
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12 RE-OPERATIONS

12.1 Results

Table 23. The reasons for re-operations where general or regional anaesthesia had to be
used.

Study | Study 1 Study 1T Study 111
IL M

Compartment syndrome 0 2 2 0
Deep infection 0 1 2 2
Broken hardware 0 1 0 0
Pseudarthrosis 2 1 0 0
Nail removal 0 6 0 0
Screw removal/ 4 8 0 0
replacement of wires

Knee arthroscopy 0 0 1 0
Total knee arthroplasty 0 0 2 0
Ankle arthrodesis 0 0 0 1

12.2 Discussion

Study I: Hardware problems related to IM are more complicated than those
related to the IL. When it comes to IM fixations, this includes the breakage of
interlocking screws or more rarely the nail itself. Broken hardware, especially
screws, is more common when small-diameter nails are used, with a reported
prevalence as high as 40% [418]. Small-diameter nails are associated with an
increased risk of delayed union and have less mechanical strength, both of
which may lead to an increased rate of material failure. To reduce the risk of
hardware failure, a large-diameter nail should be used with two distal screws
(as in Study I) rather than one. Kneifel et al. reported that the rate of screw
failure was 59% when a single distal screw was used compared with 5% when
two screws were used [419].

Fong et al. also identified the degree of cortical continuity as a risk factor for
re-operation [275]. Bhandari et al. defined re-operation as any surgical
procedure after the initial surgery that was aimed specifically at achieving bony
union of the fracture and found a total number of re-operations of 22.4% in 192
patients with tibial diaphyseal fractures [420]. With the same definition of re-
operation, Harris et al. found that the overall reoperation rate was 35.8% in 151
consecutive patients with tibial shaft fractures [421]. In Study I, the rate was
19% in the IL group (the ambulatory extraction of wires was excluded) and
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70% in the IM group. The high re-operation rate observed in the IM group is
mainly due to anterior knee pain, with the removal of screws or nails. If these
re-operations are excluded, the rate is the same as for the IL group, 19%.

Study II: A re-operation rate of 22% in Study 11, including 19 Schatzker type
V-VI fractures, is not regarded as high compared with results previously
published in the literature [237, 239, 241, 422-430]. In a large cohort of 8,426
patients operated on because of Schatzker type V-VI fractures, the rate of
subsequent total knee arthroplasty was compared with the rate in the general
population. It was found that, ten years after tibial plateau fracture surgery,
7.3% of the patients had received a total knee arthroplasty. This corresponded
to a 5.3-fold increase in the likelihood of receiving a total knee arthroplasty,
compared with a matched group from the general population. In spite of the
low rate of conversion to knee arthroplasty, the presence of implants might add
some technical obstacles to routine arthroplasty surgery [431]. This is avoided
when the IL is used.

Study III: A re-operation rate of 7.7% in Study III, with eighteen intra-
articular fractures, is low, compared with results previously published in the
literature [111, 112, 432-437].
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13 STRENGTHS AND
LIMITATIONS

The strength of Studies I-11I is that it was possible to analyse consecutive series
of patients and that the results could be related to their own perception of the
treatment and outcome, which has rarely been the case in previous evaluations
of fracture treatment. Only one patient in all the studies did not comply with
the follow-up plan.

In Study I, all the patients were treated in accordance with the randomisation
protocol. In both treatment groups, the patients were operated on by several
surgeons, with similar levels of expertise.

There are several limitations that apply to the present studies. In Study I, the
cohort might have been too small to detect differences in terms of major
complications. The impossibility of blinding surgeons also introduces a risk of
bias. In Studies II and III, there were no control groups and the follow-up is
too short to detect late post-traumatic degenerative osteoarthritis. In Study 1V,
a fairly high drop-out rate was observed, which could contribute to some
selection bias.

Ideally, the follow-up time should be longer, because the prolonged deficits
after tibial fractures are well known [408]. The follow-up of 12 months is
adequate for an initial assessment of procedural efficacy, but it does not take
the development of long-term degenerative osteoarthritis into account.
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14 SUMMARY

Study I: The most important finding in this study was that the IL treatment of
tibial diaphyseal fractures produced results at least as good as the “gold
standard”, IM.

In a post-hoc analysis, we combined malunion and pseudarthrosis as a
composite variable called “major complications”. A power analysis based on
this assumption would have required 90 patients in each group, an almost
impossible study design. There is also the question of whether this difference
is so clinically important that it should justify a change in treatment from the
“gold standard”. For minor complications, such as anterior knee pain in the IM
group and pin infections in the IL group, with the frequencies observed, 10
patients in each group would have been sufficient, assuming that these are one-
sided estimations.

Study II: The most important finding in this study was that, in both Schatzker
type I-IV and Schatzker type V-VI fractures, the IL fixation allowed early
weight-bearing without jeopardising the fracture stability and healing and with
results comparable to reports in the literature.

Study III: The most important finding in this study was the satisfactory
outcome of the Ilizarov method, independent of fracture pattern. Using an
identical protocol for both intra- and extra-articular fractures, it was possible
to operate on all patients without delay, regardless of the status of soft tissues,
the size of the distal fragment and the intra-articular fracture engagement,
without using a staged protocol. This was also emphasised by the absence of
clinically important differences between the outcomes for intra- and extra-
articular fractures.

Study IV: The most important finding in this study was that a gait analysis
with an easy-to-use pressure insole system could provide valuable information
on the rehabilitation and healing of fractures in the tibia. The operational
simplicity and high capacity of insole technology suggest that the method is
suitable for use in clinical settings and not only restricted to a gait laboratory.
There appear to be different “rehabilitation patterns” that reflect the different
fracture types. The study also showed that, even though the IL patients were
allowed immediate, unrestricted weight-bearing, they did not do this.

The demography and etiology of the results in the studies included in this thesis
were similar to the studies in the literature discussed in Studies I-ITII. We chose
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to stratify to ensure that age would not be a confounding factor and this was
therefore not discussed further.

The IL technique should not affect the range of motion, which is obvious in
Study I. The reduced range of motion in the knee and ankle joints noted in
some patients in Studies II and III is mainly attributed to the fracture type.

One general objection against using the IL technique is the view that patient
compliance is not satisfactory. Despite the importance of the patients’
experience when evaluating a treatment, this has rarely been done. The self-
appraisal scores used in the studies on which this thesis is based showed that
treatment with the IL, including the “clumsy” frame, was well tolerated.

As a result of differences in bone morphology, due to the patient’s age, gender
and ethnic origin [438], it is not possible to use a uniformly designed implant
in every individual patient. However, in this context, the IL represents a
versatile alternative.

In several textbooks hybrid fixators with proximal rings are recommended in
comminuted proximal metaphyseal fractures (Schatzker type V and VI). In
Study II, it was possible to show that both Schatzker type I-IV and Schatzker
type V-VI fractures could be treated with results similar to those with ORIF. It
was also possible for the IL patients to start immediate weight-bearing without
jeopardising the fracture stability or the healing, which is not normally
recommended when using hybrid fixators.

Because of the high risk of soft-tissue injuries in distal metaphyseal fractures,
especially if comminuted and intra-articular, a staged protocol is
recommended. The results in study III clearly indicate that this is not necessary
if treatment with the IL is chosen.

Even though the IL is burdened with a high frequency of superficial pin
infections, the problem is limited, apparently without a negative impact in
terms of the patients’ self-appraisal and clinical outcome.

The indications for the removal of implants are not clear and this surgical
procedure is not free from complications, such as sensorial nerve injury,
neurovascular injury, re-fractures or the recurrence of the deformity. Persistent
pain after radiographic evidence of fracture union commonly leads to implant
removal, even though this does not guarantee complete pain relief [439]. In
cases of non-union, malunion, infection, peri-implant failure and pre-
arthroplasty surgery, the removal of earlier implants is often necessary as a part
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of revision with new implants. The operating surgeon therefore needs a
profound knowledge not only of the techniques for implant fixation but also of
removing stripped or broken hardware. Equipment with the correct instruments
to expedite this demanding procedure and skilful experience are needed [440].
Contrary to this, the removal of the IL is a part of the procedure and is easy to
perform.

Economically, the removal of osteosynthesis implants is one of the most
common elective orthopaedic procedures in the industrial countries [441]. In
the USA, 5% of all orthopaedic procedures involve hardware removal [442].
The workload caused by routine removals of internal fracture implants was
analysed during a seven-year period in a large Finnish university orthopaedic
and trauma unit (where no removal policy existed). The removals accounted
for 29% of all elective operations and for 15% of all operations at the
department. The corresponding nationwide figure was 6.3% of all orthopaedic
operations in Finland [443]. Sanderson et al. reported that the complication rate
related to the removal of tibial implants was 23% [444].

Today, the term “Ilizarov method” refers to something more than circular
external fixation with wires. It instead represents a whole concept of fracture
treatment [445]. Even if this method is associated with some different technical
difficulties when compared with other techniques, it is wise to recall what Alho
et al. pointed out during the introduction of the IM [446]. This might also apply
to the IL.

“The operative treatment of tibial fractures is demanding, but, as in other
fields of modern orthopaedics, technical difficulties should not deter the
surgeon from using a method which gives superior results. The operative
technique must be meticulously performed by adequately trained surgeons,
and the cases must be carefully selected for each type of treatment.”

112



Telmo de Oliveira Ramos

15 GENERAL
CONCLUSIONS

The results of this thesis indicate that the IL, compared with IM, provides at
least as good and in some respects a better clinical outcome in the treatment of
tibial fractures. The major complications and re-operation rates were
significantly lower for the IL and the outcome in terms of function and HRQoL
were favourable.

The IL has the advantage that, independently of fracture pattern, it is possible
to operate on all patients without delay. In the metaphyseal fractures, this can
be done without staged protocols. We were thus, able to avoid disturbing the
healing process with soft-tissue interventions that might delay rehabilitation,
thereby guaranteeing faster rehabilitation.

Even if the gait analysis indicated that patient compliance with weight-bearing
was reduced, it is possible to start immediate unrestricted weight-bearing using
the IL independent of the grade of the fracture, without any risk of jeopardising
the stability of the construction, clinical or functional results.

The surgical time did not differ from other conventional techniques.

15.1 Clinical relevance

External fixators in general have often been viewed as temporary devices
mostly suitable in emergency situations, like mass disaster and war, which
should be removed as soon as possible when other treatment forms are
available. There are, however, several external fixators that are effective when
used as definitive methods of tibial fracture care. When choosing an external
fixator, the IL is rarely the first choice in the emergency situation, as the
application is considered cumbersome by many colleagues. However, a
stripped-down version of the IL can be used in the acute setting to provide
temporary stability and it can then subsequently be incorporated in a definitive
frame construction. Delaying definitive mechanical stabilisation even appears
to have a positive biological benefit on callus formation and fracture healing
[447].

The use of the IL for the routine treatment of fractures enables surgeons to
obtain enough technical skill to treat more demanding fractures or other
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pathologies with this method, when this technique is preferable. The clinical
relevance of this thesis is that IL treatment can be used as routine in tibial
fractures and the clinical outcome is similar to that for internal osteosynthesis.

In overall terms, the most important finding in this thesis might be that it was
possible to treat different types of tibial fracture with the IL with a low risk and
similar results compared with more invasive methods. The fact that the
majority of the fractures healed indicates that sufficient stability in the fixation
was achieved without permanent implants.

With pressure insoles, like the medilogic® insole system, used in the present
study, it was possible to monitor the fracture healing and detect different
“rehabilitation patterns”. The results indicate that this type of gait analysis
might be a useful adjunct when monitoring the rehabilitation process after
tibial fractures.

15.2 Future implications

Limb reconstruction procedures with the IL might become a vital part of
trauma and orthopaedic treatment and care in the future. The results of the
studies in this thesis are satisfactory and they can therefore be used as a starting
point for further studies of fracture treatment in other localisations according
to the Ilizarov technique. Another reason for including the IL in daily fracture
care is its versatility and it should therefore not only be reserved to a few
specialised centres. The high frequency of complex fractures of the proximal
and distal metaphyseal tibia at relatively small hospitals emphasises the fact
that a basic knowledge of these applications is important for orthopaedic
surgeons responsible for the treatment of trauma.

The treatment of dislocated tibial fractures might benefit from an
individualised approach in which the selection of the surgical method should
be planned based on the patient’s age, functional demands and risk profile. At
the same time, the results of recent studies are interpreted differently around
the world in certain institutions and health-care systems, thereby resulting in
obvious obstacles.

As introducing a “new” technique always means that the surgeon has to both
change his mindset and acquire new skills, there is always some obstruction in
the current health-care system. An uncertain “fear of the unknown” has
definitely influenced the introduction of the IL in Sweden, as well as in the rest
of the western world. As there is also interest in the application of the IL
method not only in fracture care but also in other reconstructive surgery, it is
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desirable to organise the treatment within a multidisciplinary team including
nurses, physiotherapists and occupational therapists. This approach has
showed profound benefits in terms of effective rehabilitation [448, 449].

One common complaint about the IL is the difficulty involved in applying the
frame. This argument must be placed in the general context of surgical
procedures. With appropriate education, like any other technique, the IL is
fully applicable for a novice user.

To summarise, I believe that the classical IL should be employed more in the
daily practice of fracture care. Obviously, there are still a number of issues to
resolve. In my opinion, the following questions need to be answered regarding
the treatment of tibial fractures in patients with the IL.

e As the scarcity of health-care resources has become an unavoidable
reality, it is necessary not only to study the clinical outcomes of the IL,
but also to conduct an economic analysis of the management
strategies. What is the economic burden when the IL is the chosen
method in terms of the costs of the emergency treatment until healing?

e In the acute setting, should the IL full frame be applied immediately,
or is it better and more efficient to apply a scaled-down fixator during
the acute phase, which could then be converted to a full frame in more
advantageous conditions?

e Should the fixator be used alone or should it be combined with internal
fixation?

e Should the fixator always be used until the bone is healed, or are there
circumstances in which it would be better to replace it with a cast or

internal fixation?

e Which is the best equipment to treat tibial fractures in daily practice,
the traditional IL or the hexapod fixator?

e How should the optimal teaching of the IL technique be organised?

e  Should the technique only be used by specialised teams or should it be
a part of the basic knowledge for trauma orthopaedic surgeons?
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e Which other fracture types could be expected to be suitable for the IL
and which of those are frequent enough to make it practically possible
to study them in randomised or observational studies?

e Which are the optimal clinical, radiological and functional tests and/or
scores when studying fracture healing and rehabilitation?

Based on decades of continuous development of tibial implants and techniques
used in fracture management, which we currently have at our disposal, future
innovation will probably not involve new implant designs, but a biological
device or drug that enhances the healing potential of fractures would be the
paramount and, in the long-term, most important aspect of treatment. In this
context, the future might belong to minimally invasive therapies allowing
alignment of the fracture fragments and provisional fracture fixation enhancing
the healing process.
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APPENDIX

Components of the Ilizarov external fixator

The components of the classical Ilizarov apparatus have been standardised
since 1952. There are 32 different parts that can be used to assemble modular
constructions with hundreds of possible configurations.

Wires

The function of the wires is to suspend the bone segments within the frame,
allowing a controlled range of inter-fragmentary movement. Two different
diameter sizes are available: 1.5 mm and 1.8 mm. The larger diameter wire is
recommended for tibial applications in adults.

The wires are introduced percutaneously without protection sleeves according
to known “safe corridors”, avoiding major vessels, nerves and the tethering of
tendons and muscles in each tibial anatomical segment. The wire is guided by
holding it with one hand in chlorhexidine-soaked gauze. The tip of the wire
should be in contact with the bone surface before the drilling begins. In long
bones like the tibia, the wires are usually inserted perpendicularly to the long
axis. It is important to use low-speed drilling to avoid local thermal necrosis.
If the bone is very hard, it is necessary to use intermittent drilling. The wires
should be drilled through both cortices and then tapped with a small mallet
through the soft tissues. Unintentional wire contact with a motor nerve can be
detected by noting muscular fasciculation. In this case, the wire is withdraw
and replaced. It is very rare that this causes any sequelae.

To increase the mechanical resistance of the wires, they have to be tensioned.
This tensioning can be achieved by using a slotted bolt or preferably with a
wire tensioner graded in kg. The final tensioning depends on the weight of the
patient and should normally be 100-130 kg. Too little tension permits the
undesirable bending of the wire during the loading cycles. On the other hand,
too much tension might lead to plastic deformation and wire breakage.
Excessive loss of tension can lead to instability, which increases the risk of
pin-tract infections and pain. In this situation, re-tensioning is necessary. If the
wire tip protruding out of the ring is too short for the use of the tensioner, it is
still possible to re-tension the wire by turning the slotted bolt, but this can cause
a displacement of several mm along the axis of the wire. Ilizarov himself
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outlined the importance of fixating the ring to the wire instead of the wire to
the ring, as bending the wire also leads to loosening and deformities.

At least two tensioned wires must be used for each full- or part-ring. The closer
to 90° the crossing angles of the wires are, the more stable to axial load the
construction becomes. On the other hand, experiments have demonstrated that
a 30° crossing angle provides better resistance to medial bending forces. It has
been shown in some studies that the way the wires are attached is one of the
most important variables affecting the overall frame bending stiffness, together
with the axial distance between the rings.

There are also wires with a 4 mm bead (“stopper” or “olive”) welded around
its mid-portion. A bone fragment with an olive wire can be translocated in a
controlled manner, compressing fragments by pulling the wire. When the
position of the bone/bone fragments is satisfactory, the nut on the olive side
should be fixed first, after which the wire is tensioned as usual. The olive wire
fixation contributes to stability and reduces undesirable effects of translational
forces, especially when the wire-crossing angle is small.

“Reference wires” are the initial single wires placed in the proximal and distal
fracture fragments and they are used to position the rings of the fixator. They
are without olives to permit the translation (sliding) of the frame relative to the
bone.

Rings

The main components are half-rings that can be assembled with screws and
nuts to form a complete ring. The half-rings are made of 8 mm thick steel or
of composite material 10 mm thick and have a diameter of between 100 and
220 mm. Lighter and radiolucent composite rings can also be used.

Wire/ring connectors (Bolts, Buckles, and Nuts)

Cannulated and slotted bolts and also slotted washers and buckles are used to
secure the wires to the rings.

Longitudinal elements (Rods)

Several types of longitudinal support are used to connect the rings: simple
threaded rods, telescopic rods and articulating distraction assemblies.

In the lower extremity, four threaded rods normally provide adequate stability
between the rings, but, with wider rings (diameter over 160 mm), an extra rod
is recommended.

For special cases of reconstruction, telescopic rods, with a click-mechanism
that gives more accurate compression-distraction measurements, can be added.
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Articulating distraction assemblies or hinges are needed in severe intra-
articular fractures to permit controlled movement of the joint while the intra-
articular fracture heals.

More complex articulating distraction assemblies (hexapod) might allow
further correction in a few selected cases, without changing the parts of the
original construction.

Supports - Posts and Plates

Posts 20-50 mm long can be fixed to the rings and the wires attached to them
(drop-wires) can be used to further stabilise a fixator. A drop-wire will increase
the stiffness but only half as much as adding another ring. Drop-wires can also
be fixed to different types of plate connected to the rings. It is important that
the posts are of suitable length so that the wire is not bent when tensioned.

Wrenches

Two 10 mm wrenches are needed to assemble the construction.

Details of the surgical techniques

This is a comprehensive description based on the author’s own experience. For
further details on the surgical technique I recommend the richly illustrated
description by James Hutson Jr: Applications of Ilizarov Fixators to Fractures
of the Tibia: a Practical Guide. Techniques in Orthopaedics 2002; 17 (1): 1-
111.

General aspects of controlling the repositioning of bone fragments

The sideways translation of a bone fragment within a frame is one of the most
important manoeuvers for fracture reduction. Several different strategies can
be used to accomplish the repositioning: contra-lateral olive wires, bending
wires and missing-a-bone wires, for example (Figure 1).
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Figure 1. Strategies to accomplish the repositioning of bone fragments with wires: contra-
lateral olive wire (A), missing-a-bone wire (B) and bending wire (C).

The sideways translation of bone fragments, rotation and angulation can also
be achieved by frame movement in a hexapod system, when complex
repositioning manoeuvers in several planes are necessary, usually in a multi-
directional deformity but rarely in fracture treatment.

Proximal metaphyseal fractures

The configuration used is depicted in Figure 2. After percutaneous
reconstruction of the articular surface, three olive wires (a, b, ¢) are introduced
parallel and 3-4 mm under the articular surface. They will subsequently be
fixed as drop-wires (see below). A fourth wire (d) without an olive is drilled at
the level of the fibular head under fluoroscopic control (reference wire) and
tensioned to a ring (A) in which two rods are fixed anteriorly (1) and
posteriorly (3).

These rods are connected to another ring (B) with a reference wire (e) placed
at the level of the proximal diaphysis in Schatzker I-IV fractures.

In the more complex fractures (Schatzker V-VI) the reference wire (f) is
instead inserted a few cm above the ankle and fixed to a ring (C). This ring is
connected to ring B with two rods (5 and 7).

One olive wire (g) in the distal ring (C) is used to reduce the translational forces
of the apparatus. Additional wires are then introduced. The frame is also
stiffened by adding two rods at each level (2, 4, 6 and 8). Finally, the
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repositioning olive wires (a, b, ¢) are secured to posts. This is done in several
steps. First, only slight tension is applied to achieve inter-fragmentary
compression using the olive pressing against the bone fragment. Then, on the
olive side, the wires are secured with bolts and the definitive tension is applied.
When tensioning the wires, it is important to avoid tilting the posts.

Figure 2. Configuration of the llizarov frame in a proximal metaphyseal tibial fracture. The wires
are indicated with small letters, the rings with capital letters and the rods with numbers.

In Schatzker I-1V fractures, the two proximal rings (A and B) are sufficient. In
Schatzker V-VI fractures, a femoral extension with hinges is added to the leg
construction. The femoral extension is constructed by fixating reference wires
in two rings, the proximal one in the distal femur and the distal one five cm
above the patella. The frame is then completed first with two rods, then with
additional wires and finally with two additional rods. It is important that the
hinges are aligned as closely as possible to the “centre of rotation” of the knee.
They also have to be parallel to the extremity and the frames.
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Diaphyseal fractures

The configuration used is depicted in Figure 3. A reference wire (a) is
introduced at the level of the fibular head under fluoroscopic control and
tensioned in a ring (A). Two rods, one anterior (1) and one posterior (3), are
connected with another ring (B) and placed proximally to the fracture site. Two
more rods (5 and 7) are connected to the ring (C) placed distally to the fracture
site. Two more rods (9 and 11) are connected to the most distal ring (D), a few
cm above the ankle. A second reference wire (b) is secured to the distal ring
(D). The levels of the rings are checked with fluoroscopy to ensure that they
do not overshadow the fracture.

One olive wire (c) in the proximal ring (A) and another (d) in the distal ring
(D) in opposite directions are used to reduce the translational forces of the
apparatus. Two additional wires are introduced and tensioned in each ring (A
and D). The frame is also stiffened by adding a rod at each level between the
rings (2, 6 and 10). Further reduction of the fracture is accomplished with the
techniques described above (Figure 1). In the example in Figure 3, olive wires
(e and f) are used.

Additional wires are inserted and fixed to rings B and C. The wires do not need
to be set at the level of each ring; if necessary, drop-wires can be secured using
posts or rods. The last rods are then tightened (4, 8 and 12) and complete the
assembly. Finally, axial compression of the fracture is performed under
fluoroscopy.
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Figure 3. Configuration of the llizarov frame in a diaphyseal tibial fracture. The wires are
indicated with small letters, the rings with capital letters and the rods with numbers.
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Distal metaphyseal fractures

The configuration used is depicted in Figure 4. After percutancous
reconstruction of the articular surface, one wire is introduced intramedullarly
at the tip of the fibula, if there is a fracture in the distal fibula (not depicted),
under fluoroscopic control. A reference wire (a) is introduced at the level of
the fibular head under fluoroscopic control and tensioned to a ring (A). Two
rods, one anterior (1) and another posterior (3), are connected to another ring
(B). Two more rods (5 and 7) are connected to the ring (C) placed above the
fracture site. Two more rods (9 and 11), are connected to the lowest ring (D),
a few cm above the ankle. The distal reference wire (b) is placed temporarily
through the calcaneus parallel to the distal ring and secured with a posterior
half-ring and three (13, 14, 15) rods to use for axial traction.

One olive wire (c) and a wire without an olive are secured and tensioned to
ring A. The frame is then stiffened by adding rods at each level between the
rings (2, 8 and 10). In this way, the distortion forces, which tend to tilt the
construction, are counteracted. The axial traction in the fracture is performed
manually and by turning the nuts on the rods to increase the distance between
the half-ring (E) and the distal ring (D). A control with fluoroscopy will ensure
that the levels of the rings are adequate and the fracture is visualised.

If dislocated, the medial malleolus can be reduced and fixed with an oblique
olive wire (d) fixed to one of the more proximal rings (B or C). At this stage,
final interfragmentary reduction is achieved by adding olive wires (e, f), if
needed, using the drop-wire technique. These drop-wires are fixated with
posts. First, only slight tension is applied to achieve inter-fragmentary
compression using the olive pressing against the bone fragment. On the olive
side, the wires are then secured with bolts and the definitive tension is applied.
When tensioning the wires, it is important to avoid tilting the posts. Additional
wires in ring B and ring C are then introduced. The frame is also stiffened by
adding two rods at each level (4, 6 and 12). The hindfoot extension can be
removed immediately, but it can also be left during the first post-operative
weeks. In highly comminuted fractures, a foot extension without hinges is
added to the leg construction. This frame is constructed by extending the half-
ring hindfoot fixation with two long connection plates parallel to the forefoot
and connected to a half-ring with another half-ring connecting the plates with
ring D. The foot is transfixed with two olive wires to the calcaneus and one
olive wire trans-metatarsally. If the hinges are used, it is important that they
are aligned as closely as possible to the “centre of rotation” localised at the
level of the tarsal sinus.
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Figure 4. Configuration of the llizarov frame in a distal tibial fracture. The wires are indicated
with small letters, the rings with capital letters and the rods with numbers.
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The pin-site dressing protocol

The pin-site dressing protocol is based on the routine used at the Russian
Ilizarov Scientific Centre for Restorative Traumatology and Orthopaedics in
Kurgan.

Dry dressings (Permafoam®) are used for the pin sites at the completion of the
operation, with pressure to reduce haematoma, during the first 24 hours. The
pin sites are then cleaned every day for three days and dressings with 0.5%
chlorhexidine solution are applied.

Afterwards, dressing changes and crust removal are only performed in the
presence of exudates. Otherwise, pin cleaning and dressing changes are
repeated every seven to ten days using the same technique.

Prolonged skin contact with a strong antiseptic solution might produce

hypersensitivity reactions. These can be treated successfully with a cream of
0.1% betamethasone and 2% fusidic acid.
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